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Abstract

This thesis presents a series of longitudinal studies of First Episode of Psychosis (FEP) patients,
emphasizing the dynamic nature of clinical, cognitive, and neuroanatomical changes in the one to
two years following psychosis onset. Chapters 1 and 2 provide a general introduction and
background information on the current state of knowledge from neuroimaging studies of patients
with psychosis across different stages of the disorder. They also cover critical gaps in treatment
strategies, particularly for negative symptoms, that largely stem from unknown biological
mechanisms. Chapter 3 introduces the neuroimaging methodology that is used throughout the
dissertation to study neurobiological alterations that underlie negative symptoms after a FEP.
Chapter 4 includes the first pair of published studies to investigate the trajectories of limbic-
neocortical maturation shortly after a FEP, where patients are stratified by negative symptom
presentation. These studies demonstrate that patients with persistent negative symptoms not only
vary greatly in terms of their clinical presentation but also have significantly altered
neuroanatomical trajectories with age in the amygdala, hippocampus, prefrontal and temporal
cortices. Chapter 5 investigates the source of such trajectories, introducing a novel white-gray
matter contrast measure alongside a more commonly used measure of cortical thickness, to better
understand the influence of changes in myelin proximal to the white-gray matter boundary.
Relationships with verbal memory are also explored, adding an important cognitive factor that
relates to negative symptoms. Findings from this chapter suggest that verbal memory is more
strongly associated with expressivity deficits than another negative symptom dimension,
amotivation. The intersection of expressivity and verbal memory is related to alterations in both
white-gray matter contrast and cortical thickness in language-related regions of fronto-temporal

cortices. This study demonstrates the presence of neuroanatomical changes near the inner edge of
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the cortex, positioning peri-cortical myelin as a key measure of interest for the final investigation
in Chapter 6. This last manuscript chapter provides evidence that the coupling of intracortical and
hippocampal microstructure, particularly apparent in myelin-rich hippocampal output regions, is
reduced in patients with a FEP compared to healthy controls. Importantly, results from this chapter
provide a biological mechanism with the hippocampus at the epicenter of neuroanatomical
abnormalities associated with negative symptoms after a FEP. These symptoms also interact
significantly with changes in verbal memory deficits, which is found to be a mediator of the
significant relationship between hippocampal centrality and changes in negative symptoms after
psychosis onset. Chapter 7 provides a final summary of these findings.

Altogether, this thesis provides evidence for dynamic changes that occur within fronto-
temporo-limbic structures alongside changes in negative symptoms after a FEP. Neuroimaging
measures that index myelin content were found to be sensitive in detecting such changes within a
critical time window for therapeutic intervention. Specifically, Chapter 6 bridges findings from
the first three investigations of this thesis and posits compromised hippocampal connectivity as a
key factor underlying the course of negative symptoms after psychosis onset. Such a clear
anatomical target holds promise for altering the pathophysiological course of closely related
cortical targets that underlie the dysconnectivity aspect of psychotic disorders, which in turn may

have an impact on clinical outcomes.
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Résumé

Cette thése présente une série d’études portant sur les patients ayant subi un premier épisode de
psychose (PEP) et mettant I’emphase sur la nature dynamique des changements cliniques, cognitifs
et neuroanatomiques qui surviennent suivant un PEP. Les chapitres 1 et 2 sont une introduction
générale et la mise en contexte de 1’état actuel des connaissances sur les études en neuroimagerie
menées aupres de patients atteints de psychose a différents stades de leur maladie. Ils couvrent
aussi des lacunes importantes dans les stratégies de traitement, particulierement les symptomes
négatifs qui proviennent en grande partie de mécanismes biologiques inconnus. Le chapitre 3
introduit la méthode de neuroimagerie utilisée pour étudier les altérations neurobiologiques apres
un PEP. Le chapitre 4 inclut une paire d’études qui explorent la trajectoire de la maturation
limbique-néocorticale apres un PEP, ou les patients sont stratifiés selon la présentation de leurs
symptomes négatifs. Ces études démontrent que les patients avec des symptomes négatifs
persistants varient grandement non seulement en termes de présentation clinique, mais ont aussi
des trajectoires neuroanatomiques altérées de facon significative en fonction de 1’dge dans
I’hippocampe et les cortex préfrontaux et temporaux. Le chapitre 5 étudie les sources de telles
trajectoires, en introduisant une nouvelle mesure de contraste entre la matiere blanche-grise en
plus de la mesure plus commune de I’épaisseur corticale, pour mieux comprendre 1’influence des
changements de my¢éline a la frontiére de la matiere blanche et grise. La relation avec la mémoire
verbale est aussi explorée, ajoutant un facteur cognitif important qui fait le lien avec les symptomes
négatifs. Les résultats de ce chapitre suggerent que la mémoire verbale est plus fortement associée
aux déficits d’expressivité que d’une autre dimension des symptdmes négatifs, I’amotivation. Le
croisement de 1’expressivité et de la mémoire verbale est reli¢ a des altérations neuroanatomiques

des régions reliées au langage des cortex fronto-temporaux. Cette étude démontre la présence de
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changements neuroanatomiques pres des bords internes du cortex, positionnant la myéline péri-
corticale comme une mesure d’intérét clé pour 1’étude finale au chapitre 6. Ce chapitre apporte
I’évidence que le couplage des microstructures intra-corticales et de [I’hippocampe,
particulierement apparent dans les régions riches en myélines, est réduit chez les patients avec un
PEP en comparaison aux controles sains. Plus important encore, les résultats proposent un
mécanisme biologique avec 1’hippocampe comme épicentre des anomalies neuroanatomiques
associées aux symptomes négatifs apres un PEP. Ces symptomes interagissent aussi de fagon
significative avec les changements dans les déficits de mémoire verbale, ce qui s’est avéré étre un
médiateur dans la relation significative entre la centralit¢é de 1’hippocampe et les symptomes
négatifs apres 1’apparition de la psychose. Le chapitre 7 apporte une conclusion finale.

Dans son ensemble, cette thése apporte I’évidence des changements dynamiques qui se
produisent dans les structures temporo-limbiques en méme temps que le changement des
symptomes négatives apres un PEP. Les mesures de neuroimagerie qui répertorient le contenu en
my¢éline se sont avérées sensibles a détecter ces changements a 1’intérieur d’une fenétre de temps
critique pour les interventions thérapeutiques. Spécifiquement, le chapitre 6 fait le pont entre les
résultats des trois premieres études de cette thése et positionne la connectivité compromise de
I’hippocampe comme un facteur clé sous-jacent a 1’évolution des symptomes négatifs apres
’apparition de la psychose. Une cible anatomique si claire est prometteuse pour altérer 1’évolution
pathophysiologique des cibles corticales étroitement reliées qui sous-tendent 1’aspect de
déconnexion des troubles psychotiques, ce qui pourrait en retour avoir un impact sur les résultats

cliniques.
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Chapter 1 : Introduction

“It is our belief, or perhaps I should say fantasy, that the limbic lobe of man

may not yield up the secrets of smell, or of auditory hallucinations, or of

fundamental mechanisms of mental disease [...]. However, continuing limbic

lobe studies may bring us one blind step nearer to the location of these deeper

mechanisms.”

William Beecher Scoville, (1954).
These words from the celebrated neurosurgeon, Dr. William B. Scoville, were trailblazing
observations resulting from tissue resections initially performed in psychotic patients, and later
patients with intractable epilepsy, such as the world-renowned patient H.M (Scoville 1954;
Scoville and Milner 1957). Although there was no concrete evidence at the time for the functional
anatomical role of the hippocampus, even for memory, Dr. Scoville’s astute reflections in the early
1950s hinted at the significance of the hippocampal formation within the human brain as a binding
component to biological mechanisms underlying psychiatric conditions such as psychosis,
particularly of the manifestation of symptoms that moved beyond the psychosis or positive
symptomatology itself.

Psychotic disorders are among the most debilitating of psychiatric conditions, largely
interfering with global functioning and daily life (Eaton et al. 1995; Malla and Payne 2005). The
first episode of psychosis (FEP) in particular marks a critical transition point in the life of affected
individuals, often occurring at a time when adolescence meets adulthood, and self-identity and
social roles are actively being shaped (Arnett et al. 2014). The impact of a FEP has thus been
associated with significant cognitive, social, and neuroanatomical deficits, which often persist over
time (Townsend and Norman 2004; Morgan et al. 2007; Addington and Addington 2008; Dazzan

et al. 2015; Diaz-Caneja et al. 2015). Second-generation antipsychotics currently represent the

most efficacious line of treatment for positive symptoms (e.g., hallucinations, delusions) (Leucht
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et al. 2013), but there is a dearth of successfully established treatments for other symptom
dimensions underlying psychosis, namely negative symptoms (e.g., flat affect, anhedonia)
(Arango et al. 2004; Millan et al. 2014; Fusar-Poli et al. 2015; Marder and Galderisi 2017) and
cognitive deficits (e.g., processing speed and verbal memory impairments) (Green and
Nuechterlein 1999; Lin et al. 2014). The lack of adequate treatment for such negative symptoms
and cognitive deficits has been a point of frustration for psychiatrists, patients and their families
alike, and has contributed to the stagnancy of progress and innovation in treatment; a problem that
psychiatry at large faces. As a clear example, the first medication treating positive symptoms of
psychosis, chlorpromazine, was first introduced for psychiatric use in 1952, and is still considered
to be the greatest pharmacological breakthrough not only for psychosis, but in psychiatry (Lopez-
Muiioz et al. 2005). Although the efficacy of this antipsychotic medication and advances in
reducing severe side effects with atypical or “second-generation” antipsychotics have had
profound effects on reducing positive symptomatology through its effects on the dopaminergic D2
receptor system, this nearly six-decade-old breakthrough is limited in use for other critical aspects
of psychosis. A large problem in finding alternate biological treatment targets is the complex
etiology and high degree of heterogeneity underlying the manifestation of a FEP (Knoll ez al. 1998;
Keshavan ef al. 2011; Dickinson et al. 2017); disentangling key biological mechanisms underlying
specific symptom and cognitive profiles thus requires longitudinal investigations across sizeable
cohorts in early stages of psychosis.

From a neurobiological perspective, concerted efforts have identified the need to find
reliable biomarkers to treat clinical and cognitive profiles that fall outside of traditional psychotic
symptoms and beyond the reach of antipsychotic medications (Insel et al. 2010; Insel 2014;

Pearlson et al. 2016). As alluded to, negative symptoms and verbal memory deficits have two-fold
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importance in this biomarker search: 1) both constructs have been dubbed as significant predictors

of functional outcome in patients with psychosis, and 2) they remain unmet therapeutic needs

within the clinic. It is only natural then to ask how fluctuations in negative symptoms and verbal

memory deficits parallel maturational changes within the cortex, including the hippocampus, and

whether the intersection of these relationships carries weight to the field’s understanding of the

multifaceted context comprising a FEP.

The hippocampus may be ideally positioned to answer such questions and to serve as a

quantifiable therapeutic target, as Dr. Scoville aptly suggested (Scoville 1954). There are multiple

reasons for this:

The hippocampus is malleable. It is one of only two known sites in the human brain that
exhibit neurogenesis in adulthood (Eriksson et al. 1998; Gongalves et al. 2016).

The hippocampus has lower genetic heritability compared to other (sub)cortical structures,
suggesting its high potential for malleability by environmental factors, or events occurring
later in life (Bartsch and Wulff 2015; Walhovd, Westerhausen, et al. 2016).

The anatomical circuitry of the hippocampus is well-defined and understood, in part due
to its homology with other non-human primates and rodents (Squire et al. 2004; Clark and
Squire 2013), which have allowed for the molecular characterization of specific subfields
and output circuitry of the hippocampal formation, with potential applicability to humans.
The hippocampus is characterized by an architecture that “exquisitely complements its
function” (Tamminga et al. 2010), and specific lesions within different points of the circuit
have been shown to lead to deficits in functionally relevant behaviours, e.g. lesions in
dentate gyrus are related to deficits in pattern separation (the mechanism underlying the

encoding and separation of similar events into distinct memory representations).
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e The hippocampus has a protracted developmental course, which mirrors the longitudinal
dynamics and extended disease process underlying psychosis (Crews et al. 2007; Marin

2016; Lockhart et al. 2018).
Multiple lines of evidence have suggested that the hippocampus may be central to positive
symptoms of psychosis (Tamminga et al. 2012; Lieberman et al. 2018). However, the hippocampal
formation’s role amidst broader cortical networks in the progression of negative symptom severity
has not been empirically tested. Further, the relationship with verbal memory within this
framework is unclear; it is undeniable that the hippocampus has a clear and important role in
memory formation in both healthy individuals and individuals with psychosis (Scoville and Milner
1957; Eichenbaum 2000; Bird and Burgess 2008; Tamminga et al. 2010; Wannan et al. 2018), but
this has not been quantified longitudinally in early stages of psychosis. Fortunately, we now have
the power to probe such questions in human patients in vivo, with magnetic resonance imaging
(MRI) of the brain. Specifically, recent advances in MRI techniques and relevant statistical
methodologies allow for the quantification of neuroanatomical structure and relationships, or
“connectivity”, between different brain regions, that are likely to be changing dynamically, even

subtly, after a first episode of psychosis.

Specific Objectives of Thesis.

The overarching goal of this thesis is to test the contribution of cortical and hippocampal structural
trajectories in patients who recently experienced a FEP to factors important for functional
outcomes, namely negative symptoms and verbal memory abilities. This thesis harnesses data
collection from two longitudinal neuroimaging studies: a retrospective FEP study (used in

Chapters 4 and 5), for which data collection is complete, and a prospective ongoing study (used in
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Chapter 6). The first retrospective study offers the advantage of a well-powered longitudinal
sample to begin to explore the links between negative symptoms, verbal memory, and
hippocampal-cortical structure. It should be noted that this data was collected on a 1.5T scanner,
and thus, individual hippocampal subfields could not be reliably resolved. Furthermore, this study
had limited longitudinal data for verbal memory. Thus, the second prospective study builds upon
findings from the first, incorporating high resolution scans acquired on a 3T scanner, using
multiple imaging modalities and more compact timepoints to rigorously assess and carefully

follow clinical, cognitive, and neural markers following a FEP.

Specifically, the questions this thesis addresses are as follows:
1) How do hippocampal and cortical trajectories differ between FEP patients with and
without persistent negative symptoms?
2) How does verbal memory relate to negative symptoms in FEP patients, and how do
these prognostic indicators relate to cortical indices for both gray and white matter?
3) Are specific subfields of the hippocampus central to coordinated changes in cortical
anatomy, and how does such a putative hippocampal centrality contribute to individual

differences in negative symptoms and verbal memory?

This thesis is comprised of detailed background and neuroimaging methods sections, followed by
four separate papers which address the research questions above. The background section
introduces the reader to the clinical factors surrounding a diagnosis of a psychotic disorder, known
neuroanatomical correlates and abnormalities in brain connections, as well as concrete evidence

to support the pursuit of a theory of hippocampal centrality underlying negative symptoms and
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verbal memory in FEP. The methods section provides an empirical foundation for the
neuroimaging methods and MRI-derived metrics that are used throughout the thesis. The first two
papers address the first question posed above, where alterations in neuroanatomical trajectories of
limbic morphometry (published in Translational Psychiatry) and cortical thickness (published in
npj schizophrenia) with age are compared between FEP patients with and without persistent
negative symptoms. The third article, addressing the second aim and currently under review at
Psychological Medicine, further examines the longitudinal tissue properties underlying
fluctuations in negative symptoms and its relationship with verbal memory, using both cortical
thickness and a novel metric of white-gray matter contrast. Finally, the fourth study, addressing
the third aim and in preparation for Molecular Psychiatry, binds the first two aims together, and
proposes a framework by which the hippocampus may be central to coordinated changes in cortical
anatomy, which in turn may be related to negative symptom and verbal memory changes over

time.
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Chapter 2 : Background

2.1 Defining psychosis

2.1.1. Prevalence and diagnostic boundaries

Psychotic disorders comprise a heterogeneous set of psychiatric conditions that are bound together
by the presence of psychotic or positive symptoms (e.g. hallucinations, delusions) and their
significant contributions to socioeconomic burden (Goeree et al. 2005; Moreno-Kiistner et al.
2018). Approximately three out of 100 individuals will have a psychotic episode at some point in
their lifetime! (Perili et al. 2007). Studies of individuals with psychotic disorders have primarily
focused on patients with schizophrenia, a disorder defined by the presence of positive symptoms
for at least 6 consecutive months in the absence of other symptoms that are more closely related
to mood (e.g. depression, mania) (Tandon et al. 2013). However, it is often overlooked that
schizophrenia only comprises 30% of disorders along the psychosis spectrum, with the remaining
disorders vastly understudied (van Os 2016). These include other thought disorders such as
schizoaffective, delusional and brief psychotic disorders, as well as affective or mood-related
conditions such as bipolar disorder and depression with psychotic features. Although such labels
are currently important for clinical management and for the creation of appropriate treatment plans,
they have proven to be of limited use from a biological standpoint, where biology (e.g. brain
structure and function, genes) does not seem to follow diagnostic boundaries (Insel et al. 2010;
Owen 2018). Thus, this thesis focuses on individuals who have experienced a FEP as a whole,
rather than looking at different diagnostic categories. Importantly, the work presented in this thesis

aims to map individual differences in clinical profiles, regardless of the final patient diagnosis, to

! https://www.camh.ca/en/health-info/mental-illness-and-addiction-index/psychosis
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underlying brain structural trajectories. In this manner, the knowledge gained from this thesis aims
towards °‘stratified psychiatry’, a broad medical concept that reflects the mapping of specific
characteristics within a patient population to appropriate treatments, on the basis of biomarker
discovery.

Given the heterogeneity of clinical presentation of patients with a psychotic disorder, as
well as the factors leading up to a first episode of psychosis, it is easy to be overwhelmed by the
vast number of questions that could be asked in the investigation of brain-behaviour relationships
in FEP patients. Thus, a more thorough investigation into significant predictors of functional
outcomes after a FEP, situated in our knowledge of available treatments for psychosis and their
efficacy, i1s germane to the framework presented in this thesis, and is further elaborated upon in

the next section.

2.2 Predictors of functional outcome after a First Episode of Psychosis

Moving beyond the positive symptoms of psychosis, negative symptoms and cognitive deficits
comprise two additional behavioural domains that have significant clinical implications, given that
clear treatments for the improvement of such clinical measures have not yet been established. With
respect to determinants of functional outcome after the stabilization of a FEP, many studies and
reviews have consistently drawn the same conclusions: negative symptoms predict poor functional
outcome more reliably than positive symptoms (Foussias et al. 2014; Remington et al. 2016;
Galderisi et al. 2018), and cognitive deficits are important contributors to functional outcomes

after a FEP (Malla, Norman, et al. 2002; Jordan et al. 2014).
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2.2.1. Negative symptoms
Negative symptoms characterizing schizophrenia and the related psychoses are comprised of
blunted affect, anhedonia, alogia, asociality and avolition (Kirkpatrick et al. 2006). These
symptoms do not affect all patients equally, and efforts have been put forth to derive clinically
meaningful subgroups of patients on the basis of their negative symptom presentation. Patients
with persistent negative symptoms (PNS) comprise one such subgroup, which delineates a subtype
of patients presenting with primary (i.e. in the absence or presence of only mild positive symptoms
and other potentially confounding symptoms) or secondary (i.e. in the presence of moderate to
high levels of positive, depressive, symptoms, among others) negative symptoms for at least six
months after stabilization of a FEP (Hovington et al. 2012). The importance of better
understanding the mechanisms giving rise to PNS was emphasized by the NIMH consensus
statement on negative symptoms, highlighting that PNS represent a currently “unmet therapeutic
need” and urgently require attention (Kirkpatrick et al. 2006). Although this statement was put
forth over a decade ago, PNS remains an extremely difficult symptom construct to treat and is
often associated with poor prognosis (Hovington et al. 2012, 2013, Galderisi et al. 2013, 2018).
Another approach to the dissection of negative symptoms that would allow for the
characterization of individual differences, which the above categorical characterization of PNS
precludes, is to investigate subject-specific fluctuations in negative symptoms over time. Although
many studies simply report mean negative symptom scores (based on scales such as the Scale for
the Assessment of Negative Symptoms [SANS] (Andreasen 1984a), Positive and Negative
Syndrome Scale [PANSS] (Kay et al. 1987), Brief Psychotic Rating Scale [BPRS] (Overall and
Gorham 1962), and the Clinical Assessment Interview for Negative Symptoms [CAINS] (Kring

et al. 2013)), it is likely that different types of negative symptoms have different underlying
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pathophysiology that would not be captured by pooling these symptoms together into a single
score. Thus, a large body of work has been dedicated to addressing the heterogeneity of negative
symptoms themselves, and finding clusters or different factors of negative symptoms. By and
large, two different models stand out from this sea of literature: 1) a two-factor model, comprising
deficits in expressivity and motivation (Messinger et al. 2011; Jang et al. 2016; Marder and
Galderisi 2017), and 2) a five-factor model separating negative symptoms into alogia, anhedonia,
avolition, asociality, and blunted affect (Kirkpatrick et al. 2006; Strauss et al. 2018). The two-
factor model (see Figure 2.1) is particularly intriguing given recent evidence that these symptoms
have differential longitudinal courses after a FEP; namely, expressivity deficits tend to improve in
the two years following a FEP, whereas amotivation remains stable across this time period
(Lutgens et al. 2019). However, reports on the neuroimaging correlates of PNS and subdomains
of negative symptoms are sparse, particularly with respect to their longitudinal characterization.

This will further be discussed in the introductions of Chapters 4 and 5.

/
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‘ Hedonic deficits
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Figure 2.1. The two-factor model of negative symptoms.

This model highlights distinct dimensions for Diminished Expression (referred to as “expressivity”
deficits in this thesis) and Amotivation. These factors exclude symptoms that are more closely
related to disorganized thought (bottom of figure).

From: Foussias et al. (2014).
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2.2.2. Verbal memory

Patients with psychotic disorders tend to exhibit deficits across all cognitive domains (e.g.
executive function, speed of processing, attention); however, the verbal memory domain stands
out clearly from the rest. Not only do patients with psychosis have the most pronounced deficits
in verbal memory compared to other cognitive domains (Saykin et al. 1994; Aleman et al. 1999;
Cirillo and Seidman 2003), but these problems are present across diagnoses (e.g. schizophrenia,
bipolar) and stages (e.g. ultra-high risk, first and subsequent psychotic episodes) (Brewer et al.
2005a; Barch and Sheffield 2014; Sheffield et al. 2017). There is also a graded pattern of verbal
memory deficits across stages; for instance, verbal memory deficits are milder in individuals in
the ultra-high risk state (i.e. who later may transition to full-blown psychosis) and in unaffected
relatives of patients with psychosis. This suggests a potential biological predisposition or genetic
risk that may be shared between verbal memory capacity and psychotic disorders. However, the
reasons for the disparate contribution of verbal memory to functional outcome in psychotic
disorders compared to other cognitive processes remains elusive.

Certain subdomains of verbal memory are also more affected than others, which provides
an avenue to dissect potential underlying neural processes. There is accumulating evidence for
specific deficits in episodic verbal memory (i.e. information that needs to be explicitly recalled) as
opposed to more implicit forms of verbal memory; again, the selectivity for deficits in episodic
verbal memory can be found in both patients with schizophrenia and unaffected relatives
(Sponheim et al. 2004). Dissecting this construct of episodic memory further, Cirillo and Seidman
(2003) present evidence from multiple studies suggesting that verbal memory impairments in
psychosis can largely be accounted for by the encoding stage of memory. That is, there does not

seem to be a significant amount of information lost after a longer delay in recall when comparing
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immediate and delayed recall performance. Knowledge of the source of verbal memory deficits
offers a strong case for an underlying biological mechanism seated within the hippocampal
formation or broader medial temporal lobe. Deficits in encoding, likely due to abnormalities within
the hippocampal formation, would naturally have downstream effects on other memory-related
processes, such as retention or recollection. In mapping such neuropsychological abnormalities
from encoding or memory formation to memory recollection, it is feasible that abnormalities
within the hippocampus and surrounding structures may then give rise to further deficits in highly
connected regions known to subserve such higher cognitive functions, of which the hippocampal-
prefrontal cortical network cannot be ignored. A more detailed glimpse at the literature supporting
a hippocampal-prefrontal cortical network in verbal memory, with potential for extrapolation to

verbal memory deficits and negative symptoms in psychosis, is included in Section 2.4.

2.2.3. Intersection of negative symptoms and verbal memory

Given the importance of negative symptomatology and verbal memory abilities in the course of
illness in patients with FEP, it is natural to ask whether the relationship between these two
constructs may better inform treatments. It has been suggested that negative symptoms are likely
more related to verbal memory deficits compared to associations with positive symptoms (Cirillo
and Seidman 2003). With respect to the PNS construct, patients with PNS exhibit even more
pronounced verbal memory deficits compared to their non-PNS peers, and these cognitive deficits
are maintained over time after a FEP (Hovington et al. 2013). One explanatory framework has
been offered by several studies, suggesting that negative symptoms, in particular amotivation,
mediate the relationship between neurocognition and functional outcome (Nakagami et al. 2008;
Gard et al. 2009; Green et al. 2012; Foussias et al. 2014; Green and Harvey 2014; Jordan et al.

2014). That is, cognitive capacity may influence an individual’s motivation and thus likelihood to
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perform and complete tasks, which in turn has consequential effects on the individual’s global

functioning in everyday life (Figure 2.2).

Functiondl

Cognition > Motivation T .

Figure 2.2. Links between neurocognition, motivation, and functional outcomes.

A framework by which motivation provides a mechanism underlying the relationship between
cognition and functional outcome. Cognition may also directly influence functional outcome
(dotted line). Adapted from Foussias et al. (2014).

Investigations linking individual differences in verbal memory and negative symptom
severity have predominantly shown negative relationships between these two constructs; that is,
patients with poor verbal memory tend to also have a high level of negative symptoms (Cirillo and
Seidman 2003). However, many studies have also failed to find associations between these two
clinical factors (Cirillo and Seidman 2003). This may be due in part to small sample sizes or the
cross-sectional nature of many of these studies. Although few studies to date have looked at such
longitudinal relationships, there is some evidence to suggest that negative symptoms can improve
in the absence of any change in verbal memory performance (Nopoulos et al. 1994; Cantor-Graae
et al. 1995; Hoff et al. 1999). A more careful look at the dynamic interrelationship of negative
symptom fluctuations after a FEP in relation to verbal memory abilities is warranted and is further

addressed in the studies presented in Chapters 5 and 6.
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It should be noted that both verbal memory deficits and negative symptoms are not specific
to psychosis; they are present in many disorders such as Alzheimer’s Disease, Parkinson’s Disease,
HIV, and major affective psychiatric disorders (Brown and Pluck 2000). Both constructs also
appear to have their onset much earlier than positive symptomatology. Thus, both negative
symptoms and verbal memory deficits seem to have an important neurodevelopmental component
that may be reflected in altered brain maturational trajectories leading up to and continuing after a

first episode of psychosis (Section 2.4.4).

2.3 Magnetic Resonance Imaging (MRI) studies of psychosis patients

The advent of MRI has been met with powerful enthusiasm from clinicians, researchers, and health
practitioners alike. This non-invasive technique has the capacity to acquire a substantial amount
of information about brain structure in a highly efficient and rapid manner, magnifying its appeal
within psychiatric research (Conlon and Trimble 1987; Mueller et al. 2012). Furthermore, the field
of brain MRI has rapidly made gains since its initial acquisition several decades ago, with
optimization of protocols and acquisition times to collect images with sub-millimetric in-plane
resolution (Prabhakaran et al. 2012), which will be of particular importance for the study presented
in Chapter 6. The sections below outline some of the key findings and themes that have been
uncovered in neuroimaging studies of psychotic disorders both cross-sectionally and

longitudinally, with a stronger focus on the latter.

2.3.1. Frontal-temporal lobes are key regions of interest in psychosis

The majority of neuroimaging studies in schizophrenia and the related psychoses have been
conducted in cross-sectional samples. Although longitudinal studies are ideal in the pursuit of

dynamic biomarkers contributing to and following a FEP, valuable information can also be gleaned
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from such single-timepoint study designs. Some of the earliest brain imaging studies in
schizophrenia patients revealed pronounced deficits, usually in the form of reduced gray matter
volumes, within frontal and medial temporal lobes, including the hippocampus (Andreasen et al.
1986; Suddath et al. 1989; Barta et al. 1990; Bogerts et al. 1990; Turetsky et al. 1995). Some of
these studies also linked cortical volume abnormalities to symptom severity. For instance,
Turetsky and colleagues (1995) found that not only were frontal and temporal lobe gray matter
volumes reduced in schizophrenia patients, but these abnormalities seemed to be even more
pronounced in patients with enduring negative symptoms, classified as the “deficit subgroup”.

Of relevance to this thesis, there has been vast interest in characterizing cortex-wide
abnormalities, using automatically derived metrics such as cortical thickness and surface area
across many points of the brain. These newer methods, compared to the methods employed in
earlier seminal studies in the field, allow for the localization of more fine-grained changes in
cortical abnormalities. In turn, introduction of automated methods to classify and define different
brain regions has immensely contributed to the feasibility of including larger patient samples in a
single study, enhancing power and confidence in generated findings. Using these advances in
methodology, it is quite clear that cortical thickness is decreased across almost the entire cortex,
with regional specificity in fronto-temporal regions highlighted in many studies (Goldman et al.
2009; van Haren et al. 2011; Cobia et al. 2012; Gong et al. 2016).

A recent landmark initiative from the Enabling Neuro-Imaging Genetics through Meta-
Analysis (ENIGMA) Consortium (Thompson et al. 2014) has further solidified such findings, by
pooling and meta-analyzing cortical and subcortical features from the largest sample sizes
(N=5000) of patients with schizophrenia and bipolar disorder to date, in comparison to an equally

large number of healthy controls. Consistent with the above-mentioned findings, these massive
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samples have indeed pinpointed widespread thinner cortex and smaller surface area in patients
with schizophrenia (van Erp et al. 2018) and bipolar disorder (Hibar et al. 2018), with the largest
effect sizes being found in regions of interest within the frontal and temporal lobes. Further, in
ENIGMA'’s separate reports on subcortical and hippocampal structure in these two disorders, the
hippocampus emerges as the front-runner, where volume decreases within this structure have the
largest effect size when comparing cases to controls (Hibar et al. 2016; van Erp et al. 2016). These
mega-analytic approaches have been fruitful in confirming previous findings and clarifying brain
structural associations in disease that have previously been clouded by inconsistent findings from
underpowered studies; however, they are limited in their ability to: 1) map individual differences
in symptoms and cognition given the vast number of instruments compiled in such analyses; and
2) to map such associations dynamically over time. Thus, the next section discusses seminal

studies investigating potential progressive brain changes after a FEP.

2.3.2. Progressive brain changes after a first episode of psychosis

Acquiring multiple MRI scans per subject facilitates the collection of valuable longitudinal
datasets, which can provide indispensable information on progressive changes within clinical
cohorts. Interest in studying longitudinal brain changes in schizophrenia and the related psychoses
arguably stemmed from the nosology proposed by Emil Kraepelin, when he described
schizophrenia as “dementia praecox” in the late 19" century (Kraepelin 1899). As this
denomination suggests, schizophrenia was seen as a progressive neurodegenerative disease of
brain structure, akin to dementia (Lehmann and Ban 1997; Ebert and Bir 2010). However, it
became clear in later years that there were other biological processes at play with the potential for

recovery that were not necessarily indicative of a purely deteriorating course. Further, many
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studies later found that brain abnormalities were already present much earlier in the disease
process, even before the presentation of frank psychotic symptoms. This suggested that the disease
process likely stemmed from neurodevelopmental aberrations, which gave rise to the well-
described neurodevelopmental hypothesis of psychotic disorders shortly thereafter (Feinberg
1982; Weinberger 1986; Keshavan et al. 1994). However, both neurodevelopmental and
neurodegenerative descriptions of psychotic disorders share a common important point: there are
significant neuroanatomical changes taking place throughout the disease course of psychosis that
have yet to be fully characterized.

Several studies by Lynn DeLisi and colleagues provided some of the first evidence of
progressive brain changes in first-episode schizophrenia patients, demonstrating increases in
ventricular volume concomitant with decreases in cortical volume over the first five years after a
schizophrenia onset (DeLisi et al. 1995, 1997). Since then, many extensive reviews have been
carried out on this topic, all highlighting the presence of progressive brain changes at different
stages within the disease course of psychosis, across nearly the entire brain (Lieberman 1999;
Pantelis 2005; DeLisi 2008; Andreasen et al. 2011; Olabi et al. 2011; Cannon et al. 2015; Gong et
al. 2016). Findings from the landmark Iowa Longitudinal Study (ILS) are of particular relevance
for the work presented in this thesis, given their inclusion of a large sample of patients followed
over multiple timepoints proximal to the emergence of a FEP (Andreasen et al. 2011). Specifically,
Andreasen and colleagues (2011) were able to pinpoint that the most pronounced changes in brain
structure (i.e. gray and white matter loss) were occurring during the two years following a FEP.

The schematic in Figure 2.3 summarizes the main themes that have emerged in the

investigation of progressive gray matter changes.
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Parietal
Profound early reduction in COS;
but not prominent by adulthood

Occipital
Subtle changes; not
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reduction in COS
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Insula reduction in COS

Robust reduction in adult patients  Siblings: non-
progressive
baseline
changes

Figure 2.3. Progression of gray matter abnormalities in schizophrenia across the cortex.
Abbreviation: COS: Childhood-onset schizophrenia. From: Hollis and Palaniyappan (2015).

A number of studies have also addressed these questions with surface-based measurements
such as cortical thickness and surface area. These measurements are unique contributors of the
gray matter volume measures included in the above-mentioned studies (and further discussed in
Chapter 3), and thus might bring us one step closer to understanding the potential biological
mechanisms underlying these progressive brain changes. Mirroring findings observed at the
volumetric level, studies have shown pronounced cortical thinning with time in patients with
schizophrenia, over and above the expected cortical thinning rate that is expected in non-clinical
healthy controls (Rais et al. 2010; van Haren et al. 2011; Cobia et al. 2012). There have also been
some studies investigating change over time in individuals at high risk for psychosis, who

ultimately transition to psychosis (Smieskova et al. 2010; Cannon et al. 2015). One of these studies
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found pronounced cortical thinning in frontal regions in 35 ultra-high risk patients who eventually
transitioned to psychosis one year later (Cannon et al. 2015). However, surprisingly few studies
have actually investigated changes in cortical thickness in the time period just after a FEP.

Gray matter is not restricted to the cortex, and indeed, there are reports of progressive brain
changes in deeper cortical (e.g. hippocampus) and subcortical (e.g. striatum, thalamus) structures
(Chakravarty et al. 2015), although these studies are not as common as investigations of
neocortical gray matter changes. Focusing on limbic structures such as the hippocampus and
amygdala, null findings have been reported in the two years following a FEP (Wood et al. 2001).
The authors suggested that such changes may best be captured in the time period preceding
psychosis onset. Along these lines, Bois and colleagues (2015) addressed such longitudinal
changes in individuals at ultra-high risk for psychosis, assessing hippocampal and amygdalar
volumes at baseline and two years later compared to healthy controls. That study found a
significant group by time interaction effect on hippocampal volumes, such that controls showed
an increase in hippocampal volumes over time, in the absence of any such change in the ultra-high
risk group. It has recently been suggested that gross volumes of the hippocampus and subcortical
structures may not be optimally sensitive in detecting differences across time or between groups
(Chakravarty et al. 2015; Voineskos et al. 2015), and this is further addressed in Section 3.1.2.

Such null findings have also been interpreted in other ways, independently of imaging
methodology; indeed, there are several studies that contest evidence for progressive brain change
after a FEP altogether (Nesvag et al. 2012; Zipursky et al. 2013; Roiz-Santidiiez et al. 2015;
Haukvik et al. 2016). However, the null findings presented in those studies may be a consequence
of the heterogeneity of the patient samples used. This heterogeneity could be addressed in well-

powered studies by using alternative statistical approaches, such as grouping patients based on
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clinically meaningful symptom dimensions, or examining individual differences in clinical and
cognitive profiles to underlying neuroanatomical trajectories. Both of these approaches are
employed in this thesis, where Chapter 4 stratifies patients on the basis of their negative symptom
presentation, and Chapters 5 and 6 emphasize individual differences in symptomatology and
cognitive performance.

It should be noted that many of the studies discussed above focus on ‘gray matter-centric’
measures, such as cortical/subcortical volumes or cortical thickness. However, white matter both
within the cortex (i.e. intracortical myelin) and underlying the cortical mantle can yield additional
information of the neurobiological correlates underlying anatomical progression in psychosis. For
instance, the above-cited lowa Longitudinal Study from Andreasen and colleagues (2011) found
that white matter loss was more strongly associated with cognitive deficits than gray matter loss.
The contribution of white matter abnormalities to psychotic disorders is further explored in the

next section.

2.3.3. White matter abnormalities

There are multiple scales of evidence for white matter abnormalities characterizing schizophrenia
and the associated psychoses; from alterations in histological measures of the proteins and cell
types that characterize white matter tissue (e.g. oligodendrocytes, myelin-basic protein) (Uranova
et al. 2007, 2011) to widespread brain network abnormalities (Friston 1998; van den Heuvel et al.
2013; Friston et al. 2016). The latter point has brought forth a widely-accepted theory which

illustrates psychosis as a disorder of ‘dysconnectivity’?>. White matter is of particular interest in

2 Please note the use of the prefix “dys” as opposed to “dis”. The former emphasizes deviations
from the norm, without imposing directionality. This is more likely to capture the nature of
deviations (e.g. both positive/increased and negative/decreased effects) found in psychosis.
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the study of psychotic disorders, as it has a more protracted maturational course compared to gray
matter. Thus, significant changes occurring in white matter, both intracortically and within deeper
brain tissue, are occurring concurrently over the time period at which psychotic disorders typically
emerge (i.e. late adolescence, early adulthood) (Bartzokis 2004; Marin 2016). Furthermore, it has
been proposed that tissue compartments rich in myelin (i.e. the fatty substance encasing axons) are
more plastic and potentially more amenable to change (Walhovd, Westerhausen, et al. 2016;
Wenger et al. 2017), providing additional justification for the investigation of white matter
abnormalities in psychosis.

One of the most common ways that white matter has been quantitatively assessed in vivo
with MRI imaging is through the use of diffusion-weighted imaging (DWI), where the coherence
of bundles of axons underlying major white matter tracts can be inferred on the basis of water
molecule diffusion properties in the brain. Fractional anisotropy (FA) is arguably one of the most
popular measures in DWI reports comparing patients with psychosis to healthy controls, which
provides a measure of the degree to which water molecule diffusion is restricted to any given
direction within a particular region of the brain. The overarching theme that has emerged in the
literature is that of reduced FA in patients with psychosis compared to controls. This can be
interpreted as less coherent diffusion along white matter tracts and thus, potentially compromised
white matter integrity in this patient population (Kubicki et al. 2005; Ellison-Wright and Bullmore
2010; Pérez-Iglesias et al. 2010; Nazeri et al. 2013; Kelly et al. 2018). A recent large-scale
investigation from the above-mentioned ENIGMA consortium was conducted in over 4000
individuals with schizophrenia, indeed confirming these findings of reduced FA across most white
matter tracts of interest, with the highest effect sizes found within callosal fibers joining

homologous regions of the brain interhemispherically (Kelly et al. 2018). Intriguingly, lower FA
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in patients with schizophrenia is more commonly reported in tracts subserving multimodal brain
regions (e.g. genu of corpus callosum, joining frontal lobes), as opposed to unimodal brain regions
(e.g. primary motor and sensory areas) (Kochunov et al. 2016). This would suggest that the white
matter tracts that mature later in life may be more sensitive to the pathophysiology of psychosis.
Indeed, recent evidence has shown that such late-maturing tracts have an accelerated age-related
decline in FA in patients with schizophrenia, with early-maturing tracts relatively spared
(Kochunov et al. 2016).

With respect to longitudinal studies, a handful of studies have contributed to our
understanding of the trajectory of white matter changes following a FEP. One study found white
matter decreases in the two to three years following a first episode of schizophrenia within inferior
temporal regions, paralleled by increases in white matter within the frontoparietal junction
(Whitford et al. 2007). Another found significant decreases in frontal white matter volume over a
similar follow-up period in first-episode schizophrenia patients, which was also related to negative
symptom severity (Ho et al. 2003). These inconsistent results from similarly designed studies are
reflective of many of the studies that have been conducted on this topic (Wheeler and Voineskos
2014), further highlighting the need for more longitudinal investigations of such neuroanatomical
correlates in FEP patients.

Although the majority of studies have targeted deeper white matter tracts, it is important to
consider the myelin that is found near the gray-white matter boundary of the cortical mantle; that
1s, within superficial white matter and intracortically. There are several reasons as to why these

fibers may be more vulnerable to insult, especially around the time period of psychosis onset:
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1) peri-cortical myelination occurs later than myelination of deeper white matter tracts,
once again highlighting a protracted maturational course (Bartzokis 2004) and an
extended window of vulnerability.

2) oligodendrocytes, the glial cells that form the myelin sheath around axons, wrap
around intracortical and superficial white matter fibers less times compared to deeper
axons (Haroutunian et al. 2014), rendering these axons more susceptible to injury.

3) the majority of white matter fibers are found peri-cortically (Schiiz and Braitenburg

2002). See Figure 2.4.
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Figure 2.4. Distribution of white matter fibers in the human brain.

Class A represents intracortical fibers. Class B represents superficial white matter fibers that
follow the cortical folding pattern, typically characterizing U-shaped fibers and joining proximal
cortical regions. Class C represents deeper white matter fibers, typically joining more distant
cortical regions. The x-axis represents the log-log range of fiber length in mm and the y-axis
represents number of fibers in each class.

From Schiiz and Braitenburg (2002).
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Several studies have restricted their analysis of FA to superficial white matter when comparing
patients with a psychotic disorder (e.g. schizophrenia, bipolar disorder) to healthy controls,
mirroring the aforementioned results of widespread reductions in FA across the brain (Phillips et
al. 2011; Nazeri et al. 2013; Ji et al. 2018). Intracortical myelin has also been probed using unique
imaging acquisition contrasts and novel measures, which will be discussed in sections 3.3.2-3, and
forms the basis of the MRI measures used in Chapters 5 and 6.

White matter myelination surrounding the hippocampus also undergoes significant
transformation over the first three decades of human life (Benes et al. 1994). These regions are
vastly understudied, likely because of the difficulty in accurately measuring the white matter of
the Papez circuit (e.g. alveus and fimbria sitting atop the hippocampus, and the output circuitry of
the fornix) with conventional structural MRI sequences. Some DWI studies have assessed integrity
of the fornix in psychosis, although these studies should be interpreted with caution. Specifically,
it is particularly challenging to accurately extract FA (and other diffusion tensor imaging [DTI]-
based measures) from the fornix, given its close proximity to cerebrospinal fluid (CSF) within the
lateral ventricles, which can significantly contaminate the signal that is being measured (Arkesteijn
et al. 2017; Amaral et al. 2018).

Nevertheless, white matter regions surrounding the hippocampus remain an interesting
target of study in schizophrenia. For instance, integrity of the fornix has been tightly linked to
cognitive abilities in schizophrenia (Knochel et al. 2016). A recent study in early psychosis patients
from Switzerland, in the same 18-35-year age range of patients used in this thesis, investigated
hippocampal volumes, white matter integrity of the fornix with DTI, and antioxidant activity (as a
proxy marker of oxidative stress in the fornix) (Baumann et al. 2016). Baumann and colleagues

(2016) found that lower FA and higher oxidative stress within the fornix were associated with
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smaller hippocampal volumes, uniquely in the early psychosis patient group (i.e. relationships
were not found in controls). Thus, studying markers of white matter microstructure within the
hippocampal circuit, beyond just the hippocampal formation itself, may also prove to be fruitful
in better understanding the contribution of the limbic lobe to broader white matter abnormalities

across the brain.

2.3.4. Network-based investigations

Many of the studies described thus far have reported isolated anatomical changes in psychotic
disorders, without addressing the relationships, or “connectivity”, between distributed gray and
white matter abnormalities across the brain. This idea speaks to a more network-level perspective
of the brain, which is a burgeoning and active field of investigation in psychiatry. As alluded to,
there is a widely cited theory of “dysconnectivity” within the brain that seems to be essential to
our current understanding of psychotic disorders (Friston and Frith 1995; Friston 1998; Stephan et
al. 2009; Friston et al. 2016). Intriguingly, this theory was initially posed by the prominent
neurologist and anatomist, Carl Wernicke, at the turn of the 20" century (Wernicke 1906), where
he theorized that psychosis stemmed from disruptions in white matter tracts joining proximal
cortical regions (i.e. association fibers). Indeed, the nosology of schizophrenia or “split mind”
coined by Eugen Bleuler shortly thereafter in and of itself reflects a dysconnection of sorts (Bleuler
1911). However, it was not until more recently within the 215 century that network-based methods
evolved and were extended for use in psychiatric imaging studies. Such methods have allowed for
the derivation of summary metrics that quantitatively characterize the extent of connectivity
alterations found in patients with psychosis compared to controls, both in terms of brain structural

and functional networks. The representation of various brain regions and the relationships or
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connections between them constitutes the human brain “connectome” (Sporns et al. 2005).
Overarching themes from studies examining the structural connectome are summarized here, given
their pertinence to the work presented in this thesis (Chapter 6), although it is acknowledged that
functional MRI connectome studies have also significantly contributed to our knowledge of
connectivity alterations in psychosis.

The structural connectome can be measured in a variety of ways using MRI, and is not
solely restricted to the white matter connections that can be measured with DWI. As a natural
extension of the body of work summarized in sections 2.3.1 and 2.3.2 investigating the
neuroanatomical correlates of psychotic disorders, measures such as cortical thickness or gray
matter volumes can also be used to build a structural connectome. This method is known as
structural covariance, with the underlying premise that regions with shared features (e.g.
cytoarchitecture, genetic factors, developmental factors) will be more correlated with each other,
and thus, may be part of a common structural network (Lerch et al. 2006; Alexander-Bloch et al.
2013; Evans 2013). Increases in structural covariance could also be fueled by common
pathological factors, which is of relevance to the study of psychiatric disease such as psychosis
(Zugman et al. 2015). Studies of structural covariance have highlighted widespread differences in
pair-wise relationships between brain regions, with both increased and decreased covariance
relative to healthy controls (Wheeler and Voineskos 2014; Guo et al. 2016; Palaniyappan 2017,
Palaniyappan et al. 2018). However, it is acknowledged that simply looking at differences in pair-
wise regional relationships between cases and controls can be difficult to interpret, and does not
allow one to draw conclusions about how individual patient differences in the structural

connectome are associated with clinically relevant behaviours. Thus, many studies have turned
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towards the quantitative analysis of such connectomes with graph theory methods (Bullmore and
Sporns 2009). Specific methods are further elaborated upon in Section 3.4.

Certain networks, or clusters of brain regions with shared structure and/or function, may
also be more vulnerable to the disease process of psychosis than others. For instance, several
studies have raised the idea that brain “hubs” are disproportionately affected in psychotic disorders
(van den Heuvel et al. 2010; Rubinov and Bullmore 2013; Crossley et al. 2014; Klauser et al.
2017). These brain hubs can be understood in a similar manner as major geographical hubs of the
world, where the “New York” and “Tokyo” equivalents in the brain are connected to many other
regions in the brain, contributing largely to the transportation of various molecules/factors that are
integral for quick and efficient neural communication. These brain hubs include the precuneus,
cingulate cortex, and superior frontal cortex (see Figure 2.5), and are hypothesized to contribute
to the widespread increases and decreases in structural connectivity found throughout the brain of

patients with psychosis (Guo et al. 2016; Palaniyappan 2017).
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Figure 2.5. Affected brain hubs in schizophrenia.

Brain views from left to right: Left medial view, highlighting anterior cingulate cortex. Left lateral
view, highlighting superior frontal and lateral occipital regions. Right medial view, highlighting
cingulate cortex and precuneus. Right lateral view, highlighting superior frontal gyrus.

Figure adapted from van den Heuvel et al (2010) and Rubinov & Bullmore (2013).

Studies have begun to apply knowledge of these structural connectome abnormalities in

psychotic disorders within clinically meaningful frameworks. One relevant investigation of FEP
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patients examined the gyrification, or cortical folding properties, of the brain with graph theory,
finding that hub regions are disproportionately affected specifically in patients who do not respond
well to antipsychotic treatment (Palaniyappan, Marques, et al. 2013). These “non-responders”
were also found to have more distributed, or less efficiently organized, connectivity patterns
compared to FEP patients who responded to treatment and healthy controls. A follow-up study
revealed that such organization of gyrification properties could also predict with 80% accuracy
which individuals at clinical high-risk state for psychosis would later transition to full-blown
psychosis (Das et al. 2018). There admittedly are few studies investigating structural connectomes
built with cortical thickness in FEP patients, although a related investigation was carried out by
Makowski et al (2019b) and will be further discussed in Chapter 3.

These studies provide compelling evidence for widespread connectome aberrations
underlying patients at different stages of psychosis, which naturally asks the question: how is the
structural connectome changing over time in this patient population? This is currently a highly
opportune field and is directly addressed by the study presented in Chapter 6 of this thesis. The
need for application of more dynamic methods to characterize connectome maturation has recently
been highlighted in a review from Collin and Keshavan (2018). This insightful paper proposes an
extension to the neurodevelopmental hypothesis of schizophrenia and the related psychoses,
suggesting that psychosis is a disorder of altered connectome development. Thus, the
characterization of maturational trajectories of brain structures pertinent to the manifestation of
psychosis (e.g. fronto-temporal cortices, hippocampus) and the neuroanatomical relationships
linking these regions after psychosis onset can be immensely informative in understanding the
mechanisms giving rise to “difficult-to-treat” clinical indicators, such as negative symptoms and

verbal memory.
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It should be noted that these new approaches to connectivity alterations in psychosis do not
detract from more classical studies pinpointing aberrations within the neuroanatomical structure
and white matter tracts underlying fronto-temporal regions, as discussed in section 2.3.1. However,
these new studies position such abnormalities within a broader framework of pathological factors
that may have widespread effects on the entire brain. This idea can naturally be quite
overwhelming in the search of useful and quantitative biomarkers for the treatment of psychosis;
thus, finding a mechanism that may be central to these broader cortical network disruptions would
yield more practical utility in the field of translational psychiatry. This brings us to the next
section, which proposes the hippocampus as such a putative central marker to connectome

alterations in psychosis, and resultant symptoms and cognitive deficits.

2.4. Theory of hippocampal centrality in psychosis

The hippocampus has long held the interest of scientists aiming to better understand the
pathophysiology of disease. Its composition comes from the oldest cortex in the brain, i.e.
archicortex, and has undergone significantly less evolutionary expansion compared to other
cortical regions in the human brain (Ari€ns-Kappers 1909). Despite its primal role in comparison
to other neocortical regions, the hippocampus remains an incredibly important structure for human
behavior. The famous neuropsychology studies carried out by Dr. Brenda Milner and Dr. William
B. Scoville with patients that had lesions of the medial temporal lobe showed the hippocampal
formation’s essential role in declarative memory formation (Scoville and Milner 1957). Studies of
the neuroanatomy, function, physiology and metabolism of the hippocampus have not decelerated
since. The hippocampus’ capacity for neurogenesis, exquisitely organized circuitry, and

facilitation of neuroplastic mechanisms are just a few reasons that position the hippocampus as a
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candidate target to better understand the brain in both health and disease. However, this sort of
neuroplasticity comes with a tradeoff, rendering the hippocampus highly capable of adapting to
new environmental stimuli but also increasing its susceptibility to insult. This realization has not
escaped the notice of researchers studying psychotic disorders; indeed, the hippocampus has been
pinpointed as a central structure to the manifestation of psychotic symptoms, even before the
transition to a full-blown psychotic episode. However, the centrality of the hippocampus to
negative symptoms and verbal memory deficits in early psychosis has not yet been explored, and
could very well pose an important explanatory framework for these key prognostic indicators in

FEP patients, as shown in Chapter 6 of this thesis.

2.4.1. Premise of hippocampal centrality theory

The importance of the hippocampus to the pathophysiology of positive symptoms in psychosis,
such as hallucinations, delusions and disordered thought, has been described at length in many
reports (Harrison 2004; Tamminga et al. 2010, 2012; Lieberman et al. 2018). Evidence from
multiple scales of research were formally strung together in an influential paper by Carol
Tamminga and colleagues in 2010, and further elaborated upon in a follow-up paper in 2012 by
the same group (Tamminga et al. 2010, 2012).

Before summarizing the theories posited by Carol Tamminga and others, it is essential to
understand some basic components of the neuroanatomy of the hippocampus and the flow of
information from cortex to individual hippocampal subfields, before signals return back to the
neocortex. Information from neocortical regions funnel into the parahippocampal cortex, which

surrounds the hippocampus on the medial face of the brain. The parahippocampal cortex then sends
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projections to cortical layers II and III of the entorhinal cortex. From here, information enters the
hippocampal formation via two main circuits:

1. Circuit 1 is uniquely unidirectional, where information from the entorhinal cortex flows
through perforant projections to the dentate gyrus. Information then enters the CA3
subfield via mossy fibers. CA3 projects to CA1 via Schaffer collaterals. Finally, outputs
are sent to the subiculum, to be projected back to the entorhinal cortex.

2. Circuit 2 entails direct projections from the entorhinal cortex to individual subfields.

See Figure 2.6 for a depiction of the gross anatomy of the medial temporal lobe (Panel A) and a
depiction of the flow of information from entorhinal cortex through the hippocampal subfields, as
described by “Circuit 17 (Panel B). It is also important to note that many of the neurochemical
mechanisms underlying hippocampal function utilize the neurotransmitter glutamate, which

largely supports the hippocampus’ prominent role in learning and memory (Amaral and Witter

1989; Tamminga et al. 2012).

Parahippocampal cortex

Amygdala
Perirhinal cortex

Hippocampus

Entorhinal cortex

Figure 2.6. Gross anatomy and circuitry of the medial temporal lobe.

Panel A: Gross anatomy of the medial temporal lobe, shown on a medial view of the brain.
Figure from (Purves et al. 2008; Raslau et al. 2015).

Panel B: Hippocampal subfields and direction of information flow. Figure from (Song et al.
2014)
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How is this flow of information disrupted in psychosis? It has been posited that there are two

key lesions present in patients with psychosis (depicted in Figure 2.7):

a.

CA3
!

LTP
rCBF

Exaggerated
‘Pattern completion”;
Hyperassociational

Psychosis

Dentate gyrus: Reduced glutamatergic signaling has been found within the dentate gyrus
in patients with psychosis. This subfield is important for creating associations between
memories, while still keeping certain memory traces distinct. In other words, the dentate
gyrus is critical for “pattern separation”. Thus, disruptions within this subfield may create
fuzzy boundaries between distinct memories, which is then passed along to subfield CA3.
CA3: As mentioned above, in healthy hippocampal circuitry, the CA3 receives input from
the dentate gyrus via the excitatory/glutamatergic-containing mossy fibers. Reduced input
from dentate gyrus, as is observed in psychosis, would then disinhibit the CA3 subfield,
increasing its activity. The CA3 subfield is important for “pattern completion”; thus,
hyperactivity here would generate spurious associations that could potentially generate
psychotic-like symptoms and be encoded in memory through long-term potentiation (LTP)

mechanisms (i.e. the strengthening of synapses as a consequence of increased activity).

CA1 SUB |msmp PSYCHOSIS

ERC

Malecular Lesion:
DG Reduced glutamate signaling

Poor ‘Pattern Separation’
Poor Declarative Memory

Figure 2.7. Lesions in schizophrenia along the hippocampal subfield pathway.
Abbreviations: ERC: entorhinal cortex, DG: dentate gyrus, SUB: subiculum, LTP: long-term
potentiation, rCBF: regional cerebral blood flow.

From Tamminga et al. (2010).
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There is strong evidence for the presence of glutamatergic dysfunction and alterations in
homeostatic mechanisms of the hippocampus through preclinical, human neuroimaging and
postmortem studies. Tamminga and colleagues’ theories provide potential explanations as to how
such alterations manifest themselves at the level of behavior in the form of psychotic symptoms.
Let us investigate some of these possible mechanisms and resultant consequences of the lesions
described above:

a. Reduced glutamatergic signaling in dentate gyrus affects glutamatergic signaling in
CAZ3: It has been shown that there are reduced levels of mRNA transcripts (the molecular
code that translates DNA into a protein) of a particular glutamatergic receptor, i.e. GIuN1,
within the dentate gyrus. As mentioned above, this causes decreased glutamatergic
signaling through mossy fibers, depriving CA3 of excitatory inputs. The CA3 subfield tries
to compensate for this reduced input by increasing its own availability of glutamatergic
receptors, making it hypersensitive to any glutamatergic signaling it does receive. These
increases in glutamatergic signaling may stem from genetic variations (e.g. neuregulin 1
[NRGI1], disrupted in schizophrenia [DISC], dysbindin, brain-derived neurotrophic factor
[BDNF], etc.).

b. Increased signal from CA3 will increase signaling in CA1: Hyperactivity of CA3 will
result in long-term potentiation mechanisms that serve to strengthen the synapses between
CA3 and its downstream subfield, CA1l. This response may be graded along stages of
psychosis. For instance, mildly strengthened synapses may be found in prodromal stages
(i.e. before psychosis onset) resulting in subthreshold psychotic symptoms, and robustly
strengthened synapses may underlie full-blown psychosis. This theory has been supported

by observations of increased neuronal activity when using functional MRI. Findings of
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regional increases in BDNF within CA3 have also been observed in post-mortem tissue of

patients with schizophrenia.

If these lesions and functional consequences on hippocampal circuitry are already present before
the onset of psychosis, it is realistic to speculate that after a FEP, more widespread alterations
throughout the hippocampus may be seen a few years after psychosis onset. Indeed, this has been
posited by several groups (Ho, Holt, et al. 2017; Lieberman et al. 2018; Nakahara et al. 2018),
where the CA1 subfield may be initially affected, and deficits then generalize to all other subfields
as psychosis progresses. These questions had eluded researchers for quite some time, as the
hippocampus could only be examined in such detail in post mortem tissue, thus precluding the
investigation of earlier stages of psychosis. Recently, important methodological advances have
been made in neuroimaging of hippocampal subfields and associated circuitry in vivo and non-
invasively. These methods are described in more detail in Section 3.2 and are harnessed by the
study presented in Chapter 6. Such advances in hippocampal segmentation methods also facilitate
exploration at the network level, where the hippocampus and connected regions may have
significant implications for different symptom profiles and memory performance in FEP.
Specifically, links between the hippocampus and prefrontal cortex have often been cited in the
context of a supposed “memory network™ (Battaglia et al. 2011); thus, hippocampal-prefrontal
cortical links could also feasibly contribute to the biological framework underlying the

manifestation of negative symptoms, which is described in the section below.

2.4.2. Hippocampal links to neocortical regions

The hippocampus is well-situated as a hub structure in the brain (Squire et al. 2004; Misi¢

et al. 2014; Moscovitch et al. 2016). Evidence suggests that the hippocampus is a key convergence
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zone for information coming from multiple cortical regions (MiSi¢ et al. 2014), where information
from polysensory cortical regions are funneled into the hippocampus. In this manner, the
hippocampus has been defined as the “top” structure within a hierarchy of cortical systems, where
signals from the external world are processed first in primary sensory cortical regions (or unimodal
regions). Processing within heteromodal regions occurs at a later stage and adds complexity to
representations of external stimuli. The final binding of these features then culminates within the
hippocampus (Moscovitch et al. 2016). Thus, the hippocampus has a substantial and complex role
in integrating a wide array of information types, and creating a cohesive experience or memory,
which is then shuffled along to other cortical regions. One of the key hippocampal-neocortical
pathways that is integral to consolidation of such memories, and feasibly underlies the prognostic
indicators (i.e. verbal memory, negative symptoms) of FEP central to this thesis, is that of
connections between the hippocampus and prefrontal cortex (PFC). A schematic of known
projections between the medial temporal lobe and PFC in healthy brain function is depicted in

Figure 2.8.
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Figure 2.8. Anatomy of the prefrontal cortex and medial temporal lobe.

Abbreviations: PFC, prefrontal cortex. APFC, Anterior PFC. DLPFC, Dorsolateral PFC. MPFC,
Medial PFC. VLPFC, Ventrolateral PFC.

Figure from Simons & Spiers (2003), based on work presented in Martin (1996).

The hippocampal-PFC pathway has been dubbed as the “weak link™ in psychiatric disorders, and
could provide valuable insight into disruptions along the path from memory encoding (within the
hippocampus) to consolidation (within the PFC) (Godsil et al. 2013). Early evidence in a

monozygotic twin design discordant for schizophrenia (i.e. only one twin is diagnosed with

schizophrenia, whereas the other is placed at high familial risk for schizophrenia) showed that
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individuals with schizophrenia had lower hippocampal volumes compared to their non-affected
sibling, and these hippocampal differences are correlated with functional activation of the PFC
during a working memory task (Weinberger et al. 1992). Indeed, aberrant functional coupling
between the hippocampus and PFC during such higher-order cognitive tasks has since been
reported in several studies of enduring schizophrenia patients (Meyer-Lindenberg et al. 2005; Wolf
et al. 2009), as well as in FEP patients and at-risk individuals (Crossley et al. 2009; Schneider et
al. 2017). At the structural level, anomalies in anterior hippocampus alongside cortical thinning of
PFC have been related to symptom severity in schizophrenia (Qiu et al. 2013). This raises the
question of whether the anatomy of the white matter connections linking these two regions is
altered. Indeed, several studies have shown altered white matter integrity in schizophrenia patients
compared to controls with diffusion tensor imaging in tracts linking the hippocampus-PFC (Zhou
et al. 2008; Hao et al. 2009), including the fornix (Kubicki et al. 2005).

The above-mentioned associations still do not pinpoint causality, i.e. is it the hippocampus
or the PFC that is the source of such neuroanatomical alterations? Understanding the flow of
information in an important cognitive process such as memory may be useful in disentangling the
directionality of this relationship. As alluded to, evidence from lesions studies and tract tracing
studies positions the hippocampus as the source of memory, with evidence from studies of healthy
individuals demonstrating that a medial temporal lobe — PFC network collectively subserves
memory processes, specifically long-term memory (Simons and Spiers 2003; Oztekin et al. 2010).
In this thesis, it is argued that integrity of the hippocampal-PFC pathway first stems from the
hippocampus, which sets the foundation for accurate appraisal and integration of previous

experience. Connections from the hippocampus to the PFC are then integral for successfully
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conveying memory representations and required for individuals to successfully carry out daily
cognitive tasks.

The theory of hippocampal centrality in relation to negative symptoms of psychosis has
not been investigated previously, although there is strong evidence to suggest that this is a viable
concept. For instance, anatomical changes of frontal and temporal lobes, including the
hippocampus, have been linked to negative symptomatology in psychosis, as described in section
2.3.1. Many studies have also suggested that hypofrontality (i.e. decreased activity in the frontal
cortex) is a key mechanism contributing to negative symptom severity in psychosis (Andreasen et
al. 1986; Williamson 1987). Given the known dense connections between the hippocampus and
PFC, and these regions’ role in negative symptoms, it is intriguing to consider the possibility that
the hippocampus may be central to such hypofrontality. To provide a few concrete examples,
altered connections between the hippocampus and dorsolateral PFC may have functional
consequences on motivation; and disruptions in tracts joining the hippocampus to the amygdala
and the anterior cingulate cortex may give rise to anhedonia and expressivity deficits, given the
known role of anterior cingulate cortex in reward anticipation and emotional control (Pier et al.
2016; Schulze et al. 2016).

In Section 2.4.1, we learned that alterations within specific hippocampal subfields and
associated circuitry likely have propagating effects on the regions that the hippocampus directly
projects to, including regions of the PFC described above, such as the anterior cingulate and
dorsolateral PFC. In this manner, the pathophysiological process may start in the hippocampus and
be restricted to the hippocampus in very early stages of psychosis, e.g. in prodromal stages, but
then span cortical regions that are directly connected to the hippocampus in later stages, such as

full-blown psychosis. With this in mind, we would also expect that hippocampal-cortical
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connections are actively changing after a FEP, and this would be reflected in the patients’
behaviour, for instance via changes in symptom severity or cognitive performance. Knowledge of
normative maturational trajectories of the hippocampus and the rest of the cortex are outlined in

the next section.

2.5. Maturational trajectories of hippocampus and cortex: implications for a FEP
The limbic lobe (including the hippocampus) and PFC both undergo pronounced developmental
changes in adolescence (Crews et al. 2007). Accumulating evidence also suggests that these
regions are dynamically changing and maturing even into the third and fourth decades of life,
depending on the tissue type in question (for example, white matter typically has an even more
protracted maturational course than gray matter, as mentioned in Section 2.3.3). These
maturational changes may inform the behavioural changes happening in parallel after a FEP in late
adolescence and early adulthood.

With respect to cortical thickness, a measure that has often been used to characterize
maturational trajectories of the cortex over the lifespan, there is a well-described pattern of cortical
thinning across nearly all cortical regions over adolescence and adulthood (Tamnes et al. 2010;
Wierenga et al. 2014; Amlien et al. 2016; Walhovd, Fjell, et al. 2016). This process seems to be
accelerated in schizophrenia, where studies of both childhood-onset and enduring schizophrenia
patients have reported a steeper loss of gray matter with age compared to healthy controls
(Rapoport and Gogtay 2011; Cropley et al. 2017). Alterations in subcortical structures have also
been described in childhood-onset schizophrenia (Chakravarty et al. 2015), but surprisingly little
i1s known about the trajectories of the hippocampus and closely linked limbic structures, such as

the amygdala, in psychotic disorders. Existing studies also tend to pool all patients together in a
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“case-control” manner; thus, it is unclear whether these (sub)cortical trajectories generalize to all
patients, or are more pronounced in subsets of patients presenting with different types of
symptoms, for instance patients with predominantly negative symptoms. This is explicitly
addressed in the studies presented in Chapter 4.

Although there has been a relatively “gray-matter-centric” approach to the investigation of
abnormalities in brain structural maturation in psychosis, it would be hard to deny the significant
contribution of white matter, particularly myelin, when considering psychotic disorders as
conditions of dysconnectivity. Gray and white matter maturational trajectories seem to be closely
linked: as gray matter volumes decrease across development, white matter volumes increase. This
may be due to the fact that the thickness of the myelin sheath encasing axons increases with age
(Benes et al. 1994). The concurrent changes in gray and white matter volumes may also be due to
myelination of intracortical fibers near the inner edge of the cortex (Salat et al. 2009; Rowley et
al. 2015; Natu et al. 2018). These patterns of brain maturation exhibit heterochronicity that is
important to consider in our investigation of maturational changes after a FEP; that is, different
cortical regions exhibit different rates of maturation at different time periods in the human life
span (Grydeland et al. 2019). This is largely due to the myeloarchitecture characterizing different
brain regions; for instance, fronto-temporal regions of interest in the context of psychosis are /ate-
myelinating, and tend to have thinner myelin sheaths. Thus, these regions are more vulnerable to
insult in adolescence/adulthood (Bartzokis 2004), as mentioned in section 2.3.3. Myelin
development also progresses in “waves” across the lifespan; a recent investigation pinpointed one
particular stage where peak myelination occurred post-pubertally within cortical hub regions, i.e.
association, insular and limbic cortices (Grydeland et al. 2019). This time period and set of brain

regions precisely underscores the aims of this thesis, and further emphasizes the need for
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integration of measures that might index the maturational trajectories of myelin. Thus, proxy
measures of peri-cortical and hippocampal myelin content are incorporated into Chapters 5 and 6
to better understand potential aberrations in white matter maturation and their contributions to

changes in negative symptoms.
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Chapter 3 : Neuroimaging methods

We are fortunate to live in a technological era where various computational tools are available to
process large amounts of data with little manual intervention. However, the integrity of our data
outputs are reliant on the quality of the raw data itself. Thus, the topic of neuroimaging methods
cannot be broached without first acknowledging the importance of good data and quality control
procedures that can be adopted to ensure that data is prepared for subsequent processing steps.
This is addressed in Section 3.1., integrating material from a commentary that was published in
Journal of Psychiatry and Neuroscience (Makowski, Lepage, et al. 2019). In Sections 3.2 and 3.3,
brief descriptions of commonly used MRI-derived metrics of the hippocampus and subcortical
structures, cortex, and white matter underlying the cortical mantle are provided, emphasizing
metrics that have often been employed in studies including patients with psychosis, and those that
are relevant for this thesis. Section 3.2 includes a discussion on the importance of choosing the
right toolbox for segmentation of subcortical structures, based on a publication in Neuroimage
(Makowski et al. 2018). Section 3.3 introduces a novel measure of white-gray matter contrast at
the inner edge of the cortex, which was compared against the oft-used measure of cortical thickness
in a data-driven study using a cross-sectional sample of FEP patients, published in Cerebral Cortex
(Makowski, Lewis, et al. 2019b). This paper serves as the precedent for the study included in
Chapter 5. Finally, Section 3.4 introduces key graph theory concepts that underlie the foundation

for methods presented in the last study of this thesis in Chapter 6.
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3.1. Quality control of MRI data

Neuroimaging studies of psychiatric disorders often face the dilemma of how to handle
patient head motion, a dilemma we are reluctant to confront. On the one hand, assembling a
sufficiently large cohort for meaningful study is a painstaking process and there is a natural desire
to use all data collected. On the other hand, many patient populations exhibit significantly
increased motion in the scanner compared to healthy controls (Pardoe et al. 2016; Yao et al. 2017),
suggesting that more scans must be excluded to obtain a clean enough sample for a significant
result. Do common artefacts such as motion really make a difference in large samples and, if so,
what should be done about it? Defining motion is deceivingly simple at the core but it has been
surprisingly difficult for researchers to come to a consensus over the threshold of acceptable
motion that can be tolerated within an MRI study. Moreover, it has become apparent that motion
artefacts in neuroimaging research cannot be ignored (Havsteen et al. 2017). Both structural and
functional imaging domains suffer from motion artefacts, where studies have highlighted that
results obtained with the original sample, compared to a clean, quality-controlled subset of the
data, yields significantly different effect sizes, and even different neuroanatomical substrates for
interpretation. Recently, an editorial by Weinberger and Radulescu (2016) brought this issue to the
attention of researchers in psychiatry, challenging the common interpretation of findings derived
from case-control MRI studies as altered “neurobiology” in patients compared to controls. Instead,
the authors urged the field to more critically and carefully acknowledge MRI-derived confounds,
such as head motion, that may be clouding key findings in the literature.

Over a decade ago, Shaw and colleagues (Shaw et al. 2008) published a seminal study on
the cortical thickness trajectories underlying normal development in a sample ranging from 3.5 to

33 years of age, and found predominantly non-linear relationships between cortical thickness and
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age, with notable peaks within the first decade of life. However, the age window leading up to
these peaks of cortical development encompasses an age group (i.e. 5-10 years of age) where
children have been shown to exhibit the most movement in the MRI scanner (Greene et al. 2016).
These confounds of movement provide a feasible explanation for the challenge in replicating these
findings subsequently in independent samples (Lebel and Beaulieu 2011; Aubert-Broche et al.
2013; Tamnes et al. 2013; Mills and Tamnes 2014; Wierenga et al. 2014). Ducharme et al (2016)
addressed such inconsistencies using a sample with similar age range as Shaw and colleagues
(2008) but with the additional component of three levels of quality control: none, standard, and
stringent. With increasing stringency of quality control (i.e. removal of more scans with motion),
the reported non-linear cortical thickness relationships with age disappeared, and instead,
predominantly linear relationships across most of the brain remained. Characterization of
neurodevelopmental trajectories of white matter have also been of great interest and are similarly
likely to be significantly influenced by motion. A recent investigation (Savalia et al. 2017)
confirmed this sentiment, showing significant correlations between commonly reported diffusion
metrics (i.e. fractional anisotropy and mean diffusivity) and age are weakened with increased
motion estimates.

The above examples are convincing evidence that motion artefacts have a significant
impact on structural imaging results, but why? As a simple point for comparison, motion in an
MRI is akin to motion in any image taken with a camera: the higher degree of motion present, the
more blurred and fuzzy the image will be. The basic physics underlying MRI data acquisition adds
another layer of complexity to the effects of motion or head displacement in a resultant image.
When a patient moves in the scanner, it is the spatial frequencies of the MR image, or k-space, that

are perturbed. The errors introduced give rise to motion artefacts that are not localized but
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propagate throughout the image (White et al. 2010; Havsteen et al. 2017) e.g. ghosting, ringing,
blurring, etc. In both structural and functional imaging, these artefacts have downstream impact
on all image-derived metrics, such as cortical thickness, regional volumes, or connectivity
estimates. Further, what may be more disconcerting are the effects even subtle motion may have
on image quality and subsequent interpretation of commonly used outcome measures, such as
cortical thickness (Alexander-Bloch et al. 2016). Alexander-Bloch et al’s (2016) work emphasized
the idea that although our pipelines may have progressed to be able to handle just about anything,
they do not necessarily bypass the subtle effects of “micromotion” or biased movements that
ultimately may differentiate clinical populations from healthy individuals.

Cortical thinning and gray matter volume loss have been reported in many psychiatric
disorders (for a relevant meta-analysis, see Goodkind et al (2015)), although it is difficult to
disentangle the degree to which gray matter reductions are due to the underlying neurobiology of
the disorder itself or due to motion. Yao and colleagues (2017) sought to find this answer in bipolar
disorder and schizophrenia, finding that reduced surface area and cortical thickness do in fact
characterize these psychotic disorders, albeit effect sizes are attenuated when taking head motion
into account. One of the most comprehensive and largest investigations examining motion bias
across clinical cohorts (i.e. ADHD, ASD, and schizophrenia) and different post-processing
software was recently conducted by Pardoe et al (2016). This study used resting state fMRI
acquisitions to inform the degree of movement present in T1-weighted images, and examined this
quantitative metric of motion in the context of brain morphometry, namely cortical thickness, gray-
white matter contrast, and gray matter/subcortical volumes. As expected, motion estimates were
higher in all clinical populations compared to controls, and for the extreme ends of the age

distribution (i.e. <20 years of age, and above 40 years). Intriguingly, cortical thickness and
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measures of cortical contrast were more affected by motion than volumetry, although the latter
was impacted to a greater degree by the choice of segmentation method. This paints a rather
intricate and complex picture of the various levels by which motion may impact neuroimaging
analyses of clinical cohorts, and underscores the importance of, at minimum, having a clear and
consistent quality assurance protocol to exclude scans visibly affected by motion artefacts.
Furthermore, given the manner by which different pipelines may handle motion, it is equally
important to study thoroughly the processed outputs - successful runs may not always be linked to

trustworthy results.

Quality control workflow

We have proposed a quality control workflow, which can serve as a framework for both
prospective and retrospective datasets. This workflow is depicted in Figure 3.1. Details relevant
to retrospectively collected structural MRI (mostly T1-weighted images) were employed for the
datasets used in this thesis. Additional details can be found in Makowski et al (2019). Although
there are many steps that can be taken to enhance quality of a neuroimaging dataset, sometimes a
bad scan is just a bad scan, and it may be worthwhile to exercise the art of letting go in severe
cases. Neuroimaging technology is developing quickly and it is reasonable to expect that better
algorithms and solutions will be coming our way to handle the blurred edges in our scans. Until
then, do not shy away from data cleaning; the rewards gained in validity are worth the loss of a

few scans.
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Additional on-site training as needed » Quality assurance of pilot scan

Pre-Acquisition

Give clear instructions to remain still
Ensure participant is comfortable

» Reinforcement, e.g. participant can
watch a movie during structural scan
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+ Ensure scanner protocol compliance
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* Quick on-site QC
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+ Flag questionable scans
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+ Calculate motion estimates; e.g. total motion index for DTI, head
displacement as measured by fMRI, with application to structural T1
Apply pipeline-specific corrections for motion

Select best-quality outputs for a given research question before analysis

Figure 3.1. Proposed quality control workflow for MRI datasets.

Steps are proposed for both prospective and retrospective datasets. Please note this is designed as
a simplified guide, and is not a comprehensive workflow for all modalities and clinical
populations. Figure from Makowski et al (2019).
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3.2. Limbic and subcortical structure

Accurate automated quantification of the hippocampus and other subcortical structures is
a greatly pursued endeavour in neuroimaging, but poses a unique challenge due to contrast and
resolution limitations in standard 1.5T and 3T T1-weighted acquisitions. While the field has
observed an exponential growth of available tools to quantify brain structure with magnetic
resonance imaging (MRI), and a parallel growth of collected samples and publicly available

(13

datasets (Marder 2015), manual segmentation is still considered the “gold standard” for
quantifying structural volumes (Hammers et al. 2003; Prastawa et al. 2005; Gousias et al. 2012;
Schoemaker et al. 2016). Many automated subcortical segmentation toolboxes exist to bypass the
laborious and often infeasible efforts that manual segmentation entails. However, computer-
generated results may still generate errors, both systematically and not, which need to be taken
into consideration when choosing an automated segmentation toolbox. The next section includes
text from a relevant investigation that was carried out, showing that the Multiple Automatically
Generated Templates (MAGeT)-Brain algorithm more closely approximates manual segmentation
of subcortical structures compared to two other commonly used pipelines, namely FreeSurfer and

FSL. This investigation serves as the justification for using the MAGeT-Brain algorithm in

subsequent chapters of the thesis (Chapters 4 and 6).

3.2.1. Choosing MAGeT: evaluating accuracy of subcortical segmentation.
As alluded to, automated methods are enthusiastically used in neuroimaging experiments.
FreeSurfer (http://surfer.nmr.mgh.harvard.edu) (Fischl et al. 2002) and FSL-FIRST

(http://fsl.fmrib.ox.ac.uk) (Patenaude et al. 2011) are two openly available pipelines that have been

used by research groups around the globe to segment brain structures and extract subcortical
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volumes. FreeSurfer uses probabilistic estimations based on Markov random fields to
automatically assign a label to each voxel within an anatomical image based on a training set of
previously manually delineated brains. FSL-FIRST also utilizes a probabilistic framework, and
estimates boundaries of structures using information about signal intensity from the T1-weighted
image, as well as applying knowledge of the expected shape of the structures. Several studies have
compared FreeSurfer, FSL-FIRST and manual segmentation protocols on the same sample
(Nugent et al. 2013; Pipitone et al. 2014; Grimm et al. 2015; Schoemaker et al. 2016), consistently
finding that FSL and FreeSurfer tend to overestimate volumes compared to the “gold standard” of
manually delineated labels. Furthermore, one study in Alzheimer’s disease (Sanchez-Benavides et
al. 2010) noted that methodological differences can be further exacerbated by the nature of the
sample studied.

Given the wide variability in segmentation protocols and the limitations in localizing the
precise location of changes within subcortical structures using volumetry, sophisticated methods
have been developed to estimate surface morphometric measures of these structures (Chung et al.
2010; Raznahan et al. 2014; Sandman et al. 2014; Shaw, Sharp, et al. 2014; Chakravarty et al.
2015; Voineskos et al. 2015). These methods arguably provide complementary information
alongside more conventional metrics of volumetry, and may also provide additional sensitivity in
detecting finer changes between groups of interest (Chakravarty et al. 2015). Such approaches
have been used in characterizing subcortical trajectories within normal development (Raznahan et
al. 2014; Sussman et al. 2016), healthy ageing (Voineskos et al. 2015), neurological conditions
(Miller et al. 2010; Magon et al. 2014; Caligiuri et al. 2016) and psychiatric disorders (Ballmaier
et al. 2008; Ivanov et al. 2010; Shaw, Sharp, et al. 2014; Chakravarty et al. 2015). Subcortical

structures (i.e. striatum, globus pallidus, and thalamus) are of particular interest in psychosis, given
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their key role in the regulation of dopamine, a neurotransmitter widely disrupted in schizophrenia
and psychotic disorders (Howes and Kapur 2009; Abi-Dargham and Meyer 2014). Subcortical
morphometry has been explored at various stages of the disorder, including childhood-onset
schizophrenia (Chakravarty et al. 2015), ultra-high risk samples (Dean et al. 2016), FEP (Mamah
etal. 2012; Qiu et al. 2013), and chronic stages encompassing schizophrenia, bipolar disorder, and
schizophreniform (Quigley et al. 2015; Mamabh et al. 2016; Zhao et al. 2016). As morphometry is
increasingly being incorporated into studies aiming to characterize biomarkers for such disorders,
the field is faced with important choices regarding methodology that may have lasting impact on
results.

To this end, we carried out an investigation comparing three fully-automated pipelines;
namely FreeSurfer, FSL-FIRST, and MAGeT-Brain, and investigated potential differences and
biases when comparing healthy controls to FEP patients (Makowski et al. 2018). Volumes of
bilateral striatum, globus pallidus, and thalamus were automatically derived in a group of FEP
patients and matched non-clinical controls, and compared to manual delineations. In summary, the
basal ganglia and thalamus of thirty subjects (15 FEP, 15 controls) were manually defined and
compared to the three automated methods. Our results suggest that all methods overestimate
volumes compared to the manually derived “gold standard”, with the least pronounced differences
produced using MAGeT. The least between-method variability was noted for the striatum, whereas
marked differences between manual segmentation and MAGeT compared to FreeSurfer and FSL

emerged for the globus pallidus and thalamus. See Figure 3.2.
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Figure 3.2. Box-whisker plots of percent volume difference between automated methods and
manual segmentation.

Vertical lines of plots range from minimum to maximum values. Box plots mark 25th and 75th
percentiles, with line in box marking median. The mean is marked with “+”. A dotted line has been
placed at y=0 for plots that have differences from manual that are negative (i.e. underestimated
volumes relative to manual). A significant main effect of method was uncovered for all three
panels. In Panel A — Striatum, FreeSurfer had significantly greater percent volume differences in
relation to manual volumes compared to MAGeT and FreeSurfer (p<0.008, corrected). In Panel B
— Globus Pallidus, and Panel C — Thalamus, MAGeT had significantly smaller percent volume
differences in relation to manual volumes compared to FreeSurfer and FSL (p<0.0001, corrected).

Correlations between manual segmentation and automated methods were strongest for MAGeT
(range: 0.51 to 0.92; p<0.01, corrected), whereas FreeSurfer and FSL showed moderate to strong
Pearson correlations (range 0.44-0.86; p<0.05, corrected), with the exception of FreeSurfer pallidal
(r=0.31, p=0.10) and FSL thalamic segmentations (r=0.37, p=0.051). Bland-Altman plots
highlighted a tendency for greater volumetric differences between manual labels and automated
methods at the lower end of the distribution (i.e. smaller structures), which was most prominent

for bilateral thalamus across automated pipelines, and left globus pallidus for FSL (See Figure

3.3).
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Figure 3.3. Bland-Altman plots, comparing volume differences between each automated method
and manually derived volumes, against manual volumes.

Regression lines have been fit to the data for each automatic method to visualize potential biases.
Confidence intervals are marked by horizontal dotted lines and colour-coded by method
(Red=MAGeT, Green=FreeSurfer, Blue=FSL). Significant regression slopes after false discovery
rate (FDR) correction are bolded with an asterisk.
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This study provided a detailed analysis of how manual segmentations of the basal ganglia
and thalamus compare against three automated segmentation pipelines, namely MAGeT,
FreeSurfer, and FSL, in the clinical investigation of changes in the subcortical structures in first
episode psychosis patients. Our results highlighted the closer correspondence between manual
segmentations and volumes obtained with MAGeT, compared to those obtained with commonly
used toolboxes provided by FreeSurfer and FSL. Our results also pinpointed inherent biases within
all automated segmentation tools included in this investigation, especially for volumes skewed
towards the lower end of the distribution. Similar biases have been found with FreeSurfer and FSL
compared to manual segmentation when investigating hippocampal and amygdalar volumes
(Schoemaker et al. 2016). With these results in mind, we felt more confident to pursue further
image processing of hippocampal and subcortical structure with MAGeT-Brain, but still employed

rigorous quality control procedures to ensure only good quality outputs were retained for analysis.

3.2.2. Hippocampal-amygdalar volumetry and shape morphometry

Volumetry and shape morphometry (i.e. localized measures of surface area) of the
hippocampus and amygdala are utilized in Chapter 4, to better understand the maturational
trajectories of these limbic structures in FEP patients with persistent negative symptoms. The
entire hippocampal formation for left and right hemispheres, as opposed to individual hippocampal
subfields, were considered for Chapter 4, given the limited ability to resolve hippocampal subfields
with data from a 1.5T scanner. However, for Chapter 6, a sub-millimetric T2-weighted scan was
acquired on a 3T scanner, allowing us to more accurately resolve hippocampal subfields and
surrounding white matter. Both Chapters 4 and 6 use the same MAGeT-Brain algorithm, but with

different input atlases.
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The workflow for MAGeT-Brain image processing proceeds as follows. Raw T1-weighted
or T2-weighted scans are submitted to the MAGeT-Brain pipeline, based on a multi-atlas
segmentation approach. This technique utilizes a limited number of high-resolution atlases that
have been manually segmented. For Chapter 4, atlases described previously for the amygdala
(Treadway et al. 2015) and  hippocampus (Winterburn et al.  2013)

(https://github.com/Cobral.ab/atlases) are utilized and are applied to structural T1-weighted

acquisitions (1mm?). Chapter 6 utilizes sub-millimetric T2-weighted scans (0.64mm?) and an atlas
described in Amaral et al (2018), which outputs 9 structures per hemisphere: hippocampal
subfields CA1, CA2/3, CA4/dentate gyrus, subiculum, and molecular layer; and output white
matter regions: alveus, fimbria, fornix, and mammillary body. Segmentations are extracted from
pre-defined high resolution atlases onto a library of subjects. Labels from the atlases are then
propagated to a subset of 21 subjects (templates) from the neuroimaging study, a number shown
to be optimal in previous work (Pipitone et al. 2014). The templates chosen for both the 1.5T and
3T datasets comprise a representative mix of eleven FEP patients and ten controls, and an
approximately equal male to female ratio. Customization of atlas labels to templates is conducted
using a nonlinear transformation with a version of Automatic Normalization Tools (ANTS)
compatible with the minc-toolkit (https://github.com/vfonov/mincANTS). Next, a bootstrapping
procedure is applied to final segmentations. Candidate labels are fused for each subject using a
majority vote procedure (i.e. the label occurring most frequently at a specific location is retained)
(Collins et al. 1995; Chakravarty et al. 2013).

To determine shape of limbic structures as presented in Chapter 4, surface-based
representations of the amygdala and hippocampus are defined separately on the basis of the input

atlas, using the marching cubes algorithm (Lorensen and Cline 1987), and morphologically
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smoothed using the AMIRA software package (Visage Imaging; San Diego, CA). The resulting
surfaces have approximately 1200 vertices per amygdala and 1400 vertices per hippocampus.
Nonlinear transformations required to map each participant to the input template are concatenated
and averaged across the 21-subject template library to increase the signal to noise ratio
(Borghammer et al. 2010). Using a similar logic as was used to extract volumes, surface-based
representations are warped to fit each template, and subsequently to match each participant. This
yields 21 possible surface representations per participant. To ensure homology between vertices
to prior MAGeT-Brain segmentations, surface vertices are redefined using a Vornoi diagram
(Lyttelton et al. 2009). The median coordinate at each location/vertex of the amygdala or
hippocampus are estimated to yield a single cohesive surface representation of each structure.
Finally, surface area is represented as the sum of the surface area for each polygon in the surface,
and all surface area values are blurred with a surface-based diffusion smoothing kernel of Smm
for both structures. See Figure 3.4 for example segmentations of the hippocampus and amygdala
for a representative candidate, and Figure 3.5 for an overlaid mesh on the hippocampus/amygdala

model (https://github.com/Cobral.ab/atlases) depicting the vertices used in surface area analysis.

Figure 3.6 depicts the hippocampal subfields and output white matter atlas used in Chapter 6.

X=58 Y=135 7=132

Figure 3.4. Example segmentation of bilateral hippocampus and amygdala using the MAGeT-
Brain algorithm.

Legend: Blue, Left hippocampus. Yellow, Right Hippocampus. Red, Left Amygdala. Green, Right
Amygdala. Corresponding surfaces are outlined around each label. X, Y, and Z coordinates listed
above each image corresponding to section in sagittal, coronal, and horizontal views in MNI
standard space, respectively.

79



Figure 3.5. Depiction of morphological branch of MAGeT for surface area extraction.
Three-dimensional mesh overlaid on a model surface of the amygdala and hippocampus, allowing
for extraction of vertex-wise surface area information. The dorsal view of the left amygdala and
hippocampus is depicted on the left. The right is a magnified version to better visualize the
polygons comprising one particular vertex, with the crosshairs pinpointing the same vertex in both
images.

3D Reconstruction of 3D Reconstruction of Amaral
Winterburn et al. (2013) et al. (2016) White Matter
Hippocampal Subfield Atlas Atlas Superimposed on
Winterburn et al. (2013)
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Figure 3.6. Three-dimensional rendering of hippocampal subfields and output white matter.
Abbreviations: CA, Cornu Ammonis. SR/SL/SM, stratum radiatum/lacunosum/moleculare, or the
“molecular layer” of the hippocampal formation.

From: Amaral et al. (2018)
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3.3. Measures sampled along the cortical surface

3.3.1. Cortical thickness and comparison with other commonly-derived cortical metrics
Cortical regions of interest can be broadly divided into gray (e.g. neuronal cell bodies or soma)
and white matter (e.g. axonal tracts). As mentioned in Section 2.5, arguably more studies have
focused on gray matter-centric measures in investigations of gross brain abnormalities
differentiating patients from controls. Many of these early investigations used measures of gray
matter volume, which was later found to be a composite measure of cortical thickness and surface
area. The notion of the relative contribution of cortical thickness and surface area to cortical
volume was important as it provided the potential to further dissect underlying biological
mechanisms, given that cortical thickness and surface area have unique genetic contributions and
maturational trajectories (Panizzon et al. 2009). Specifically, MRI-derived cortical thickness is
defined as the distance between the gray-white matter boundary and the outer pial surface, and is
a consequence of asymmetric division of progenitor cells from the subventricular zone in
development. Surface area, on the other hand, is a result of symmetric division of these progenitor
cells and seems to be more heavily genetically mediated compared to cortical thickness. Thus,
cortical thickness may be more likely to change with various environmental factors through
development and brain maturation, that would not be reflected in a similar fashion with surface
area. This is also concordant with what we know of the hippocampus, which is also largely
malleable by external/environmental factors.

Cortical thickness is of particular interest to this thesis, as it is used as a measure of interest
in both chapters 4 and 5. See Figure 3.7 for a depiction of MRI-based cortical thickness, and how
it is sampled across the entire brain, using the CIVET pipeline. Cortical thickness has often been

described as a composite measure of synaptic density and integrity of cell body architecture

81



throughout the six layers of the cortical mantle; however, newer interpretations of cortical
thickness have taken into consideration the contribution of white matter to cortical thickness

measures, which is further discussed below.

Pial Surface CT sampled across 81,924 vertices

Figure 3.7. MRI-based cortical thickness.

This measure is derived from the CIVET pipeline developed at the McConnell Brain Imaging
Centre of the Montreal Neurological Institute. Panel A shows a snapshot of a coronal slice on a
T1-weighted MRI scan, outlining pial and gray-white matter boundary surfaces. Cortical thickness
(CT) is defined as the distance between these two surfaces (green line joining surfaces in Panel
A), sampled from 81,924 points or vertices across the cortical surface (green points in Panel B).

3.3.2. Cortical White-Gray Matter Contrast (WGC)

The major source of tissue contrast found in structural MRI scans comes from myelin, the
fatty and protein-rich outer sheath that encases axons, and orchestrates the speed of conduction of
neuronal signals throughout the brain. MRI-derived cortical thickness relies on the tissue intensity
contrast between gray and white matter, and gray matter and cerebral spinal fluid in T1-weighted
structural MRI. However, it has often been overlooked that the placement of the gray-white matter
boundary on MRI is driven by the myeloarchitecture (that is, the patterns of myelin content) both

intracortically and within superficial white matter (Rowley et al. 2015).
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Obtaining a measure of white-gray matter contrast (WGC) from T1-weighted MRI may
provide a meaningful marker of myelin content and other biophysical properties that may
complement measures of MRI-based cortical thickness, as well as confer sensitivity in detecting
subtle group differences that are relevant for the current investigation of FEP patients (Bezgin et
al. 2018; Lewis et al. 2018). In Makowski et al (2019b) and in Chapter 5, additional surfaces
surrounding the gray-white matter boundary were generated to estimate WGC across the same
81,924 points for which cortical thickness was estimated. See Figure 3.8 for a depiction of this

method.

i. Surface Extraction
'hite (+1mm) Surface
Gray-White Matter Boundary

ii. Intensity Mapping & Smoothing

iii. WGC Calculation

WGC = intensity© (-Imm
intensity@ (+1mm)

Figure 3.8. MRI-based white-gray contrast (WGC).

[lustration of 3 key steps in calculation of WGC. Method was initially presented in Lewis et al
(2018) and also applied by our group recently to a cross-sectional FEP cohort (Makowski, Lewis,
et al. 2019b). Left-hand panel is an example of a T1-weighted image from a participant included
in this thesis, with the gray-white matter boundary and +/-1mm surfaces overlaid, as defined in
Step 1. Surfaces maps of the intensity of the T1-weighted MRI were then generated and smoothed
with a 20mm blurring kernel (Step i1). Smoothing is done for both the -1 and +1mm surfaces before
calculation of WGC (Step 1ii). One example vertex is identified to illustrate calculation of WGC
(Step 1i1). Note, in some areas the surfaces do not appear to be consistently Imm from the gray-
white matter boundary; this is because a 2D visualization of the surfaces is depicted here, without
taking into consideration the third dimension of the T1-weighted image.
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Given that white-gray matter contrast may capture myelination properties within the cortex
and superficial white matter, it is feasible that this metric may be more sensitive in capturing the
extent of disruptions in the coordinated development and plasticity of cortico-cortical connections
in early psychosis compared to cortical thickness. We explicitly tested this hypothesis in a recently
published paper, where we showed that indeed, WGC recapitulated architectonic features of the
brain and was more sensitive in detecting aberrant structural associations across the brain of FEP
patients compared to cortical thickness (Makowski, Lewis, et al. 2019b).

In this investigation, we used Principal Component Analyses (PCA) to reduce
dimensionality of cross-sectional WGC and CT data, and to extract patterns of features across
brain regions that may share common information, without fitting a specific model a priori. The
SurfStatPCA function® was applied to WGC and CT values for 116 FEP patients and 88 Controls
at each of 81,924 vertices per subject, after regressing out age and sex. Relationships between
selected component loadings and the following behavioural measures in FEP patients were
assessed with Pearson correlations, and corrected for multiple comparisons with a Bonferroni
correction: a) positive and negative symptoms, as assessed by the SAPS and SANS, respectively;
b) general cognitive index (GCI), excluding social cognition; and c) three measures tapping into
higher-order cognitive processes: verbal memory, executive function, and working memory.

In summary, we demonstrated that WGC clustered brain regions into unimodal (e.g.
primary visual, somatosensory, and motor regions) and heteromodal cortices. This could indeed
be driven by the differing levels of cortical myelin underlying these regions. Our results with WGC
in FEP patients suggest that pericortical myelin may be a sensitive marker of abnormalities in

cortico-cortical connections, even in early phases of psychotic disorders, and such network-level

3 http://www.math.mcgill.ca/keith/surfstat/doc/SurfStat/SurfStatPCA.html
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abnormalities are meaningfully related to symptom severity and cognitive ability. The same extent

of significant brain-behaviour relationships was not found with cortical thickness (Figures 3.9 and

3.10).
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Figure 3.9. Top 3 components from PCA with WGC data and brain-behaviour relationships.

Cortical surface maps reflect component loadings for each principal component (PC). PC1 reflects
mean WGC signal (Makowski, Lewis, et al. 2019b). PC2 captures primary sensory and motor
regions, that are associated with positive and negative symptoms (Plot A) and a general cognitive
index (GCI; Plot B) in FEP patients. PC3 captures bilateral superior temporal sulci and
heteromodal cortical regions, associated with verbal memory performance in FEP patients (Plot
C). Association of principal component 2 with both positive and negative symptoms are presented
together in Plot A, with lighter orange reflecting association with positive symptoms (note they
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are square root transformed) and dark orange for negative symptoms (not transformed). For all
other plots, relationships are represented in orange for patients, and compared to controls in green.
A solid line is drawn for significant associations that remain significant after correction for
multiple comparisons, and a dashed line represents nominally significant associations for p<0.05,
uncorrected. The general cognitive index is significantly and negatively associated with FEP
patients’ component scores on principal component 2, whereas positive and negative symptoms
are nominally and positively associated with this component. Finally, verbal memory is
significantly and negative associated with FEP patient’s component scores on principal component
3. This latter relationship also holds when covarying for antipsychotic medication (r=-0.26,
p=0.0056).
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Figure 3.10. Top 3 components from PCA with CT data and brain-behaviour relationships.

Cortical surface maps reflect component loadings for each principal component (PC). PC1 reflects
mean CT signal (see Supplementary Figure 3). PC2 captures positive loadings on dorsal primary
motor regions, and weak negative loadings in frontal-insular-temporal regions. For direct
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comparison to results presented for WGC in Figure 1, we show here that positive/negative
symptoms were not associated with component 2 derived from CT data (Plot A), but a nominal
association was found between component loadings and a general cognitive index (GCI; Plot B)
in FEP patients. PC3 captures positive loadings on right prefrontal cortex and negative loadings
on occipital cortices bilaterally. Association of principal component 2 with both positive and
negative symptoms are presented together in Plot A, with lighter orange reflecting association with
positive symptoms (note they are square root transformed) and dark orange for negative symptoms
(not transformed). For all other plots, relationships are represented in orange for patients, and
compared to controls in green. A dashed line represents nominally significant associations for
p<0.05, uncorrected. There was only a significant relationship between FEP patients’ GCI and
component scores on principal component 2.

This study extended the notion that psychosis is a disorder of dysconnectivity, by showing
that systems-level aberrations are already present in early psychosis. WGC seems to be a promising
biomarker alongside measures of cortical thickness, tapping into a compartment of tissue that may
be better captured and more malleable in disorders such as psychosis. This foundational paper
fueled the study presented in Chapter 5, which extends these methods to more clinically-oriented
questions of the neural correlates underlying negative symptoms and verbal memory. However, it
is acknowledged that our measure of WGC does not allow us to disentangle the primary source of
change in white matter alterations (i.e. within intracortical layers or superficial white matter).
Standard T1-weighted acquisitions suffer from strong scanner field biases, which makes it very
difficult to interpret gray and white matter intensities separately. Thus, Chapter 6 extends this
methodology, and uses quantitative T1 mapping to come closer to disentangling the source of

microstructural changes.

3.3.3. Quantitative Tl imaging
MRI methods have quickly progressed to better resolve anatomical detail in the brain, primarily
with the use of stronger magnets. This thesis captures such methodological progress, as we move

from using data from a 1.5T scanner in Chapters 4 and 5, to a 3T magnet in Chapter 6. However,
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the use of higher strength magnets (e.g. 3T or greater) comes with an important tradeoft: images
are acquired with higher resolution but are more susceptible to bias fields; that is, more
inconsistencies or inhomogeneities in tissue contrast are captured. This makes it challenging to
measure any properties of brain tissue directly, and requires appropriate pre-processing steps to
minimize the effects of such bias field inhomogeneities and other confounds such as proton
density, which are captured with conventional T1-weighted MRI.

The use of a quantitative T1 map provides a great advantage over standard T1-weighted
structural MRI acquisitions, where a precise bias-free T1 relaxation time can be extracted for every
voxel in the brain (Marques et al. 2010). The T1 relaxation time is a key biophysical property that
gives rise to the contrasts we see in T1-weighted images. The physical mechanisms underlying the
T1 relaxation time is depicted in Figure 3.11. During MRI acquisition, a radio frequency (RF)
excitation pulse is emitted from the scanner, which will cause hydrogen protons to spin
perpendicular to the magnetic field, which causes a change in the net magnetization vector. After
the RF pulse is turned off, the excited hydrogen nuclei will return to a relaxed state. The length of
time that it takes the signal to reach 63% of its initial pre-excitation value is defined as the T1

relaxation time.
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Figure 3.11. Schematic of the magnetic resonance principles underlying the T1 relaxation time.
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Chapter 6 utilizes the strengths of quantitative T1 mapping from a novel MP2RAGE sequence,
which acquires two different structural images at slightly different inversion times, thus producing
an image free of proton density contrast and bias field inhomogeneities (Marques et al. 2010). See
Figure 3.12 for a depiction of the T1 relaxation times underlying different tissue types within the
brain. The relaxation times acquired at each voxel can then be directly compared between subjects

and across timepoints.
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Figure 3.12. Quantitative T1 values across brain tissue types.

One coronal slice from the quantitative T1 map of an MP2RAGE sequence is depicted (Marques
et al. 2010). Short relaxation times are characteristic of tissue that contain more myelin, e.g. white
matter, and appear darker on the image. Gray matter appears brighter and is characterized by longer
relaxation times.

Quantitative T1 mapping has been shown to be a candidate marker of myelin content and integrity
(Laule et al. 2007; Deoni 2010; Dinse et al. 2015). This positions quantitative T1 mapping as an
ideal MRI-based measure of microstructure for the aims of Chapter 6. Network-based measures
derived from such quantitative T1 maps also have the potential to better define a microstructural

connectome and its alterations in patients with psychosis. Indeed, a recent investigation of brain

networks derived from intracortical quantitative T1 values supported the idea that this measure
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captures connectivity information that recapitulates information carried within both structural and
functional networks, over and above what cortical thickness is able to infer (Huntenburg et al.
2017). This is also supported by our recent investigation in Makowski et al. (2019b), where
measures based on a putative marker of peri-cortical myelin/microstructure are better able to detect

differences at the brain network level than cortical thickness.

3.4. Graph theory measures of centrality

As described in Section 2.3.4., there has been a concerted push to better understand the structural
connectome of psychosis across various stages of the disorder. Recall that the connectome is a
representation of different brain regions (i.e. nodes) and the relationships or connections between
regions (i.e. edges) (Sporns et al. 2005). The connectome inherently captures a complicated web
of relationships within the human brain. Thus, derivation of summary metrics describing the
organization of such connectomes are important to better interpret differences in brain organization
between patients and controls and to link individual differences in behaviour to global patterns of
brain connectivity. Graph theory methods are harnessed by the study presented in Chapter 6, to
specifically test the hypothesis of altered hippocampal centrality in relation to negative symptoms
after a FEP. The primary measure of interest in Chapter 6 is the participation coefficient. Figure
3.13 illustrates the measures required to calculate the participation coefficient of a node or set of

nodes (i.e. module) of interest.
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“ y= participation coefficient

Y i Module @ M= set of all modules

: k=degree (# of links)
Figure 3.13. Calculation of the participation coefficient in brain networks.
Left-hand side shows a schematic of the components of a network that make up the measure of
participation coefficient. Measures that can be obtained from any type of network data. For brain
imaging applications, the smaller circles in the image represent individual brain regions, and the
lines represent connections that describe the links between different regions (e.g. “connectivity”
derived from structural covariance, diffusion weight imaging, etc.). Larger gray circles envelop
brain regions within the same module. Links can be found both within communities of brain
regions or “modules” (dashed lines) or between modules (solid lines). The formula and variables
used to calculate participation coefficient are defined on the right-hand side of the figure.
Figure adapted from Cohen & D’Esposito (2016), and calculation of participation coefficient from
Rubinov & Sporns (2010).

As can be seen from Figure 3.13, calculation of the participation coefficient relies on degree and
the definition of modules. Degree is simply the number of connections each node has. Modules
are sets of nodes that are more highly connected to each other compared to other sets of nodes. In
the context of brain networks, each module may have a circumscribed role in brain function, for
instance in sensory processing, and quick communication between regions within one module are
critical for efficient information processing. However, such perceptual or cognitive processes rely
on integration of information from other modules; thus, it is still important for each module to have

one or more brain regions that facilitate inter-modular communication. This measure is of

particular interest in light of the aims of this thesis, to characterize the centrality of communication
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between the hippocampus and other cortical networks. This can be tapped into by the participation
coefficient, which reflects the distribution of connections of brain regions within a particular
module (in our case, the hippocampal circuit), in relation to brain regions of other modules (i.e.
neocortical networks). A node with a high participation coefficient suggests that node has high
intermodularity, i.e. it is more highly coupled or ‘connected’ to nodes of other modules, whereas

a node with a low participation coefficient is less connected to nodes of other modules.
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Chapter 4 : Hippocampal-cortical maturational trajectories
differentiate FEP patients with persistent negative symptoms

PREFACE

This chapter includes the first pair of longitudinal neuroimaging studies that were published with
nearly the entire sample of a study funded by the Canadian Institutes of Health Research (CIHR),
which started in 2004. Specifically, this work sought to better understand the longitudinal
trajectories that differentiate FEP patients with persistent negative symptoms (PNS) compared to
their non-PNS peers. The categorization of patients with PNS holds clinical significance as this
group of patients have a particularly challenging clinical course, and available treatments today
are not effective in diminishing these symptoms, which has profound consequences on the daily
functioning of affected patients. In fact, the NIMH released a statement that PNS currently
represent an unmet therapeutic need, emphasizing the urgency of better understanding the
biological underpinnings of these symptoms (Kirkpatrick et al. 2006). This work was a natural
extension of the work done by three previous PhD students in Dr. Lepage’s group: Dr. Cindy
Hovington, who empirically defined PNS, and began investigating the white matter
neuroanatomical correlates of patients with PNS cross-sectionally; and Dr. Audrey Benoit and Dr.
Michael Bodnar, who investigated neuroanatomical gray matter correlates of PNS cross-
sectionally, including volumes of the amygdala and hippocampus, and cortical thickness.

In addition to being the first series of work in the literature that examined the longitudinal
progression of PNS at the neural level after a FEP, we also used novel neuroimaging techniques
to more accurately map underlying neuroanatomical trajectories potentially separating PNS
patients from other FEP patients. For the first manuscript investigating limbic trajectories, we used

a new segmentation algorithm, MAGeT-Brain, from Dr. Chakravarty’s group to investigate both
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hippocampal and amygdalar volumes and shape morphometry. We opted to include the amygdala
alongside the hippocampus, given its neuroanatomical proximity to the hippocampus, and well-
established connections to the hippocampus and prefrontal regions, which may underlie the
emotional dysregulation characteristic of negative symptoms. Although volumes of the amygdala
and hippocampus have been a popular measure of choice when investigating these structures, the
addition of a more fine-grained surface morphometric approach allowed us to localize potential
anatomical changes along specific points of these structures, akin to what we can do with surface-
based approaches of the cortex. It has also been argued that surface morphometry, such as surface
area, of subcortical structures may be more indicative of neurodevelopmental or maturational
processes, compared to volumes alone (Chakravarty et al. 2015). With respect to cortical thickness,
we applied a newer version of the CIVET pipeline which incorporated a “marching cubes”
algorithm (Lorensen and Cline 1987), to more accurately extract white matter surfaces, and
ultimately, to provide us with a more accurate estimation of cortical thickness.

Another important contribution of this work was the specificity of findings to patients with
primary/early PNS, as opposed to patients that present with PNS due to secondary factors. Thus,
the two papers below include categories for both “early” PNS (patients who present with
predominantly high levels of PNS, in the absence of other potentially confounding symptoms) and
“secondary” PNS (patients who present with other potentially confounding symptoms like positive
and/or depressive symptoms). This work highlights the importance of looking at age in early
psychosis samples, given that a FEP occurs during a critical period of neurodevelopment (i.e. late
adolescence/early adulthood), and suggests a promising avenue for future research to investigate

dynamic endophenotypes of early PNS.
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Abstract

Early persistent negative symptoms (PNS) following a first episode of psychosis(FEP) are linked
to poor functional outcome. Reports of reduced amygdalar and hippocampal volumes in early
psychosis have not accounted for heterogeneity of symptoms. Age is also seldom considered in
this population, a factor that has the potential to uncover symptom-specific maturational
biomarkers pertaining to volume and shape changes within the hippocampus and amygdala. T1-
weighted volumes were acquired for early (N=21), secondary (N=30), non-(N=44) PNS patients
with a FEP, and controls (N=44). Amygdalar-hippocampal volumes and surface area (SA) metrics
were extracted with MAGeT-Brain. Linear mixed models were applied to test for a main effect of
group, and age*group interactions. Early PNS patients had significantly reduced left amygdalar
and right hippocampal volumes, as well as similarly lateralized negative age*group interactions
compared to secondary PNS patients(p’s<0.017, corrected). Morphometry revealed decreased SA
in early PNS compared to other patient groups in left central amygdala, and in a posterior region
when compared to controls. Early and secondary PNS patients had significantly decreased SA as
a function of age compared to patients without such symptoms within the right hippocampal
tail(p’s<0.05, corrected). Significant amygdalar-hippocampal changes with age are linked to PNS
after a FEP, with converging results from volumetric and morphometric analyses. Differential age
trajectories suggest an aberrant maturational process within FEP patients presenting with PNS,
which could represent dynamic endophenotypes setting these patients apart from their non-
symptomatic peers. Studies are encouraged to parse apart such symptom constructs when

examining neuroanatomical changes emerging after a FEP.
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Introduction
Negative symptoms are a cluster of symptoms that represent a disabling feature for many
psychiatric and neurological conditions, characterized by the absence of goal-directed behaviour,
and related cognitive and emotional states underlying motivation (Andreasen 1982; Brown and
Pluck 2000). It is clear that for individuals who have experienced a first episode of psychosis
(FEP), the manifestation of persistent negative symptoms (PNS) underlines a significant subgroup
of patients with unmet therapeutic needs (Buchanan 2007; Bodnar et al. 2014). Early persistent
negative symptoms (ePNS) are defined by the presence of anhedonia-asociality, alogia, affective
flattening, and/or avolition-apathy for at least six consecutive months in the absence of
therapeutically significant levels of positive, extrapyramidal and/or depressive symptomatology.
Patients presenting concurrently with the latter symptom cluster comprise patients with PNS due
to secondary factors (sPNS), and are argued to be distinct from ePNS (Hovington et al. 2012).
Evidence suggests there are pronounced cortical changes specific to ePNS compared to other FEP
patients (Benoit et al. 2012; Bodnar et al. 2014; Makowski et al. 2016). Within limbic circuitry,
the structure of the amygdala and hippocampus may be particularly informative given the
significant level of communication between these two structures (Phelps 2004; Kensinger 2009)
and external brain networks (Stein et al. 2007; Kim et al. 2011), and their crucial roles in various
cognitive processes (Phelps 2004; Watson et al. 2012) thought to be compromised in PNS patients
(Hovington et al. 2012, 2013).

The link between PNS and amygdalar-hippocampal (AG-HC) structure in FEP has yet to
be examined longitudinally, although earlier work has examined relevant themes cross-sectionally
(Buchanan et al. 1993; Benoit et al. 2012). There is a considerable amount of literature on

volumetric differences in these structures, with evidence supporting lower hippocampal volumes
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in chronic schizophrenia (Harrison 2004; Narr et al. 2004) albeit the strength and direction of this
result is contested in earlier stages of the illness (Wood et al. 2001).

The heterogeneity among psychosis samples may contribute to such inconsistencies.
Studies have addressed this by subdividing patients into subgroups according to various
characteristics. For instance, previous work has pinpointed lower left hippocampal volumes
localized to the tail region in first-episode schizophrenia patients who do not achieve remission
after six months of treatment (Bodnar et al. 2010). In relation to negative symptoms, several studies
(Gur et al. 2007; Lepage et al. 2011) have found a relationship between functional activation
patterns in the amygdala and severity of affective flattening in schizophrenia. Symptom severity
has also been shown to be associated with the size and shape of the amygdala in psychosis and
mood disorders (Hajek et al. 2009; Qiu et al. 2013). In particular, negative symptoms may be
linked to hippocampal structure, as demonstrated recently in an investigation pinpointing CAl
atrophy to worsening negative symptoms (Ho, Iglesias, et al. 2017). If these relationships hold
true, one might expect that patients with ePNS may exhibit differential AG-HC structure in relation
to their non-PNS peers.

In 2014, Arnett and colleagues (2014) discussed a later socio-developmental maturational
period (“emerging adulthood”), encompassing the age range of 18-29 years. This has vast
implications for psychosis, given the emergence of a FEP within this time frame. It is feasible that
neurobiological trajectories may be altered in PNS patients showing poor functional outcome, and
alterations may emerge as a function of age. There has been a great deal of literature vetting for
the neurodevelopmental hypothesis of schizophrenia, but surprisingly few studies emphasizing age
in these patient populations. One developmental study of emotional processing suggested

longitudinal patterns of amygdalar-prefrontal (AG-PFC) connectivity with age (particularly

98



implicating connections to anterior cingulate and medial prefrontal cortices), where during
childhood (i.e. ages 7-12), positive associations between AG-PFC connectivity strength and
response to emotional faces were evident, followed by a progressive shift to negative associations
in adulthood (i.e. ages 19-25) (Wu et al. 2016). This was postulated to reflect top-down inhibitory
control of prefrontal regions on amygdalar function in response to emotional stimuli in normal
development. The idea of aberrancies in these connections in schizophrenia being more closely
related to negative symptoms is still speculative, however, previous work from our group has
shown altered cortical trajectories in various prefrontal regions in ePNS with age (Makowski et al.
2016), which provides a foundation to justify further investigation of highly interconnected limbic
structure. At the level of the hippocampus, a recent review proposed that the underconnectivity of
AG-PFC in schizophrenia underlying emotional/sociocognitive processing deficits may be linked
to hyperactivation of the hippocampus (Nakagawa and Chiba 2016). The hippocampus has been
dubbed as a key anatomical region in the initiation of schizophrenia, with aberrations strongly
supported by altered neurodevelopmental mechanisms (Kalmady et al. 2014). Thus, changes in
structure of the amygdala and hippocampus in the early phase of psychotic disorders may provide
important neurodevelopmental information differentiating subgroups of patients with different
clinical profiles. Of note, differences with age might be best captured by methods aside from
conventional volumetry, as demonstrated by Voineskos and colleagues (2015).
Neurodevelopmental changes within subcortical structures have also been depicted by several
other studies, including an investigation of a child-onset schizophrenia sample (Raznahan et al.
2014; Chakravarty et al. 2015).

The current study combines the power of a longitudinal design conducted at a single site

with clinically well-characterized patients, with minimal to no prior exposure to antipsychotic
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medication, to begin to address pertinent questions of differential limbic structure trajectories in
subgroups of FEP. To test for specificity of results to ePNS, we also compare against a subgroup
of non-PNS patients with sPNS. It is hypothesized that ePNS patients will have lower volumes
within the amygdala and hippocampus compared to both sSPNS and non-PNS patients and controls.
Merging knowledge from amygdalar-hippocampal circuitry (Small et al. 2011; Lee, Kim, et al.
2013) and previously reported results (Bodnar et al. 2010; Mamah et al. 2012), morphometric
differences within the amygdala are postulated to be localized at both lateral and medial aspects
of the amygdala, involved in sensory integration and control of outputs, respectively. For the
hippocampus, differences are hypothesized to be associated with the output region of the structure
(e.g., subiculum; closer to the hippocampal tail), as this region has previously been pinpointed in
first episode psychosis. Finally, we expect morphometric differences to vary as a function of age

between ePNS and other FEP subgroups.

Methods

Participants. Ninety-five patients and 44 controls were included. See Figure 8.1 in Appendix for
visualization of the sample distribution by age. All patients were recruited from the Prevention and
Early Intervention Program for Psychoses (PEPP-Montréal), at the Douglas Institute, and were
part of a longitudinal naturalistic outcome study. PEPP is a specialized early intervention service
for individuals between the ages of 14-35 who are experiencing a FEP within a local catchment
area of Southwest Montréal, Canada. Details are outlined elsewhere (Iyer et al. 2015). The program
involves a comprehensive approach with intensive medical and psychosocial interventions
provided within the context of a modified assertive case management model. Given the nature of
the study design, no statistical methods were used to predetermine sample sizes.

Neuroimaging component. The neuroimaging study began in 2003, where patients partook in three
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scheduled visits: baseline, one-year follow-up (FUP1), and two-year follow-up (FUP2). Inclusion
criteria include: age above 18 years, diagnosis of affective or non-affective psychosis, 1Q>70, no
past antipsychotic medication treatment for more than one month before entry to PEPP, no major
medical disorders, and sufficiently stable for the scanning procedure. Note, although exposure to
antipsychotic medication was restricted before acceptance to PEPP, most patients were prescribed
antipsychotic medication before their first scan, and thus some patients did in fact have more than
one month of cumulative exposure to antipsychotic medication for the neuroimaging portion of
the study. Exclusion criteria include: a history of neurological illnesses and head trauma resulting
in loss of consciousness that could affect cognition, presence of neurological disorder as by
medical record examination, lifetime diagnosis of substance dependence, and/or any potential
contraindication for the MR scan. See supplementary methods in Appendix-I for detailed
information on patients excluded from the neuroimaging study.

Non-clinical controls were recruited through advertisements within the same local
catchment area. In addition to exclusion criteria listed for FEP patients, controls were excluded if
they had any current/past history of Axis I disorders, and/or a first-degree relative suffering from
a schizophrenia spectrum disorder. All participants provided written informed consent, and the
protocol was approved by the Research Ethics Board of the Douglas Mental Health University

Institute and the McGill University Faculty of Medicine.

Clinical assessment and demographic data. Diagnosis was made using the Structured Clinical
Interview for DSM-IV (SCID-1V) (First et al. 1998), performed by a trained interviewer and
confirmed by a research clinician psychiatrist. Depression was assessed with the Calgary

Depression Scale for Schizophrenia (Addington et al. 1990). Positive and negative symptoms were
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assessed with the Scale for the Assessment of Positive Symptoms (SAPS) (Andreasen 1984b) and
Scale for the Assessment of Negative Symptoms (SANS) (Andreasen 1984a). Antipsychotic
medication dosages were converted to chlorpromazine equivalents according to the literature
(Leucht et al. 2015), and multiplied by percent medication adherence (Cassidy et al. 2010).
Parental socioeconomic status (Hollingshead 1965), handedness (Oldfield 1971), and full scale IQ
(Weschler 1997, 1999) were assessed for both controls and patients.

Following our previous work (Hovington et al. 2012; Makowski et al. 2016), early PNS
were defined according to the following criteria: (1) global rating of moderate or more on at least
one negative symptom as measured by the SANS; (2) global rating of mild or less on all positive
symptoms as measured by the SAPS; (3) a total score of 4 or less on the CDSS; (4) absence of
extrapyramidal symptoms requiring anticholinergic treatment; and (5) all above criteria are
maintained for a period of at least six months (Buchanan 2007; Hovington et al. 2012). Patients

were classified as having PNS due to secondary factors if criteria 2 , 3 and/or 4 were not met.

MRI acquisition. All scanning was carried out at the Montreal Neurological Institute ona 1.5 T
Siemens Sonata scanner. T1-weighted volumes were acquired using a three-dimensional gradient
echo pulse sequence with sagittal volume excitation (TR=22 ms, TE=9.2 ms, flip angle=30, 180
I-mm contiguous sagittal slices). The rectangular field of view for the images was 204 mm (SI)

256 mm (AP).

Post-processing: MAGeT-Brain. Amygdalar and hippocampal structures were extracted bilaterally
using the Multiple Automatically Generated Templates (MAGeT)-Brain algorithm (Pipitone et al.

2014; Chakravarty et al. 2015; Voineskos et al. 2015)

102



(https://github.com/CobralLab/MAGeTbrain). This technique utilizes a limited number of high-
resolution atlases that have been manually segmented as described previously: amygdala
(Treadway et al. 2015); and  hippocampus (Winterburn et al.  2013)
(https://github.com/Cobralab/atlases). Extensive validation of MAGeT has been done previously,
as shown in several references from our group (Pipitone et al. 2014; Makowski et al. 2018), which
have also included subsets of the described patient sample here, with data acquired on a 1.5T
scanner. Segmentations were also submitted to the shape morphometric branch of MAGeT-Brain,
yielding local vertex-wise surface area maps for each subject. Information about MAGeT-Brain

processing and quality control are detailed in Section 3.2.2.

Statistical analyses. Demographic and clinical variables (with a single time point) were analysed
with one-way ANOV As for continuous variables or chi-squared ratio tests for nominal variables.
For 1Q, an ANCOVA was used to covary for test version. SAPS/SANS sum of item scores between
FEP subgroups were assessed across clinical timepoints with Generalized Estimating Equations
(GEE). Antipsychotic dosages, CDSS scores, and the time period in months between scan and
nearest symptom evaluation were assessed between the three patient groups at each scan-time
point, using one-way ANOV As for normally distributed variables, and Kruskall-Wallis H-tests for
non-normally distributed variables. Analyses of clinical variables were conducted using PASW
Statistics 21 (SPSS inc., 2009, Chicago, IL, USA) and were two-tailed with a critical p-value of

0.05.

Neuroanatomical analyses: volume. For scans that passed QC (see supplementary methods in

Appendix-I), volumetric differences between FEP subgroups and controls were assessed using
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linear mixed effects models applied to each structure and hemisphere separately using Matlab

(2015a). Gross volumetric differences in structure were assessed with the following model:

Y = intercept + d, + B,(Group) + B,(Age) + B3(Sex) + B,(Handedness)

+ Bs(Total Brain Volume) + random(Subject) + €

where Y represents whole left/right amygdalar/hippocampal volume, d; is the random within-
subjects effect, B1s represent regression coefficients, and ¢ is residual error. Linear age effects
were then examined separately by adding the following term to the above model:
“Bs(Group*Age)”. To control for multiple comparisons, the false discovery rate procedure was
used with g=0.05, which limits the expected proportion of incorrectly rejected null hypotheses to

5% (Benjamini and Hochberg 1995).

Neuroanatomical analyses: surface area.

To assess differences in shape morphometry between groups, statistics were performed across all
vertices of bilateral amygdalar and hippocampal surfaces using the SurfStat toolbox within Matlab
(http://www.math.mcgill.ca/keith/surfstat/). Each hemisphere was assessed separately, using an
equivalent mixed effects model as described in the previous section, covarying for total surface
area of the structure by hemisphere in place of total brain volume (“Bs [Total SA]”). Similarly, the
main effect of group was first tested, followed by linear age*group interactions. For all analyses,
statistical maps were thresholded and multiple comparisons were taken into account using random
field theory (RFT) for non-isotropic images (Worsley et al. 2004), limiting the chance of reporting

a false positive finding to below p=0.05.
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Supplementary linear mixed effects models with altered covariates.

Four additional models were tested with altered covariates, to explore effects of different variables,
in addition to the chosen covariates of sex, handedness, and total brain volume/total surface area.
These four altered models were as follows: A) covarying for diagnosis, B) covarying for
antipsychotic medication in the FEP patient sample only; as described above, antipsychotic
dosages were converted to chlorpromazine equivalents and took into account medication
adherence, C) removal of sex and handedness, and D) covarying for 1Q (note two controls were
excluded from this analysis, given missing IQ information). The rationale behind analyses C was
motivated by the fact that our groups did not significantly differ on sex and handedness. These
variables were kept in the main model presented in this manuscript, given the well-documented
and clear impact of sex and handedness on neuroanatomy (Good et al. 2001; Li et al. 2014;
Willems et al. 2014). However, recent evidence has not found support for the effects of handedness
on cerebral anatomy (Guadalupe et al. 2014). With respect to sex differences, Pruessner and
colleagues reported no sex differences in amygdalar and hippocampal volumes (Pruessner et al.
2001). Thus it is of interest to investigate how significant findings may be altered when these

variables are removed from the model.

Results

Socio-demographic and clinical data. In the FEP group, baseline scans were performed on average
4.1 (SD=1.9) months after entry to PEPP. For the entire group, including controls, inter-scan
intervals were approximately 13.1 (SD=1.3) months between baseline and FUPI1, and 12.5
(SD=1.7) months between FUP1 and FUP2. Nine participants (6 FEP, 3 controls) were not scanned
at FUP1 but were scanned at FUP2; average interscan interval was 26.7 (SD=3.1) months between

baseline and FUP2.
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The groups did not significantly differ in sex ratio, handedness, parental SES, or age at
scanning time (see Table 4.1). However, controls significantly differed from all patient groups on
Full-Scale IQ and years of education. Within the three patient groups, there were no significant
differences in CDSS scores or time elapsed between the MRI scan and symptom evaluation. As
expected, the sSPNS patient subgroup had significantly higher SAPS totals compared to the ePNS
and non-PNS subgroups across baseline and one-year follow-up. Also, the ePNS and sPNS
subgroups had significantly higher SANS totals compared to the non-PNS subgroup across all
timepoints. See Table 8.1 of Appendix-I for breakdown of SAPS/SANS scores across clinical
timepoints and relevant statistics. FEP subgroups differed in distribution of diagnosis, with a
higher proportion of nPNS diagnosed with affective psychotic disorders (major depression,
bipolar), and higher proportions of schizophrenia/schizophreniform diagnoses in the sPNS and
ePNS subgroups. Additionally, amount of antipsychotic prescribed at the second scanning
timepoint was significantly higher for sPNS patients compared to non-PNS, thus diagnosis and
antipsychotic medication were included as covariates in supplemental analyses (see Table 8.2 and

Figure 8.2 of Appendix-I).
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FEP

Non-ePNS Controls Statisticn p-value

N (+ subset with three

Male, N (%) 15(71.4)  21(70.0) 31(70.5) 25 (56.8) Yo=2.5 0.5
Education in Years 11.1(2.5 11.6(24) 12724 14.2 (2.5) F3,138=10.4 <0.001
General Socioeconomic Status 3.41(61 0) 3'42(91 1) 30 4(21 0) 3.4(0.9) [41] o= 6.1 0.1
Demographics [16] [29] [42]
Right Handed, N (%) 17 (81.0)  25(83.3) 38(86.4) 38(86.4) ¥e=0.5 0.9
96.9 97.8 100.3 111.5(15.3)

Full Scale IQ Fi36=7.1 <0.0001"

42

Diagnosis**, N(%)

Schizophrenia
Spectrum 16 (76.2)  26(86.7) 24 (54.5)
Affective Disorder 3(14.3) 1(3.3) 15 (34.1)
6= 13. 0.017
Delusional Disorder 0(0) 1(3.3) 2(4.5) =131
Psychosis Not
Otherwise Specified 203 2(67) 3(6.8)

Age 232(3.6) 245(40) 4.6(0.7) 23.8(3.5) Feass=1.0 0.4
SAPS total 8.2(10.2) (};'g) 4.1(5.4) - =245 <0.0001
SANS total 25.4(9.3) (3'3) (}g'g) - F.04=10.8 <0.0001
CDSS 2427 3.1(32) 1'{ 4(32]'5) - Vo= 3.4 0.2
Scan 1 CPZ equivalent (in 758.4 965.9 7742 _ . 06
mg) (671.3) (844.6) (707.9) X2 .
86.6 87.9 84.6
) 2=
Adberence (%) @L3) o @15 - Lom02 09
Window |Scan -
Symptom Eval| 0.6 (0.4) 0.8 (0.5) 0.7 (0.6) Fo94=0.5 0.6
(months)
N 19 28 41 41
Age 243(3.8) 255(4.1) 25.6(4.3) 247 (3.4) F.128=0.7 0.5
SAPS total 59(62) 12.6(9.5)  3.5(8.7) _ Vo= 32.9 <0.0001
SANS toa G At ase0 L peene <o
1.9 (3.0) .
Scan 2 CDSS 1.0 (1.5) 7] 1.42.7) - Yo 1.7 0.4
CPZ equivalent (in 2875.2 4434.7 2656.8 2
mg) (2059.7)  (33376)  (2187.0) - Le=103 0006
87.0 80.0 81.1
0, 2
Adherence (%) Gy & B e .
Window |Scan -
Symptom Eval| 1.8 (1.5) 2.1(1.7) 1.8(1.2) =03 0.9
(months)
N 20 17 29 27
Scan 3
Age 255(37) 262(37) 263 (4.4) 26.9 (3.5) F(92=0.5 0.6
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12.5

2
SAPS total 70003 (75 48D P35 0.2
19.8 14.8 -
SANS total i (33 6760 Lo 18.5 <0.0001
2.5(3.3) 1.6 2.1 ,
CDSS e 2.1 (2.5) D P07 0.7
CPZ equivalent (in 2165 67538 5177.0 ,
mg) (39062)  (6368.0)  (4994.3) re=20 04
78.4 783 77.1
0, 2, =
Adherence (%) (26.2) (27.9) (28.7) % @=0.05 0.98
Window [Scan -
Symptom Evall 10(19)  04(0.5  05(0.7) o038 0.7

(months)

Table 4.1. Demographic and clinical information for longitudinal sample.

General Demographics for whole sample are presented, followed by information corresponding to
each scan. All data represented as Mean (SD), unless otherwise specified. Levene’s test revealed
no significant differences in variance between subgroups. Square brackets [] include adjusted
sample size included in statistical analysis due to missing datapoints. All antipsychotic totals are
presented as cumulative chlorpromazine equivalents in mg, as prescribed by a psychiatrist, and are
reported along with corresponding medication adherence percentages. SAPS/SANS totals are
presented as mean scores of the sum of item-level scores. Note that “SANS total” excludes the
“attention” subscale.

"Post hoc comparisons showed that controls differed from all FEP patient groups in years of
education (p’s<0.005) and IQ (p’s<0.01). 1Q differences were covaried by test version. No
differences existed between patient groups.

2 1Q means and standard deviation are presented as adjusted values, covaried by test version
(WAIS-III vs. WASI). There was no difference between different test versions on IQ (F1,136=0.9,
p=0.3).

3 Assessed using Fisher’s exact test of independence.

4 Tukey’s post hoc comparisons revealed significant differences in SAPS scores between sPNS
and other two patient groups (p’s<0.005).

> Tukey’s post hoc comparisons revealed significant differences in SANS scores between ePNS
and sPNS and remaining non-PNS patients (p<0.001) for Scans 1 and 2. For Scan 3, non-PNS still
significantly differed from ePNS (p=0.001), but there was only a trend-like difference between
non-PNS and sPNS (p=0.08).

Post-hoc analyses indicated that SPNS patients were prescribed significantly more antipsychotic
medication (in CPZ equivalent dosage) cumulatively compared to non-PNS patients at Scan 2
(p=0.02), and was still significant when taking into consideration medication adherence
(multiplying CPZ equivalent by percent adherence), with ¥%2=6.2, p=0.046 (post-hoc
sPNS>NonPNS p=0.03). No significant differences emerged between the ePNS group and other
FEP subgroups at Scan 2.

Abbreviations: ePNS, early persistent negative symptoms. sPNS, persistent negative symptoms
due to secondary factors. FUP, follow-up. SAPS/SANS, Scale for Assessment of
Positive/Negative Symptoms. CPZ, chlorpromazine.
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Hippocampal and amygdalar volumetry. Descriptive statistics of left/right amygdalar and
hippocampal volumes adjusted for age, sex, total brain volume, and handedness are outlined in
Table 4.2. After FDR-correction, linear mixed models revealed significant group differences for
right amygdalar volumes (F3350=3.61, p=0.014) and hippocampal volumes (F3350=3.5, p=0.017).
Significant effects also emerged for age*group interactions for left amygdalar volumes
(F3350=3.73, p=0.011), as well as the right hippocampus (F3350=3.9, p=0.010). Post hoc tests (all
p's<0.05) showed that within the left amygdala, the SPNS group had a significantly different and
positive correlation with age compared to ePNS patients and controls. The non-PNS group also
had a significantly different slope with age compared to ePNS patients. For the right hippocampus,
the ePNS group had a significantly different negative correlation with age compared to sPNS
patients and Controls. No significant group or age*group differences emerged for the right

amygdala or left hippocampus (Figure 4.1).
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Timepoint Structure

Amygdala
Baseline (Scan 1)

Hippocampus

Amygdala
FUP1 (Scan 2)

Hippocampus

Amygdala
FUP2 (Scan 3)

Hippocampus

Table 4.2. Amygdalar and hippocampal volumes: descriptives.

Side

~ o B C ~ o &

~ o ®

1) ePNS

1386.9 (22.6)
1404.5 (22.0)
2488.3 (52.0)
2471.0 (52.7)

1384.6 (23.4)
1398.5 (22.9)
2486.5 (52.2)
2446.7 (54.5)

1371.1 (25.7)
1394.2 (24.3)
2499.5 (52.6)
2448.7 (53.2)

2) sPNS
1358.7 (18.6)
1370.5 (18.1)
2452.1 (42.8)
2421.4 (43.4)

1359.9 (19.0)
1362.9 (18.6)
2485.6 (42.4)
2453.8 (44.3)

1363.7 (27.5)
1379.2 (26.0)
2457.5 (56.3)
2453.7 (56.9)

3) Non-PNS
1362.2 (15.4)
1381.7 (15.0)
2517.4 (35.4)
2433.9 (35.9)

1365.7 (15.8)
1383.7 (15.4)
25303 (35.1)
24432 (36.7)

1366.1 (20.7)
1390.4 (19.5)
2557.4 (42.3)
2483.4 (42.7)

4) Controls
1377.4 (15.5)
1384.6 (15.0)
2536.1 (35.5)
2490.9 (36.0)

1367.3 (15.8)
1395.8 (15.5)
2530.8 (35.2)
2492.1 (36.8)

1395.2 (21.7)
1403.9 (20.5)
2567.8 (44.3)
2499.3 (44.8)

Mean hippocampal and amygdalar volumes are adjusted for total brain volume, age, sex, and
handedness, with standard error in brackets. There were no differences in volumes between groups
when looking at the data cross-sectionally.
Abbreviations: ePNS, early persistent negative symptoms. sPNS, persistent negative symptoms
due to secondary factors. FUP, follow-up. L, Left. R, Right.
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Main Effect of Group Group*Age Interaction
Structure Side
Statistic (df) p-value post-hoc Statistic (df) p-value post-hoc
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Figure 4.1. Amygdalar and hippocampal volumes: significant group main effects and group*age
interactions.
Table presents statistics from linear mixed effects analyses. Significant results that survived FDR-
correction for multiple comparisons are indicated in bold. Post-hoc contrasts were based on the
four groups: 1) ePNS, 2) sPNS, 3) non-PNS, 4) Controls. Significant group and group*age
contrasts are depicted in the corresponding graphs below the table. Abbreviations: ePNS, early
persistent negative symptoms. sPNS, persistent negative symptoms due to secondary factors. FUP,

follow-up.
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Hippocampal and amygdalar shape morphometry — vertex-wise results. There were no significant
main effects of group for either structure bilaterally. However, significant findings emerged with
the age*group interaction. For the left amygdala, the following contrasts and regions had
significantly different surface area trajectories with age comparing groups on vertex-wise surface
area: 1) ePNS<non-PNS within a central/anterior cluster (Figure 4.2A), 2) ePNS<sPNS and
Controls in a more dorsal central region (Figure 4.2B), and 3) ePNS<Controls within a

posterior/centromedial portion (Figure 4.2C).

ePNS
sPNS

Non-PNS
Control

p-value

18 20 2 2 2 28 30 32 34 36 38

Age (years)

p-value

Age (years)

. 0.5

p-value

0.0001

Age (years)

Figure 4.2. Significant group*age interactions in surface area of the left hemisphere.
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Statistical maps overlaid on left hippocampal and amygdalar 3D surface renderings represent RFT-
corrected p-values. Surface area metrics from clusters with a corrected p-value less than 0.05 were
extracted and plotted against age for each group.

A. Significantly decreased surface area with age in the ePNS group compared to non-PNS within
a central/anterior region of the left amygdala (292 df, p=0.03). Comparison of regression slopes
with age reveal similar effects comparing to controls as well (F3350=5.01, p=0.002; post hoc
ePNS<Controls p=0.0011).

B. Significantly decreased surface area with age in the ePNS group compared to sPNS in a more
dorsal region (compared to A) of the central amygdala (292 df, p=0.03). Further comparison to
other groups revealed significant differences in regression slopes with age (F3350=4.43,
p=0.0045), such that the ePNS had a significantly reduced relationship between age and surface
area in this cluster compared to both non-PNS and Controls (p's<0.01).

C. Significantly decreased surface area with age in the ePNS group compared to Controls in a
posterior (centromedial) portion of the amygdala (298 df, p=0.0001). Mixed effects statistics for
comparison of regression slopes yielded F350=4.19, p=0.006, where no other contrasts apart from
Controls vs. ePNS were significant.

No significant interaction effects with age emerged for the left hippocampus.

Orientation: From left to right, surfaces depict left medial view, and dorsal view of the
hippocampus and amygdala, with the exception of panel C, where the dorsal view has been
replaced by a posterior view of the amygdala for better visualization of the significant cluster.
Abbreviations: ePNS, early persistent negative symptoms. sPNS, persistent negative symptoms
due to secondary factors.

For the right hippocampus, a significant cluster emerged in a portion of the hippocampal tail
comparing surface area trajectories with age between non-PNS patients and the other FEP
subgroups; specifically, the ePNS group had a significant negative relationship with age in this
cluster compared to sPNS and non-PNS subgroups, and the sPNS group also exhibited a
significantly different and opposite trajectory compared to non-PNS patients and controls
(p's<0.001; Figure 4.3). No significant age*group interactions were found for surface area across
the left hippocampus or right amygdala. Controlling for diagnosis, antipsychotic medication and
1.Q. did not significantly change the interpretation of results. Similarly, removing handedness and
sex as covariates in the linear mixed effects model did not alter results, with the exception of one

surface area cluster of the left central amygdala, which did not survive correction for multiple

comparisons with RFT after removing sex and handedness as covariates, namely when comparing
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age trajectories between ePNS and NonPNS patients. See Table 8.2 and Figure 8.2 of Appendix-I

for results with altered covariates for volumetry and shape morphometry, respectively.

p-value

0.004 0.5

ePNS
sPNS

Non-PNS
Control

L L L L L L L L
20 22 24 26 28 30 32 34 36 38

Age (years)

Figure 4.3. Significant group*age interactions in surface area of the right hemisphere.

Statistical maps overlaid on left hippocampal and amygdalar 3D surface rendering represent RFT-
corrected p-values. Significant cluster emerged with increased surface area with age in non-PNS
compared to sPNS and ePNS (p’s<0.01) in a posterior/ventral portion of the hippocampus.
Further comparison to other groups revealed significant differences in regression slopes with age
(F3,350=7.04, p<0.001), such that the ePNS group had a significantly negative relationship
between surface area in this cluster and age compared to sPNS and non-PNS (p<0.001). In addition
to sPNS differing from non-PNS, sPNS patients also had a significantly different positive slope
compared to Controls (p<0.001). No significant interaction effects with age emerged for the right
amygdala.

Orientation: from left to right, surfaces depict right lateral view, followed by ventral view of
hippocampal and amygdalar structures.

Abbreviations: ePNS, early persistent negative symptoms. sPNS, persistent negative symptoms
due to secondary factors.

Hippocampal and amygdalar shape morphometry — post hoc region-of-interest results.

For the four significant clusters that emerged through a vertex-wise investigation of surface area
described above, total surface area values were extracted for each of the regions and regression
slopes were calculated for each of the four groups (ePNS, sPNS, Non-PNS and Controls), to see if

any other groups differed at the regional level. For the first central/anterior amygdalar cluster, in
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addition to differing from non-PNS patients, the ePNS group had significantly different regression
slopes from Controls (Omnibus: F3350=5.01, p=0.002; post hoc ePNS<Controls p=0.0011) (Figure
4.2A). For the second amygdalar region (dorsal to the first), ePNS had a significantly reduced
relationship between age and surface area in this cluster compared to both non-PNS and Controls
(Omnibus: F3350=4.43, p=0.0045; post hoc p's<0.01), in addition to the previously reported vertex-
wise difference between ePNS and sPNS (Figure 4.2B). Finally, the last significant amygdalar
cluster, localized more posteriorly and centromedially, did not uncover any additional significant
relationships apart from the previously reported difference between ePNS and Controls (Omnibus:
F3350=4.19, p=0.006) (Figure 4.2C).

For the single significant right hippocampal cluster, further post-hoc analyses of regression
slopes revealed additional differences between sPNS patients and controls, (Omnibus: F3350=7.04,

p<0.001; post hoc sSPNS<Control, p<0.001) (Figure 4.3).

Discussion

The current study provides evidence for changes in AG-HC structural trajectories, specifically in
FEP patients presenting with PNS. Volumetric findings within the left amygdala and right
hippocampus indicated that ePNS patients had significantly different/decreased relationships with
age compared to non-PNS patients and controls, in addition to having significantly reduced
volumes within these structures. Surface area findings were similarly lateralized, where the most
prominent direction of findings emerged with significant contraction with age in ePNS across
several amygdalar regions and a posterior hippocampal cluster. Furthermore, the sPNS group
showed significantly decreased surface area with age within the latter hippocampal region in

opposition to the notable expansion with age examined in non-PNS patients and controls.
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Noteworthy, non-PNS patients never differed from healthy controls. Results remained largely
unaltered when covarying for 1Q, diagnosis, and antipsychotic dosage, and removing sex and
handedness from the model.

The differential and striking trajectories uncovered in relation to negative symptom
presentation within AG-HC structure encourage further exploration of dynamic brain changes in
different psychiatric samples, as others have suggested (Cropley and Pantelis 2014; Frank et al.
2015). Nacewicz and colleagues (2006) explored such age effects on the amygdala in an autistic
sample, and found significantly lower amygdalar volumes in older individuals with autism, not
unlike the amygdalar trajectories found within our ePNS group. Given the parallels that can be
drawn between flattened affect and social impairments in autism with symptom presentation in
ePNS, the amygdala represents a plausible target for future transdiagnostic work. At the level of
the hippocampus, associations have been previously drawn between lower hippocampal volumes
and poor functioning in FEP (Pruessner et al. 2015), lending support to our findings of decreased
right hippocampal volumes in patients with ePNS and corresponding negative trajectories with
age.

Notably, only age by group interactions on specific regions of AG-HC shape morphometry
yielded significant results, concordant with previous claims that differences in surface area
morphology may represent a dynamic and neurodevelopmental endophenotype (Raznahan et al.
2014; Shaw, De Rossi, et al. 2014; Shaw, Sharp, et al. 2014; Chakravarty et al. 2015; Shah et al.
2016). Few studies have looked at AG-HC shape morphology in psychosis, although relevant
objectives were investigated in the work of Qiu et al (2013). The authors found significant surface
alterations within the left hippocampal tail and right hippocampal body, with first-episode

schizophrenia patients exhibiting greater inward deformations compared to first-episode mania
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and controls. This is consonant with the significant inward deformations consistently seen in our
ePNS group, containing a higher distribution of patients diagnosed with
schizophrenia/schizophreniform (as opposed to an affective disorder). In fact, controlling for
diagnosis in our analyses strengthened the statistical significance of shape deformation clusters.
The consistent lateralization of results observed across volumetric and morphometric
analyses deserves discussion. Although studies in FEP and schizophrenia have uncovered
differences bilaterally, many findings in psychosis have been skewed to the left hemisphere
(Seidman et al. 2002; Strasser et al. 2005; Bodnar et al. 2010; Kawano et al. 2015). In contrast, our
findings within the hippocampus were right-lateralized and were specific to patients with PNS.
Witthaus and colleagues (2010) reported similarly lateralized findings in an investigation of
patients at ultra-high risk (UHR) for psychosis and those who transitioned to having a FEP.
Specifically, this study pinpointed lower volumes in a subset of UHR patients that transitioned to
psychosis within the left amygdala, and lower right hippocampal volumes in FEP patients. These
consistent findings at similar stages of psychosis suggest that lateralization of limbic structural
volume differences may reflect an early biomarker underlying the manifestation of psychosis and
subsequent negative symptomatology. The localization of deformation differences also overlapped
with our initial hypotheses, where significant differences emerged in a medial region of the
amygdala, a region posited to have “striatal-like” features with GABAergic-containing neural
circuitry (Ehrlich et al. 2009; Lee, Kim, et al. 2013). We also observed hippocampal morphometric
differences closer to the output region of the structure, in line with previous studies (Small et al.
2011; Mamah et al. 2012; Qiu et al. 2013). Although not initially hypothesized, significant
differences were uncovered within central regions of the amygdala, which has an integral role in

forming associations between stimuli on the basis of their motivational salience, ultimately shaping
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emotional behaviours (Cardinal et al. 2002; Fernando et al. 2013). Thus, aberrancies in the
development of these key regions involved in emotion and motivational behaviours may contribute
to the differential expression of negative symptoms exhibited by ePNS and sPNS patients,
although further work is needed to understand the mechanisms underlying the manifestation of
symptoms in these two groups.

Another noteworthy point is the significantly different trajectories uncovered within the
sPNS group, particularly within the hippocampus. We had initially hypothesized that the ePNS
group would show the most significant changes, and we had not expected such dramatic effects in
the sPNS group, meriting additional dialogue on the potential effect of positive symptoms on
limbic structure, and differential changes with age. Links between hippocampal shape and positive
symptomatology were recently addressed by Mamah et al (2016), where higher levels of
disorganized positive symptoms were significantly correlated with surface contraction in the
lateral CA1 hippocampal subregion. Depressive symptomatology also may have contributed to
results within the sPNS group. For instance, previous work (Keller et al. 2008) has suggested that
amygdalar volume reductions seem to be specific to the intersection of psychosis and depression.
Other work has corroborated evidence for hippocampal shape changes in depression (Isikli et al.
2013). Further longitudinal investigation of positive and depressive symptomatology in relation to
amygdalar and hippocampal structure is warranted to disentangle the specific contributions of
different symptom domains.

Several studies have refuted the idea of progressive structural changes in the hippocampus
and amygdala after the onset of psychosis (Wood et al. 2001; Steen et al. 2006; Velakoulis et al.
2006). However, our findings suggest null findings may be a result of pooling together patients

into a unitary group and simply comparing to healthy controls, which would be similarly found in
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our sample if our three FEP subgroups were merged. The age window at which a FEP is
experienced has large consequences for the social developmental stage of the individual, and it
comes as no surprise that these effects may be manifested differentially with age at the level of
limbic structure. Neurodevelopmental models of psychosis-related disorders are increasingly
beginning to interlace psychosocial and biological factors into a coherent model to facilitate
treatment (Murray et al. 2015), which requires further understanding of potential gene-by-
environment interactions on neurobiology to help us fully understand the psychological and
biological mechanisms contributing to PNS following a FEP.

It is worth discussing the chosen categorical approach, as opposed to the often-used
“dimensional” approach of regressing symptom severity against neuroanatomical measures.
Although meaningful information can certainly be derived by the latter approach, symptom data
i1s often not normally distributed, and the amount of clinical information used in such brain-
behaviour relationships is often limited by the imaging data. Given that the current study design
had a greater number of clinical timepoints (i.e. 5+) compared to imaging timepoints (i.e. 2-3),
regression analyses would have restricted the presented analysis to the available imaging data, and
important dynamic information regarding the longitudinal course of symptoms across different
domains would have been lost. Thus, the adopted approach capitalizes on the clinical data available
in linking symptoms to neuroanatomical trajectories within the amygdala and hippocampus.
Finally, our findings suggest that the resultant subgroups of patients do indeed seem to have
distinct biological underpinnings in AG-HC structure, and such an approach in defining patient
subgroups independent of diagnostic categories may inform and/or contribute to pending changes
in diagnostic categories that have often been criticized for lacking biological validity. Although

future work is certainly required to gain more confidence in the validity of the proposed subgroups,
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this approach holds promise in bringing to the forefront meaningful clinical subtypes of patients
who have experienced a FEP and addressing the clinical picture surrounding negative symptom
presentation.

The current study offers several strengths and limitations. Recruitment strategies have been
optimized for this large sample of FEP patients such that all patients were recruited from a single
well-defined catchment area in the absence of other competing services. Furthermore, a wealth of
longitudinal data is available for these patients, including data from structured clinical assessments
to complement neuroimaging data. However, there are inherent limitations to the manner by which
early and secondary PNS groups were separated. Given that the latter group exhibits treatment-
resistance, and arguably, poor outcome similarly to ePNS patients, future investigations should try
to incorporate additional behavioral and clinical data to disentangle neurobiological findings. It is
possible that these two subgroups of patients have overlapping neuroanatomical features that were
not directly addressed by this study. There was also an uneven drop-out rate among the FEP
subgroups for the neuroimaging portion of the study, with the highest attrition observed in the
sPNS group. Finally, imaging was acquired on a 1.5T scanner, which prevented us from reliably
resolving hippocampal subfield structure, an emerging interest in the study of neuropsychiatric
disorders (Wang et al. 2010; Mathew et al. 2014; de Flores et al. 2015; Haukvik et al. 2015;
Kawano et al. 2015).

There have been a wide array of findings pinpointing aberrant AG-HC structure in
psychotic disorders, with scant research looking at specific symptom constructs in psychosis, and
further localizing changes with surface morphometry. The current study addresses these gaps in
the literature and elucidates differential volumetric and shape morphometric trajectories with age

within lateralized regions of the amygdala and hippocampus, in relation to persistent negative
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symptoms in psychosis. These findings suggest potential neurodevelopmental aberrations that
coincide with negative symptom presentation, and could represent dynamic endophenotypes
underlying patient subgroups within heterogeneous first episode psychosis populations. As alluded
to, current pharmacological interventions have poor efficacy on negative symptoms, and a better
understanding of the biological mechanisms and anatomical/functional consequences underlying
such symptom presentation may allow for better and more targeted design of future medications.
In parallel with an improved description of what is occurring at the neural level, it will be important
to test concrete behavioural measures, such as verbal memory, to unravel the effects of therapeutic
interventions in early psychosis and other implicated neuropsychiatric conditions on potential
improvement of negative symptoms. Improved models of brain-behaviour relationships alongside
clinical descriptors of negative symptoms hold promise in translational research and dissipating
the status of negative symptoms as a largely unmet therapeutic need in psychotic disorders,
especially for more prevalent domains of negative symptoms encompassing avolition, asociality,

and anhedonia.
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Abstract

Recent work has clearly established that early persistent negative symptoms (ePNS) can be
observed following a first episode of psychosis (FEP), and can negatively affect functional
outcome. There is also evidence for cortical changes associated with ePNS. Given that a FEP often
occurs during a period of ongoing complex brain development and maturation, neuroanatomical
changes may have a specific age-related component. The current study examines cortical thickness
(CT) and trajectories with age using longitudinal structural imaging. Structural T1 volumes were
acquired at three time points for ePNS (N=21), PNS due to secondary factors (N=31), non-PNS
(N=45) patients, and Controls (N=48). Images were processed using the CIVET pipeline. Linear
mixed models were applied to test for the main effects of a) group, b) time, and interactions
between c) time and group membership, and d) age and group membership. Compared to the non-
PNS and secondary PNS patient groups, the ePNS group showed cortical thinning over time in
temporal regions and a thickening with age primarily in prefrontal areas. Early PNS patients also
had significantly different linear and quadratic age relationships with CT compared to other groups
within cingulate, prefrontal, and temporal cortices. The current study demonstrates that FEP
patients with ePNS show significantly different CT trajectories with age. Increased CT may be
indicative of disruptions in cortical maturation processes within higher-order brain regions.
Individuals with ePNS underline a unique subgroup of FEP patients that are differentiated at the

clinical level and who exhibit distinct neurobiological patterns compared to their non-PNS peers.
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Introduction

The first episode of psychosis (FEP) marks a critical turning point in the lives of affected youth
and is manifested by varying combinations of symptoms at different levels of severity. Early
persistent negative symptoms (ePNS) following a FEP are of particular interest due to their high
correlation with poor functional outcome (Foussias et al. 2014; Jordan et al. 2014), including low
clinical insight and deteriorating premorbid adjustment (Bodnar, Joober, et al. 2016). However,
ePNS has been seldom studied due to a wider focus granted to the emergence of later negative
symptoms, especially in the course of schizophrenia. Such symptoms can be broadly categorized
into general negative symptomatology, and primary, enduring negative symptoms (i.e. the deficit
syndrome) (Buchanan 2007; Hovington et al. 2012). Persistent negative symptoms, on the other
hand, arguably cover a broader scope compared to the deficit syndrome (Buchanan 2007), and
allow for more flexibility in differentiating between primary and secondary negative symptoms
over a shorter treatment period, as well as inclusion of less severe thresholds for negative symptom
criteria (Mucci et al. 2017). It should be noted that many studies do not make this distinction
between primary or secondary, or refer to these terms without acknowledging limitations of the
lack of etiological basis for such symptoms in the majority of clinical practice. Thus, the principal
focus of this study will rest upon the extraction of early PNS in a well-characterized clinical sample
of FEP patients, including both affective and non-affective diagnoses.

From a neuroanatomical perspective, there is evidence to suggest there are gray matter
abnormalities specific to patients with PNS (Bodnar et al. 2014; Galderisi et al. 2015). Although
relatively fewer studies have been conducted to disentangle the neurobiological underpinnings of
ePNS specifically, empirical evidence for progressive brain changes in FEP has been reported in

several longitudinal studies (Andreasen et al. 2011; Cannon et al. 2015) and reviews (Olabi et al.
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2011; Gong et al. 2016). However, many studies have reported inconsistent, even null findings
(Nesvag et al. 2012; Roiz-Santiafiez et al. 2015; Haukvik et al. 2016). Nesvdg and colleagues
(2016) commented that over a five-year period, there were no meaningful differences in cortical
thickness (CT), volume, or subcortical structures in chronic schizophrenia patients compared to
healthy controls. A more recent study restricted their longitudinal investigation to a three-year
period, and commented that regardless of antipsychotic medication treatment, no CT changes
could be observed in their sample of schizophrenia spectrum patients (Roiz-Santiafiez et al. 2015).
It is clear there is still a great need to further disentangle the neural correlates of specific symptom
constructs that are linked to poor prognosis and outcome, such as ePNS. Supporting this, a recent
review reported disparities in reports of neurobiological changes underlying negative symptoms
across different research groups (Galderisi et al. 2015). The review also encouraged future studies
to distinguish between different types of negative symptoms after a FEP; for instance, comparing
primary and secondary PNS (the latter having concurrent depressive, positive, and/or
extrapyramidal symptomatology) (Buchanan 2007; Hovington et al. 2012).

Recent efforts have been put forth to delineate cross-sectional cortical thickness (CT)
correlates of patient subgroups based on symptoms in schizophrenia or early psychosis. Nenadic
and colleagues (2015) separated a sample of 87 schizophrenia patients into three groups (i.e.
predominant negative, disorganized and paranoid), reporting the most extensive cortical thinning
in the negative symptom group. Merch-Johnsen et al. (2015) set their focus on persistent apathy,
reporting thinner cortex within the left orbitofrontal and anterior cingulate cortices in apathetic
FEP patients compared to the rest of their patient sample. Our group also reported CT findings
within similar regions, in addition to elucidating patterns of cortical thinning within

parahippocampal and superior temporal gyri, and the temporoparietal junction in FEP patients
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presenting with ePNS, compared to their non-PNS peers (Bodnar et al. 2014). However all three
of these studies were cross-sectional, thus no conclusions can be drawn about progressive changes
in cortical thickness with respect to negative symptomatology.

It is important to note that many CT studies control for age within analysis, due to the well-
documented normative progression of cortical thinning across age throughout adulthood (Storsve
et al. 2014). However, many studies reporting on FEP incorporate samples with ages spanning
from adolescence to adulthood, without inquiring how reported findings change at this critical
developmental transition. One exception can be found in the work of van Haren and colleagues
(2011), probing the degree of cortical thinning attributable to normative aging processes in
enduring schizophrenia, based on age of onset. A recent investigation by Pina-Camacho et al.
(2015) also incorporated age effects within CT analyses applied to 196 FEP patients, and revealed
cortical properties specific to an onset of psychosis before 20 years of age, where significant age
effects were manifested differentially in a regional and diagnostic-specific manner. Hence, age is
an important factor to consider when parsing apart cortical findings within different groups of FEP
patients given ongoing neurodevelopment occurring during late adolescence/early adulthood.

This study aims to address differential progression of ePNS after a FEP at the
neuroanatomical level, applying whole-brain CT analyses to a large sample of longitudinally
followed FEP patients. First, the main effects of group (ePNS, non-ePNS, and Controls) and scan
time (Baseline, one- and two-year follow-up) were examined using linear mixed models. The
effect of age on CT in ePNS and non-ePNS patients was then examined, and compared to
normative cortical thinning trajectories within a healthy control group. We also assessed specificity
of CT results to the ePNS group by comparing to a subset of non-ePNS patients that presented

with persistent negative symptoms due to secondary factors (sPNS). We hypothesized: 1) greater
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cortical thinning over time in the ePNS group compared to non-ePNS patients (including sPNS)
and controls, in higher cognitive regions such as the prefrontal cortex, temporoparietal junction,
and parahippocampal gyrus; 2) younger FEP patients with ePNS would show steeper rates of
change in CT compared to non-ePNS patients; and 3) non-ePNS patients would show cortical

thinning across age similar to healthy controls.

Methods

Participants. All patients were recruited from the Prevention and Early Intervention Program for
Psychoses (PEPP-Montreal), at the Douglas Institute in Montreal, Canada, and were part of a
longitudinal naturalistic outcome study. PEPP is a specialized early intervention service for
individuals between the ages of 14-35 who have recently experienced a FEP within a local
catchment area of Southwest Montreal. Details are outlined in Iyer et al. (2015). Briefly, the
program involves a comprehensive approach with intensive medical and psychosocial
interventions provided within the context of a modified assertive case management program.
Inclusion criteria at PEPP include a diagnosis of affective or non-affective psychosis, an IQ above

70, and no past antipsychotic medication treatment for more than one month.

Neuroimaging component. The neuroimaging study began in 2003 and has spanned over a decade,
comprising three scheduled visits: baseline, one-year follow-up (FUP1), and two-year follow-up
(FUP2). Forty-two patients and forty-six controls dropped out of the study after baseline, leaving
a total of 100 patients and 48 healthy controls with at least two scans. Three patients were not
included in subsequent analysis due to insufficient longitudinal symptom data (2 cases) or non-

compliance to the time line of the study (1 case). Only individuals ages 18 and over were
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considered for the neuroimaging portion of the study, as well as clinically stable status and no
major medical disorders. Exclusion criteria included a history of neurological illnesses and head
trauma resulting in loss of consciousness that could affect cognition, presence of neurological
disorder determined by medical record examination, lifetime diagnosis of substance dependence,
and/or any potential contraindication for the MR scan.

Non-clinical healthy controls were recruited through advertisements within the same local
catchment area. In addition to exclusion criteria listed for FEP patients, controls were excluded if
they had any current/past history of Axis I disorders, and/or a first-degree family member suffering
from schizophrenia or related schizophrenia spectrum psychosis. All participants provided written
informed consent, and the research protocol was approved by the Douglas Mental Health

University Institute human ethics review board.

Clinical assessment and demographic data. Diagnosis for each patient was made on the basis of
structured clinical interview for DSM-IV (First et al. 1998), performed by a trained interviewer,
and confirmed by at least one senior psychiatrist (RJ or AM). Depression and anxiety symptoms
were assessed with the Calgary Depression Scale for Schizophrenia (CDSS) (Addington et al.
1990) and Hamilton Anxiety Rating Scale (HARS) (Hamilton 1959), respectively. Positive and
negative symptoms were assessed with the Scale for the Assessment of Negative Symptoms
(SANS) (Andreasen 1984a) and Scale for the Assessment of Positive Symptoms (SAPS)
(Andreasen 1984b). Duration of untreated psychosis (DUP) was also assessed, referring to the
period of time in weeks between onset of psychotic symptoms to adequate treatment with
antipsychotics, as described elsewhere (Bodnar, Malla, et al. 2016). Antipsychotic medication

dosages were converted to chlorpromazine equivalents according to the literature (Leucht et al.
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2015), and multiplied by percent medication adherence (Cassidy et al. 2010). For both controls
and patients, parental socioeconomic status (SES) was estimated using the Hollingshead SES
Rating Scale (Hollingshead 1965), and handedness determined with the Edinburgh Handedness
Inventory (Oldfield 1971). Due to a change in the neuropsychological test battery used mid-way
through the study, Full Scale 1Q was assessed with the Weschler Adult Intelligence Scale (WAIS-
IIT) for a proportion of subjects, and the Weschler Abbreviated Scale of Intelligence (WASI) for
the remaining sample (Weschler 1997, 1999).

Early PNS were defined according to the following criteria: (1) global rating of moderate
or more on at least one negative symptom as measured by the SANS, (2) global rating of mild or
less on all positive symptoms as measured by the SAPS, (3) a total score of 4 or less on the CDSS,
(4) absence of extrapyramidal symptoms requiring anticholinergic treatment, and (5) all above
criteria are continuously met for a period of at least six months (Hovington et al. 2012; Bodnar et
al. 2014). Patients were classified as having PNS due to secondary factors, or sPNS, if criteria 2,

3 and/or 4 were not met.

MRI acquisition. All scanning was carried out at the Montreal Neurological Institute (MNI) on a
1.5 T Siemens Sonata whole body MRI system. Structural T1 volumes were acquired for each
participant using a three dimensional gradient echo pulse sequence with sagittal volume excitation
(repetition time=22 ms, echo time=9.2 ms, flip angle=30, 180 1 mm contiguous sagittal slices).
The rectangular field of view (FOV) for the images was 204 mm (SI) 256 mm (AP). Information

about quality control is detailed in Supplementary Methods in Appendix-II.
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Post-processing. All raw scans that passed quality control (QC) were submitted to the CIVET
pipeline (Version 2.0.0: http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET; (Zijdenbos et al.
2002; Ad-Dab’bagh et al. 2006). Detailed steps have been described by our group elsewhere
(Bodnar et al. 2014) and include: 1) Registration of T1-weighted images to a standardized space
and correction for non-uniformity artefacts, 2) Parcellation of gray matter, white matter, cerebral
spinal fluid, and background noise, 3) Extraction of high-resolution gray and white matter surfaces
comprised of 40,962 vertices within each hemisphere, 4) Non-linear registration of cortical
surfaces to a high-resolution template for inter-subject correspondence of vertices, 5) Reverse
transformation (initially done in step 1) to estimate CT in native space for each subject using the
t-link metric and 6) smoothing the data with a 30-millimeter kernel, which has been previously
shown to be an optimal level of smoothing when utilizing the t-link metric (Lerch and Evans 2005).
All volumes, with the exception of one scan, passed through the pipeline and QC process, due to
minimization of error within initial QC of raw scans. All CIVET outputs were quality controlled
using the CBRAIN platform (Sherif et al. 2014), of which significant mask errors and/or minor
pipeline errors were corrected through in-house scripts if feasible. See Appendix-II for quality

control procedures.

Statistical analyses. Demographic and clinical variables (with a single time point) were analysed
with one-way ANOV As for continuous variables or Kruskall-Wallis H tests for nominal variables.
For IQ, an ANCOVA was used to covary for test version. For SAPS/SANS, Generalized
Estimating Equations (GEE) were used to assess differences between FEP groups across clinical
time-points. Antipsychotic dosages, CDSS scores, and the time period in months between scan

and nearest symptom evaluation were assessed between the three patient groups at each scan-time
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point, using one-way ANOV As for normally distributed variables (post hoc Tukey’s HSD test),
and Kruskall-Wallis H-tests for nonparametric variables (post hoc Mann-Whitney U-tests).
Relationship between SANS totals at each scanning timepoint and DUP was estimated using
Spearman’s rank correlations. Analyses of clinical variables were conducted using PASW
Statistics 21 (SPSS inc., 2009, Chicago, IL, USA) and were two-tailed with a critical p-value of

0.05.

Cortical thickness analyses. To assess differences in CT between ePNS, non-PNS and healthy
control groups, statistics were performed across all 81,924 vertices of the cortical surface using
the SurfStat toolbox within Matlab (http://www.math.mcgill.ca/keith/surfstat/). First, the main
effect of group was tested using the linear mixed effects model outlined below, controlling for age,

sex, handedness, and a proxy measure of Brain Volume (ProxyBV):

Y = intercept + d, + B,(Group) + p,(Age) + B3(Sex) + B,(Handedness)

+ Bs(ProxyBV) + random(Subject) + €

where Y represents cortical thickness, di is the random within-subjects effect, Pi-s represent
regression coefficients, and ¢ is residual error. ProxyBV (subcortical gray matter + white matter +
cerebrospinal fluid volume) was entered as a covariate, based on rationale provided by Karama et
al (2011). Briefly, this variable excludes GM volumes, which would otherwise account for ~40%
of total intracranial volume and is highly correlated with mean CT. The proxy measure of brain
volume bypasses the potential of removing the effect of interest, while still controlling for

important confounds associated with brain volume. To test for a main effect of time, data was
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filtered to examine each group separately, and B1(Group) was replaced with B1(Time) in the mixed
effects model. To test for the interaction between scan time (Baseline, one- and two-year follow-
ups) and group, two additional terms were added: “Bs(Time)” and “B7(Group*Time)”.

Finally, we tested the interaction between age and group membership on cortical thickness.
Due to the idea that cortical thickness may not change linearly over time within an individual
(Raznahan, Shaw, et al. 2011; Aubert-Broche et al. 2013) linear and quadratic effects of age (i.e.
age, age’) were included in the mixed effects models. Higher-order polynomial terms were not
tested. The age variable was mean-centered for all analyses. We used a forward selection approach,;
that is, the simplest model was tested for first (linear age effect). For linear age effects,
“Bs(Group™*Age)” was added to the original model outlined above. For quadratic effects of age,
additional terms were incorporated: “B7(Age?)” and “Bs(Age**Group)”, and tested for separately.
To test whether a linear or quadratic age term provided the best fit for significant regions,
parameters of each model were estimated with theoretical likelihood ratio tests. To compare
different models of age directly, the Akaike Information Criterion (AIC) was applied to obtain log-
likelihood values (Hamparsum 1987). The model with the best fit for the region tested has a smaller
AIC value. For all analyses, statistical maps were thresholded and multiple comparisons were
taken into account using random field theory (RFT) for non-isotropic images, with an uncorrected
p-value of p=0.005 (Worsley et al. 2004). This procedure is implemented within SurfStat and limits
the chance of reporting a false positive finding to below 0.05. Given the conservative nature of
RFT, exploratory analyses were also performed using a more liberal uncorrected threshold,
p=0.01. For group comparisons, analyses were initially run contrasting ePNS and all non-ePNS
patients. A subsequent round of analyses then examined potential differences between sPNS, ePNS

and remaining non-PNS patients. Finally, to ensure any significant results could not otherwise be
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explained by exposure to antipsychotic medication, a covariate was added to all linear mixed
effects models presented above to control for chlorpromazine equivalent dosages multiplied by

medication adherence at each patient’s scan.

Results

Socio-demographic and clinical results. In the FEP group, baseline scans were performed on
average 4.0 (SD=1.9) months from entry into PEPP. For the entire group, including controls, inter-
scan intervals were approximately 13.1 (SD=1.3) months between baseline and FUP1, and 12.6
(SD=1.7) months between FUP1 and FUP2. Nine participants (6 FEP, 3 controls) were not scanned
at FUP1, and had an average interscan interval of 27.0 (SD=3.2) months between FUP2 and
baseline. The groups did not significantly differ in sex ratio, handedness, parental SES, or age at
scanning time, as seen in Table 4.3. However, controls significantly differed from all patient
groups on Full-Scale IQ (not explained by test version) and years of education. Within the three
patient groups, there were no significant differences in CDSS scores, time elapsed between the
MRI scan and symptom evaluation across all scanning timepoints, nor duration of untreated
psychosis/illness. Amount of antipsychotic prescribed and anxiety levels (as assessed by the

HARS) were significantly higher for sPNS patients, compared to non-PNS, only at Scan 2.
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FEP

ePNS TS N"“"’PNSNM_PNS Controls Statistic  df  p-value Post-hoc
N % N % N % N %
mr(; ’Z:;;i‘;‘ having all 21 86 31 52 45 58 m 58
Male 15 71 2 71 32 71 28 58 =24 3 05 -
Right Handed 17 81 26 84 39 87 2 88 %= 0.6 3 0.9 -
Diagnosis
zzzzgg::::gm 16 76.2 27 87.1 25 55.6
General Affective Disorder 3 143 1 32 15 333
Demographics Delusim.xal Disorder ) 0 0.0 1 32 2 4.4
& Clinical  |sychosis Not Otherwise 2 9.5 2 6.5 3 6.7
A Specified
Information Mean SD Mean SD Mean SD Mean SD
Education in Years 1.1 25 1.7 24 12.6 24 142 25 F=10.8 3,144 <00001  1,2,3<4
Socioeconomic Status 34[16) 1.0 3330] 12 3.0[42) 10 33[45] 09 Y=54 3 0.1 -
Full Scale 1Q' 96.9 153 98.4 17.2 1003 141 11L1[46] 148 F=6.9 3,142 <00001  1,2,3<4
E:y';‘]f:su('v‘v“zi‘:)d 4540200 592 57.1 1005 83.6[43] 1705 %= 0.1 2 0.9 _
Duration Untreated Iliness 5 3 44 7.8 [30] 6.5 7242 7.1 =12 2 0.6
(years) -
|
Age 232 36 24.7 41 246 46 238 34 F=0.9 3,144 0.4 -
SANS totals 254 93 232 12,0 14.2 10.5 F=10.5 2,96 <0.0001 1,23
Affective Flattening 7.5 6.1 77 6.0 44 48 F=4.0 2,96 0.021 1,2>3
Alogia 3.2 2.7 2.1 3.4 1.0 1.9 x1=10.5 2 0.005 1>3
Avolition/Apathy 6.8 23 58 32 38 27 £=18.0 2 <0.001 1,253
Anhedonia/Asocality 7.9 25 7.6 41 438 35 F=$.3 2,96 <0.001 1,253
Scan 1 SAPS totals 82 102 173 15.1 4.0 54 ¥’=25.5 2 <0.0001 21,3
CDSsS 24 27 3 32 17 [44] 24 ¥=32 2 02 -
HARS 42 5.1 5.5 59 3.5 52 =522 2 0.074 -
CPZ equivalent (in mg) 758.4 671.3 944.7 838.8 776.2 700 x=0.6 2 0.7 -
Adherence (%) 86.6 213 86.2 209 84.9 273 %=0.4 2 038 -
‘S;T:mi;:‘) Symptom ¢ 04 08 05 0.7 0.6 F=0.5 2,9 0.6 ~
N=19 N=29 N=42 N=45
Age 243 38 257 42 255 43 248 34 F=0.7 3,134 05 -
SANS totals 135 104 22,0 10.9 8.0 93 F=18.2 2,80 <0.0001 1,2>3
Affective Flattening 5.7 59 7.8 53 22 3.5 1=23.6 2 <0.001 1,2>3
Alogia 1.7 22 24 27 1.0 19 =83 2 0015 23
Avolition/Apathy 59 37 49 40 17 24 F=142 2,89 <0.001 1,253
Scan 2 Anhedonia/Asocality 6.6 42 69 44 3.1 34 F=100 2.89 <0.001 1,23
SAPS totals 5.9 62 13.5 104 3.5 8.6 x=24.7 2 <0.0001 21,3
CDSS 10 15 1.8 28] 3 14 27 Y=1.4 2 05 -
HARS 38 6.0 49127) 43 2.0 28 =812 2 0017 2>3
CPZequivalent inmg) 28752 20597 43787 32913 26524  2160.4 %=10.5 2 0.005° -
Adherence (%) 87.0 160 78.1 2 812 252 x=1.9 2 04 -
E:ﬁ?mi:::) Symptom ¢ 15 2 17 1.8 12 £=02 2 09 R
N=20 N=18 N=30 N=31
Age 254 37 26.5 38 26.2 44 26.9 33 F=0.6 3,98 0.6 -
SANS totals 19.8 1.1 172 16.5 67 8.5 F=8.6 2,67 <0.0001 1,23
Affective Flattening 54 55 6.6 6.6 1.7 3.0 F=6.4 2,67 0.003 1,253
Alogia 29 3.0 20 32 10 18 £=6.0 2 0.05 1>3
Avolition/Apathy 52 29 37 42 16 22 r=15.1 2 0.001 1,2>3
Scan 3 Anhedonia/Asocality 64 39 49 47 24 31 =144 2 0.001 1,2>3
SAPS totals 7.0 10.3 152 20.6 46 8.0 x=45 2 0.09 -
CDSs 25[18] 33 23 26 1.5 28] 21 x=12 2 0.6 -
HARS 3.0[19] 43 59 7.6 2.8[28] 34 7=1.98 2 0371 -
CPZequivalent (inmg) 42165 39062 65404 62439 50603 49489 =18 2 04 R
Adherence (%) 783 262 75 305 779 286 =007 2 097 R
Window [Sean - Symptom ) 19 05 0.7 0.4 0.7 x=0.7 2 07

Eval| (months)

Table 4.3. Demographic and clinical information for longitudinal sample.

General Demographics for whole sample are presented, followed by information corresponding to
each scan. Scan 1 was conducted around baseline, Scan 2 represents one-year follow-up, and Scan
3 represents two-year follow-up. All data represented as Mean (SD), unless otherwise specified.
Square brackets [] include adjusted sample size included in statistical analysis due to missing
datapoints. Note, all antipsychotic totals are presented as cumulative chlorpromazine equivalents.
SAPS/SANS totals are presented as mean scores of the sum of item-level scores from each scale;
SANS totals exclude the “attention” subscale. Item-level scores for each of the four SANS
subscales per timepoint are italicized. Post-hoc analyses are coded as follows: 1=ePNS; 2=sPNS;
3=Non-PNS; 4=Controls.
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' I1Q means are presented as adjusted means, covaried by test version (WAIS-III vs. WASI). There
was no difference between different test versions on 1Q (Fi,142=1.15, p=0.29).

2Post-hoc analyses indicated that SPNS patients were prescribed significantly more antipsychotic
medication (in CPZ equivalent dosage) cumulatively compared to non-PNS patients at Scan 2.
Further tests revealed that when taking into consideration medication adherence (multiplying CPZ
equivalent by percent adherence), only a trend-like difference existed between groups (x%2=5.0,
p=0.08). No difference between ePNS and the other two FEP subgroups at Scan 2.
Abbreviations: ePNS, early persistent negative symptoms. sPNS, persistent negative symptoms
due to secondary factors. FUP, follow-up. SAPS/SANS, Scale for Assessment of
Positive/Negative Symptoms. CPZ, chlorpromazine.

With respect to negative symptoms, the ePNS and sPNS groups had higher SANS scores compared
to other non-PNS patients across all timepoints. The sPNS patient subgroup also had significantly
higher SAPS scores compared to the other two patient groups across most clinical timepoints (with
the exception of the last two-year followup assessment). See Figure 4.4 for depiction of
SAPS/SANS score for each FEP subgroup across clinical timepoints and Table 4.4 for
corresponding GEE statistics. Finally, no significant association between DUP and SANS totals

pertaining to each scan timepoint was observed (Scan 1: r=-0.095, p=0.41; Scan 2: r=0.041,

p=0.71; Scan 3: r=0.14, p=0.27).

Negative Symptoms Positive Symptoms
357 289 —— ePNS
= sPNS
28+ —— Non-PNS
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Clinical Visit (Months After Entry to PEPP) Clinical Visit (Months After Entry to PEPP)

Figure 4.4. Mean curves for SAPS/SANS scores across clinical visits in FEP sub-groups.
Data presented as mean = SD. See Table 4.4 for corresponding statistics.
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ePNS sPNS non-PNS Omnibus'

post-hoc?
N Mean (SD) N Mean (SD) N Mean (SD) @ )4
2
SANS 20 24.85 (10.58) 30 21.67 (10.62) 44 15.52(9.59) 14.29 <0.0001 ePNS, sPNS >non-PNS
SAPS 9.05(11.69) 10.23 (10.63) 4.64 (6.72) 8.16 0.017  sPNS >non-PNS
3
SANS 21 26.76 (9.34) 30 19.7 (9.40) 43 14.5(10.96) 22.36 <0.0001 ePNS >sPNS > non-PNS
SAPS 7.14 (8.34) 9.7.(9.97) 3.44(4.92) 12.59  0.002  sPNS >non-PNS
6
SANS o 2639(1152) 0 2223(1L14) ,  1141(934) 3457 <0.0001 ePNS, SPNS>non-PNS
SAPS 5.33(5.70) 16.7 (11.52) 2.59(3.64) 4498 <0.0001 sPNS > ePNS, non-PNS
9
SANS 18 22.28 (10.62) 73 20.18 (9.84) 45 11.13(9.87)  23.1 <0.0001 ePNS, sPNS >non-PNS
SAPS 5.89(6.33) 13.75 (14.18) 3.53(6.68) 13.64  0.001 sPNS > ePNS, non-PNS
12
SANS 20 23.65 (13.24) 27 24.82 (14.46) 46 8.17(8.68)  46.85 <0.0001 ePNS, sPNS >non-PNS
SAPS 5.35(5.26) 20.07 (15.39) 3.61(7.16)  28.42 <0.0001 sPNS > ePNS, non-PNS
18
SANS 20 18.95 (11.28) 29 22.48 (11.61) 43 6.84(7.43)  53.41 <0.0001 ePNS, sPNS > non-PNS
SAPS 5.20(5.34) 13.48 (13.31) 3.56 (9.01) 1292 0.002  sPNS > ePNS, non-PNS
24
SANS 20 17.15 (12.22) 23 16.74 (12.04) 38 8.40 (8.66) 14.07  0.001 ePNS, sPNS > non-PNS
SAPS 6.1(9.20) 6.44 (5.97) 37 595(12.37)  0.052 0.98 -

Table 4.4. Generalized estimating equations statistics for negative and positive symptoms.
Negative and positive symptoms represent sum of item-level scores as assessed by the SANS and
SAPS, respectively. Note, SANS total excludes the “attention” subscale. Left-hand column
organizes statistics by clinical visit, relative to entry to PEPP-Montreal clinic (i.e.
2/3/6/9/12/18/24-month visits).

"For global omnibus tests, there was a significant main effect of group (*2=65.31, p<0.001), time
(o ©=24.02, p<0.001), and group*time interaction (y’a2=32.20, p=0.001) on SANS scores. GEE
analyses of SAPS scores also revealed a significant main effect of group (*2=40.03, p<0.0001),
and group*time interaction (x’a2=34.69, p=0.001). No significant effect of time was found for
SAPS scores. Omnibus results presented are “cross-sectional” per timepoint, for ease of
understanding.

2Bonferroni corrected, p<0.025.

Abbrevations: ePNS, early persistent negative symptoms. sSPNS, persistent negative symptoms due
to secondary factors; SANS, Scale for the Assessment of Negative Symptoms; SAPS, Scale for
the Assessment of Positive Symptoms.
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Cortical thickness analyses.

Main effect of group. There was a significant cluster of cortical thinning in ePNS patients compared
to the entire non-ePNS sample, within the left inferior temporal/fusiform gyrus, (Brodmann Area
[BA] 37). No significant group differences between controls and FEP groups were found. See

Figure 4.5A for details.

Main effect of timepoint. The ePNS group exhibited significant cortical thinning from Baseline to
FUP2 within right middle temporal gyrus (BA 22). The non-ePNS group displayed increased CT
from Baseline to FUP1 in left dorsal pre- and post-central gyri (BA 1-5), which upon further

analysis, was found to be driven by the sPNS subgroup. See Figure 4.5B-C for details.
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Figure 4.5. Main effects of group and time.

A. Significant cortical thinning in ePNS (main effect of group) compared to the whole non-PNS
group was observed in left inferior temporal region (136 df). Plot of mean thickness of peak cluster
depicted per group across three scanning timepoints. B. ePNS group shows significant cortical
thinning from baseline to FUP2 in right middle temporal gyrus (52 df). C. Increases in cortical
thickness from Baseline to FUP1 are seen in the Non-PNS group within the left dorsal precentral
and postcentral gyri (137 df), with this increase largely driven by the sPNS subgroup. Blue colour
bar represents significant RFT-thresholded clusters (no significant results at the vertex level). All
statistics are projected on an average surface template generated from the analyzed sample.
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Group by time interaction. No significant group*time interaction on CT was found for any

contrasts comparing ePNS and non-ePNS patients and controls.

Group by age interaction: linear effects of age. Widespread frontal regions showed an interaction
effect of age*group, such that the ePNS group showed a positive effect with age on CT compared
to the non-ePNS sample. Further exploration using a reduced threshold of p-uncorrected=0.01
revealed significant clusters of increased CT with age within left dorsolateral prefrontal cortex
(DLPFC, BA Area9) and left inferior orbitofrontal cortex (BA 10/11) in the ePNS group compared
to non-PNS. When directly comparing the ePNS and sPNS patient groups, ePNS showed a
significantly different and positive relationship with age in right anterior frontal
regions/orbitofrontal gyrus (BA 10/11) with p-uncorrected=0.005. Mean CT was extracted across
vertices comprising 1) left DLPFC, 2) left and 3) right anterior/orbital frontal clusters. Regression
slopes depicting relationship between age and mean CT for all three ROIs revealed a significantly
different and positive slope for ePNS compared to sPNS, non-PNS patient groups and controls.
Figure 4.6 illustrates clusters thresholded with RFT and corresponding plots. Annual rates of
change detailed in Table 8.3 of Appendix-II. No other group contrasts showed a significant linear
interaction with age, with the exception of direct comparisons between sPNS and the remaining
non-PNS patients, where the sPNS group showed significant CT increases with age in the left
postcentral gyrus compared to remaining non-PNS patients, as depicted in Figure 8.3 of Appendix-

II.
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ePNS sPNS Non-PNS Control

ePNS > Non-ePNS ePNS > sPNS
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Figure 4.6. Age*group interaction: linear effects of age.

Significant prefrontal regions of interest (ROIs) extracted from examination of significant
age*group interaction effect, in relation to ePNS group. ROIs “A.” and “B.” compare ePNS and
entire non-PNS group, whereas “C.” compares ePNS and sPNS subgroups. Plots of mean cortical
thickness for each ROI comparing all three patient groups and controls depicted directly below
each RFT-thresholded brain map. Omnibus statistics for regions of interest are as follows: A.
Fi3710=9.09, p<0.001; B. F3371)=6.49, p<0.001; C. F3371y=5.26, p<0.001. Post-hoc analyses
revealed that the ePNS group had a significantly different regression slope from all other groups
(controls, sPNS, and non-PNS without sPNS), with all p’s <0.001. Annual rates of change after
age 18 in Controls, sSPNS, and Non-PNS groups amount to approximately 0.32% CT loss per year
across the prefrontal ROIs. By contrast, ePNS patients showed an annual increase in CT of 0.37%
per year. Blue colour bar represents significant RFT-thresholded clusters with p-corrected=0.05
(no significant results at the vertex level). All statistics are projected on an average surface template
generated from the analyzed sample.

Group by age interaction: quadratic effects of age. Significant group*age? interactions on CT were
found between the non-ePNS and ePNS patient groups, such that the ePNS group showed
significantly positive quadratic effects of age within the right middle cingulate (and extending
dorsomedially) with p-uncorrected=0.005 (BA 24), and a more posterior cluster of the left
dorsolateral prefrontal cortex, encompassing pre-supplementary motor area (independent of the

first DLPFC cluster described with predominantly linear effects of age) with p-uncorrected=0.01,

in comparison to non-ePNS patients and controls. Furthermore, a significant cluster emerged

140



within the left inferior temporal gyrus (BA 37) with a significantly different and positive quadratic
relationship of CT with age in the ePNS group compared to the sPNS group. See Figure 4.7 for
thresholded maps and plots. These three regions were all better explained by inclusion of a
quadratic age term, as opposed to linear, as indicated by comparison of AIC values and
significance testing with likelihood ratio tests. See Table 8.4 of Appendix-I1. Furthermore, as seen
in Table 8.5 of Appendix-II, significant results were not altered after covarying for antipsychotic

dosage.
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Figure 4.7. Age**group interaction: quadratic effects of age.

Significant prefrontal regions of interest (ROIs) extracted from examination of significant
age**group interaction effect, in relation to ePNS group. ROIs “A.” and “B.” compare ePNS and
entire non-ePNS group, whereas “C.” compares ePNS and sPNS subgroups. Each of the three
ROIs represent regions of cortical thickness with significantly different and positive quadratic
relationships with age in the ePNS group only, with p-corrected<0.05. Blue colour bar represents
significant RFT-thresholded clusters with p-corrected=0.05 (no significant results at the vertex
level). All statistics are projected on an average surface template generated from the analyzed
sample.
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Discussion

The current study examined structural neuroanatomical patterns in clinically well-characterized
FEP patients with ePNS between the ages of 18-35. Significant differences in CT were found at
the group level across a two-year follow-up period, and longitudinally as a function of age
compared to other non-ePNS patients and controls. Patients with ePNS showed significantly
thinner cortex within the left inferior temporal gyrus compared to non-ePNS patients and time-
specific cortical thinning over a two-year period in the right middle temporal cortex. Observed
changes within bilateral temporal cortices corroborate previous studies implicating progressive
brain changes within the temporal lobes in FEP (Andreasen et al. 2011; Cannon et al. 2015), and
further lend support to previous findings from our research group examining the ePNS construct
and its unique neuroanatomical correlates (Benoit et al. 2012; Bodnar et al. 2014; Hovington et al.
2015). On the other hand, non-ePNS patients showed a different pattern of CT change over one-
year followup, with increased CT in left motor areas (i.e. dorsal pre- and post-central gyri), driven
by the sPNS subgroup. This CT increase is speculated to occur as a consequence of positive
symptoms, which has been supported previously by findings of a positive correlation between
post-central gyri-volumes and SAPS scores (Ferro et al. 2015).

We also explored the effects of age on CT in FEP patient subgroups, motivated by the idea
that neurodevelopmental processes are ongoing throughout late adolescence and early adulthood,
and may be altered in patients. Linear and quadratic models of age yielded clear differential
patterns of CT across age unique to ePNS, such that CT increased linearly with age in left DLPFC
and bilateral orbitofrontal cortices in this group, and positive quadratic age effects were found
within a second left DLPFC cluster (encompassing pre-supplementary motor area), right middle

cingulate (extending dorsomedially), and left inferior temporal cortex. In a similar vein of
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exploration, Ecker et al. (2014) reported significantly opposing CT trajectories with age in a
sample of youth with autism spectrum disorder (ages 7-25), finding comparable linear and
quadratic age*group interaction effects, with decreased thickness at younger ages, but significantly
increased thickness in autistic adults.

The reported age-related CT changes in relation to ePNS in a sample of longitudinally
followed FEP patients merit careful examination of potential biological markers and mechanisms
underlining neurodevelopment in ePNS in future studies. The CT metric utilized in the current
study underscores a biological inference of cellular gray matter composition comprising the
thickness of the cortical mantle. Seminal studies of CT and gray matter volume trajectories in
normative development emphasize the late maturational time course of the frontal lobes (Gogtay
et al. 2004; Shaw et al. 2008); specifically, the DLPFC is under dynamic refinement for longer
than was initially cited, developing well into the second decade of life (Amlien et al. 2016).
Cortical maturation processes are largely steered by synaptic pruning and reorganization of
synaptic connections, as well as myelination of fibers near the gray-white matter boundary
(Westlye et al. 2009), which may be altered in schizophrenia (Feinberg 1982; Faludi and Mirnics
2011). Furthermore, increased CT with age may share some overlap with the early hypothesis of
delayed brain maturation driving the characteristic onset of schizophrenia in adolescence
(Keshavan and Hogarty 1999), albeit specific to ePNS based on our findings.

Insight into understanding the neurobiological mechanisms underlying CT changes may
also be gained from the recent findings implicating neuroinflammation in schizophrenia (Gong et
al. 2016; Laskaris et al. 2016). It has been proposed that at acute phases of illness,
neuroinflammation may lead to global and local brain swelling (Gong et al. 2016). Although the

neurobiological mechanisms underlying CT changes are difficult to elucidate using MRI, our
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findings demonstrate that FEP patients with ePNS represent a clinically and neuroanatomically
distinct subgroup of patients, and future studies are strongly encouraged to consider age as a
significant factor when examining progressive brain changes in FEP.

At the clinical level, further support for our delineation of three separate subgroups of FEP
patients was found in the significantly different longitudinal symptom profiles, namely when
examining negative and positive symptoms. Relationships between negative symptoms pertaining
to each scanning timepoint and duration of untreated psychosis were further explored, given
previous literature indicating DUP as a potential predictor of negative symptomatology (Malla,
Takhar, et al. 2002a; Perkins et al. 2005; Boonstra et al. 2012). Our own data did not uncover any
differences in DUP between our FEP subgroups, nor a relationship between DUP and negative
symptoms, consistent with some other studies (Craig et al. 2000; Schmitz et al. 2007), and also
speaks to the potential non-linear relationship between these two variables (Boonstra et al. 2012).

The present study has several strengths and limitations. It is based on a large sample of
FEP patients that were recruited from a well-defined catchment area without competing other
services, thus it is likely to reflect a sample with minimal recruitment biases. Furthermore, the
sample was followed longitudinally up to two years after the patient experienced a FEP, alongside
reliable clinical information. However, a large proportion of patients were taking antipsychotic
medication throughout the study. Although there were no differences between ePNS and other
patients in antipsychotic dosage/adherence, several studies have alluded to cortical changes
accompanying antipsychotic use (Ho et al. 2011; van Haren et al. 2011; Fusar-Poli et al. 2013;
Ansell et al. 2015). However, an additional analyses controlling for antipsychotic medication did
not diminish our significant results. It should also be noted that the ePNS group was smaller than

the other patient groups, and this may have contributed to the lack of difference between our FEP
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subgroups on sex, as has been reported previously in the PNS literature (Chang et al. 2013).
However, it should be noted that the recruited sample already held a strong male bias, and thus it
proved difficult to detect sex differences specific to PNS. For the neuroimaging analyses, to
accommodate potential loss of power in the ePNS group, a slightly lower threshold was required
to detect some of the significant effects reported with respect to the age*group interactions. We
also did not find widespread cortical thinning comparing our ePNS and non-ePNS groups to
controls, which is discordant with other reports of CT differences in FEP. In addition to
heterogeneity within and across reported samples, the inconsistencies found within such
investigations could be partially attributed to utilization of ROIs (which are largely dependent on
the pipeline used), rather than whole-brain vertex-wise approaches, or controlling for age. This
latter point deserves recognition, as the time at which a FEP occurs is highly non-trivial in both
social and neurodevelopmental contexts. Although best efforts were put forward to reduce noise
in the imaging data and retain only high quality scans, it is acknowledged that even subtle head
motion can significantly alter cortical thickness findings, as supported by recent work (Reuter et
al. 2015; Alexander-Bloch et al. 2016), which may also contribute to the explanation as to why
previous studies have reported exaggerated cortical thinning in FEP samples compared to controls.
Finally, caution should be exercised when interpreting the elements underlying persistent negative
symptoms due to secondary factors. Our current dataset does not allow us to parse apart the
etiology of symptoms, and thus we cannot say with confidence whether the persistent negative
symptoms we observe are indeed primary or secondary in relation to other symptom constructs.
The current sample is also limited in its definition of extrapyramidal symptoms (EPS), as patients
are only identified with EPS if they are on anticholinergic medication. Thus, the sPNS sample

presented in this manuscript may be an underestimate.
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Progressive brain changes following a FEP are non-uniform across patients, as
demonstrated by the presented findings implicating ePNS and age as significant contributing
factors to underlying neuroanatomical variations in the early course of psychosis. It has not
escaped our attention that ePNS patients are akin to Tim Crow’s initial conception of “type II
schizophrenia” in 1980 (Crow 1980), warranting further investigation due to the clear poor
functional outcome associated with these symptoms (Jordan et al. 2014). The current study
highlights the power of using a symptom-based classification approach as opposed to a diagnostic
approach, to elucidate dynamic cortical changes across time. Such approaches may yield more
fruitful results when linking biomarkers and their progression after a FEP to clinical outcome,

which could further be used to inform clinical practice and psychotherapies.
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Chapter S : Intersection of negative symptoms and verbal
memory on changes in cortical contrast and thickness after a
First Episode of Psychosis

PREFACE

The previous chapter used a categorical approach to classify patients with negative
symptoms, which did not allow us to make conclusions about individual brain-behaviour
relationships. Furthermore, one of the key aims of this thesis is to better understand the biological
underpinnings of both negative symptoms and verbal memory, two key predictors of functional
outcome in FEP patients. Thus, this chapter investigates relationships between two dimensions of
negative symptoms (expressivity deficits and amotivation) and two verbal memory processes
(immediate and delayed recall) both at the level of brain and behaviour. A better understanding of
such relationships can help target meaningful domains of psychosis which, thus far, have largely
gone untreated.

This chapter also extends the methodology presented in Chapter 4.2, and investigates a
new measure of white-gray matter contrast (WGC), alongside the often-used measure of cortical
thickness (CT). As described in Chapter 3, we have previously shown that WGC may be more
sensitive than CT in detecting widespread structural abnormalities in FEP compared to controls,
tapping into putative network-level aberrancies that underlie individual differences in general
psychopathology. Given that structural MRI is one of the most commonly used imaging techniques
in psychiatric neuroimaging studies, WGC is positioned well as a potential proxy of myelin content
using solely T1 images and provides both complementary and unique information alongside
cortical thickness.

This chapter demonstrates distinct associations between progressive changes in negative

symptoms and WGC and CT in frontal cortices early in the course of treatment for psychosis. This
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work extends a key finding of cortical thinning of the prefrontal cortex in relation to negative
symptoms in psychosis, although it seems such changes are specific to fluctuations in expressivity
over a one to two year period after a FEP. In particular, expressivity interacts with verbal memory
abilities both behaviorally and with brain regions heavily involved in language production and
articulation. These findings hold when accounting for potential relationships with a general
cognitive index excluding verbal memory abilities. This work proposes that deficits in articulation
may be a more plausible mechanism underlying the relationship between expressivity deficits and

verbal memory, rather than deficits in general cognitive ability.
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Abstract

Longitudinal studies of first episode of psychosis (FEP) patients are critical to understand the
dynamic nature of clinical factors influencing functional outcomes; negative symptoms and verbal
memory (VM) deficits are two such factors that remain a therapeutic challenge. This study uses
white-gray matter contrast at the inner edge of the cortex, in addition to cortical thickness, to probe
changes in microstructure and their relation with negative symptoms and possible intersections
with verbal memory. T1-weighted images and clinical data were collected longitudinally for
patients (N=88) over a two-year period. Cognitive data were also collected at baseline.
Relationships between baseline VM (immediate/delayed recall) and rate of change in two negative
symptom dimensions, Amotivation and Expressivity, were assessed at the behavioural level, as
well as at the level of brain structure. VM, particularly immediate recall, was significantly and
positively associated with a steeper rate of Expressivity symptom decline (r=0.32, q=0.012).
Significant interaction effects between baseline delayed recall and change in expressivity were
uncovered in somatomotor regions bilaterally for both white-gray matter contrast and cortical
thickness. Furthermore, interaction effects between immediate recall and change in Expressivity
on cortical thickness rates were uncovered across higher-order regions of the language processing
network. This study shows common neural correlates of language-related brain areas underlying
Expressivity and VM in FEP, suggesting deficits in these domains may be more linked to speech
production rather than general cognitive capacity. Together, white-gray matter contrast and
cortical thickness may optimally inform clinical investigations aiming to capture peri-cortical

microstructural changes.
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Introduction

Negative symptoms (e.g. amotivation, flattened affect) and cognitive impairments in
individuals with psychotic disorders are strong predictors of poor functional outcome (Albert et
al. 2011; Lepage et al. 2014), and are less responsive to currently available medications compared
to positive symptoms (e.g. hallucinations, delusions). Verbal memory (VM) is one of the most
strongly impacted of all cognitive domains in individuals with psychotic disorders (Jordan et al.
2014; Benoit et al. 2015; Guimond et al. 2016), and is linked to persistent negative symptoms
(Hovington et al. 2013). There is some evidence suggesting that VM and negative symptoms,
particularly deficits in communication or expressivity, may share common neural substrates.
Cohen & Elvevag (2014) have suggested that expressivity is linked to classic language areas in
psychiatric disorders, although such a relationship has not been demonstrated in early stages of
psychosis with non-invasive imaging techniques.

Many studies treat VM and negative symptoms as unitary constructs, although these
variables are comprised of stable subdomains that are likely to be of clinical relevance; for
instance, VM can be broken down into verbal learning vs. retention, and negative symptoms into
amotivation and expressivity, all of which have unique environmental and biological correlates
(Malla, Takhar, et al. 2002a; Leeson et al. 2009; Millan et al. 2014). For instance, different facets
of VM have been differentially associated to white matter microstructure (typically assessed using
metrics such as fractional anisotropy from diffusion-weighted imaging) in healthy older adults,
where white matter tracts subserving left fronto-parietal regions are related to verbal working
memory, whereas bilateral fronto-temporal white matter is linked to long-term episodic memory

function (Charlton et al. 2013). Both gray and white matter abnormalities have been observed in
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relation to amotivation symptoms (e.g. avolition, apathy) in enduring schizophrenia patients,
particularly decreased cortical thickness and fractional anisotropy underlying left orbital/medial
frontal cortex and cingulate cortex (Ohtani et al. 2014; Mearch-Johnsen et al. 2015, 2018). A recent
study has also shown that the integrity of white matter underlying the right hemisphere homologs
of these regions is related to affective flattening (Ohtani et al. 2015); however, beyond this study,
very few have further investigated the structural brain correlates of expressivity deficits (Merch-
Johnsen et al. 2018), especially in first episode of psychosis (FEP) patients.

Importantly, and of relevance to the current study, longitudinal brain imaging studies of
negative symptoms in FEP are scarce, although altered maturational trajectories of cortical
thickness and limbic structure have been previously observed in patients with persistent negative
symptoms (Makowski et al. 2016, 2017). Such longitudinal neuroimaging studies are critical to
characterize the emergence of clinical, cognitive, and neuroanatomical markers that may be
amenable to intervention early in the course of the disorder. Existing literature examining
progressive brain changes after a FEP, irrespective of symptom profiles, have reported widespread
accelerated gray matter loss (Andreasen et al. 2011; Gong et al. 2016). Various structural and
functional MRI reviews of FEP patients have pinpointed progressive brain changes occurring
across frontal and temporal lobes, particularly within the left hemisphere (Radua et al. 2012; Vita
et al. 2012; Dazzan et al. 2015). Further, evidence suggests that the stability of medial temporal
and prefrontal cortices may be essential predictors of symptomatic and functional outcomes after
a first episode of schizophrenia (Dazzan et al. 2015).

White matter abnormalities have also been a key focus of studies of schizophrenia and
related disorders, across different disease stages (Kubicki et al. 2005; Whitford et al. 2007, 2012;

Carletti et al. 2012; Lee, Kubicki, et al. 2013; Birur et al. 2017; Klauser et al. 2017; Kelly et al.
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2018). Evidence from post-mortem studies and diffusion tensor imaging suggests that white matter
abnormalities, particularly within prefrontal regions, are more significantly correlated with
negative symptoms compared with positive symptoms (Uranova et al. 2011; Asami et al. 2014).
Other neuroimaging studies have obtained proxy measures of myelin to better understand the
nature of white matter alterations in psychosis (Andreasen et al. 1991; Lang et al. 2014; Ganzetti
et al. 2015; Iwatani et al. 2015). There is certainly a need to shift focus to earlier stages of
psychosis, obtaining measures more proximal to a FEP, to better understand the cascade of brain
structural alterations that follow.

Although measures of cortical thickness (CT) are often the choice of methodology for
investigation of cortical structure in psychiatric disorders from T1-weighted MRI scans,
inconsistencies have arisen in a number of studies of longitudinal cortical thickness trajectories in
early psychosis, with a handful of studies contesting the evidence of progressive brain change after
a FEP (Nesvag et al. 2012; Roiz-Santiafiez et al. 2015; Haukvik et al. 2016), emphasizing the need
for novel approaches to analyze structural data in clinical cohorts. Obtaining a measure of white-
gray matter contrast (WGC) from T1-weighted MRI may provide a meaningful marker of myelin
content and other biophysical properties that may complement measures of cortical thickness
(Salat et al. 2009; Westlye et al. 2009; Andrews et al. 2017; Lewis et al. 2018). We have recently
shown that WGC captures brain architectural features and putative network-level abnormalities in
FEP patients more robustly than measures of cortical thickness (Makowski, Lewis, et al. 2019b).
Thus, using multiple measures to assess the integrity of the cortical mantle, including a proxy
measure of peri-cortical myelin, could provide a better understanding of the neurobiological
correlates underlying subdomains of negative symptoms and VM, particularly in FEP patients.

This is turn could be paramount in developing more effective treatments in early psychosis, and
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other disorders that are characterized by similar deficits.

The aims of the current study were to 1) examine the relationship between two negative
symptom dimensions (Expressivity and Amotivation) and deficits in two VM processes
(immediate and delayed recall), ii) relate Expressivity and Amotivation negative symptom
dimensions to changes in CT and WGC across time, and iii) see how relationships in ii) interact
with VM capacity. We expect Expressivity and Amotivation to be uniquely correlated with
progressive changes in white-gray contrast, and to be moderated by VM abilities. Specifically, we
postulate that immediate recall, a measure of verbal learning, will be more strongly correlated with
Expressivity both at the levels of brain and behaviour, given that both constructs have been
described as “core” traits in psychosis and less influenced by external factors (Leeson et al. 2009;
Lutgens et al. 2014). On the other hand, we expect delayed recall, a measure of verbal retention,
to be more related to Amotivation, due to these factors’ higher potential to be influenced by

environment.

Methods

Sample.

Patients were recruited from the Prevention and Early Intervention Program (PEPP) at the Douglas
Institute in Montreal, Canada, and were part of a longitudinal naturalistic outcome study. Details
are outlined elsewhere (Iyer et al. 2015). Inclusion criteria at PEPP include a diagnosis of affective
(e.g. bipolar disorder, depression with psychotic features) or non-affective psychosis (e.g.
schizophrenia, schizoaffective), an 1Q above 70, and limited (<Imonth) to no previous exposure
to antipsychotic medication. Patients recruited to PEPP (ages 18-35) were invited to take part in a
neuroimaging study, comprising three timepoints (baseline, one/two-year follow-ups) as described

in previous work (Makowski et al. 2016, 2017). Patients were recruited from February 2003 to
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February 2014. The first baseline scan took place in May 2004. It should be noted that many of
the initial patients recruited for the study did not meet criteria for this neuroimaging investigation,
as more than 6 months passed between entry to the PEPP clinic and their baseline scan. The last
two-year follow-up scan and clinical assessment for the last patient took place in April 2016.

Non-clinical healthy controls were recruited through advertisements within the same local
catchment area. All participants provided written informed consent, and the research protocol was
approved by the Douglas Institute human ethics review board. From 150 FEP patients recruited
for the study, 88 patients (Male, N=62) were included in analysis. Data from 80 healthy controls
were included for calculation of standardized VM scores, as described below. See Chapter 8 —
Appendix-III for more detailed information on the final included sample. Also see Table 8.6 of
Appendix-III for a comparison of patients included in the study, compared to those who were
excluded.

We opted to include both affective and non-affective psychoses in our sample of FEP
patients, as our group has previously shown that clinical diagnoses play a negligible role in findings
related to MRI-derived metrics, including cortical thickness (Makowski et al. 2016, 2017). Further,
our aims are to investigate individual clinical/cognitive profiles, rather than work within a
diagnostic framework, which is being recognized as a clear setback in the field of psychiatry (Insel
et al. 2010; Owen 2018; Wolfers et al. 2018). However, we also explored differences in key
variables of interest, namely immediate/delayed recall, and amotivation and expressivity deficits,
between patients on the schizophrenia spectrum and patients with an affective disorder. No

significant differences emerged between groups as can be seen in Table 8.7 of Appendix-III.
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Negative symptom dimensions and change over time.

Negative symptoms were assessed using the Scale for the Assessment of Negative Symptoms
(SANS) (Andreasen 1984a), which has been shown to have good inter-rater reliability (k=0.71) at
PEPP-Montreal (Jordan et al. 2018). Item-level scores from the SANS were used to define two
principal dimensions of negative symptoms: Amotivation and (lack of) Expressivity. These
dimensions were based on a consistent body of literature reporting a two-factor model of negative
symptoms (Malla, Takhar, et al. 2002a; Blanchard and Cohen 2006; Kirkpatrick et al. 2006;
Messinger et al. 2011; Jang et al. 2016; Marder and Galderisi 2017). Items were assigned to either
the Amotivation or Expressivity dimension based on a recent confirmatory factor analysis
published by our group (Lutgens et al. 2019). Although other models have been proposed to
categorize negative symptoms, for instance a recent investigation uncovering a 5-factor latent
structure of negative symptoms in schizophrenia (Strauss et al. 2018), it is important not to dismiss
a large breadth of literature that has linked motivation and expressivity dimensions of negative
symptoms to functional outcomes in patients. Finally, a two-factor solution minimizes the burden
of multiple comparisons and potential false positives for the purposes of our neuroimaging
analysis.

Thus, based on Lutgens et al (2019), Amotivation in this study represented summed items
from “Avolition-Apathy” and “Anhedonia-Asociality” domains, while the Expressivity dimension
represented summed items from “Affective Flattening/Blunting” and “Alogia” domains, excluding
Item 6: “Inappropriate Affect” and Item 10: “Poverty of Content of Thought”, given that these
items do not effectively map onto the clinical construct of Expressivity (Lutgens et al. 2019). To
assess the mean rate of change in symptoms over time, a linear model was fit to each subject’s

longitudinal amotivation and expressivity symptom data against the participants’ age over all

157



available timepoints for that participant. A slope was calculated and extracted for each subject to

represent a single metric of change over time in symptomes.

Verbal Memory (VM) performance.

VM data were collected from a larger neuropsychological battery database for patients followed
at PEPP. Due to a change in neuropsychological testing protocol, VM data were compiled from
two different protocols: 1) a pen and paper format administered to patients who took part in the
study from 2003 to 2010, using Logical Memory subtests of the Wechsler Memory Scale-Third
Edition (WMS-IIT) (Wechsler 1997); and 2) the CogState Research Battery (Pietrzak et al. 2009),
administered from September 2010 onwards, using the International Shopping List task. Further
details of both testing protocols and tasks have been described before (Benoit et al. 2015). Z-
scores were calculated for each neuropsychological test battery separately, using the mean and
standard deviation of controls for immediate/delayed recall measures. Previous work from our
group (Benoit et al. 2015) has shown that participants tested with the CogState Research Battery
tended to perform better. Thus, in addition to using standardized scores, test version was used as
a covariate in analyses using VM data. Table 8.8 of Appendix-III demonstrates there are no

significant version or group*version effects on VM performance.

MRI acquisition.
Scans were collected at the Montreal Neurological Institute, all on the same 1.5-Tesla Siemens
Sonata MRI scanner. Structural T1-weighted volumes were acquired for each participant using a

3D gradient echo pulse sequence with sagittal volume excitation (resolution=1mm?, repetition
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time=22ms, echo time=9.2ms, flip angle=30°, 180 Imm contiguous sagittal slices). The

rectangular field of view (FOV) for the images was 256mm (AP) 204mm (SI).

MRI post-processing.

Cortical Thickness (CT). Raw T1-weighted images were submitted to the CIVET pipeline

(Version 2.1.0: http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET) (June et al. 2005) for
extraction of gray and white matter surfaces. Main processing steps include: 1) Registration of
T1-weighted images to standardized space (Collins et al. 1994) and correction for non-
uniformity artefacts (Sled et al. 1998); 2) segmentation of gray, subcortical gray and white
matter, and cerebral spinal fluid (Zijdenbos et al. 2002; Tohka et al. 2004); 3) extraction of the
white matter surface using a marching-cubes algorithm and extraction of the gray matter surface
using the CLASP algorithm (Kim et al. 2005); 4) surface registration to a template for inter-
subject correspondence (Lyttelton et al. 2007); 5) reverse transformation (initially done in step
1) to estimate CT in native space for each subject at 81,924 vertices using the t-laplace metric
(Lerch and Evans 2005); and 6) smoothing the data in native space with a 20mm FWHM
Gaussian kernel to diminish the impact of noise (Boucher et al. 2009). CT was estimated using

the Laplacian distance between the two surfaces (Jones et al. 2000) across 81,924 vertices.

White-Gray Matter Contrast (WGC). Measures of WGC were generated as follows, similarly to
what is described in Makowski et al (2019b): 1) additional surfaces were created 1mm on either
side of the surface at the gray-white matter boundary (i.e. +1mm corresponds to supra-white
surface, and -1mm corresponds to sub-white surface); 2) surface maps of the intensity of the T1-

weighted MRI were generated and smoothed; and 3) a ratio was calculated, by dividing the
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intensity of the -Imm point by the corresponding +1mm point, as defined by Lewis et al (2018).
WGC values ranged from approximately 1.15 to 1.35 where lower values, closer to 1, reflect lower
contrast (i.e. reduced gray-white matter distinction) whereas higher values reflect higher contrast
(i.e. clearer distinction between gray and white matter). The WGC method is depicted in Chapter
3 (Figure 3.8). More details of quality control procedures pertinent to this study are outlined in

Supplementary Methods of Appendix-III.

Statistical analyses of behavioural and clinical data.

Demographic and clinical variables were analysed with one-way ANOVAs for continuous
variables or Kruskall-Wallis H tests for nominal variables. An ANCOVA was used to analyse
differences in VM performance at baseline between patients and controls, covarying for test
version and years of education. Additional tests to compare the effect of version on results with
VM data, as well as exploratory analyses between change in negative symptoms and change in
verbal memory scores for a subset of patients with longitudinal data available (N=49), are in
Supplementary material. Associations between rates of change in Amotivation/Expressivity
negative symptom domains and immediate/delayed recall in FEP patients were evaluated with
Pearson r-correlations, adjusting verbal memory values for age, sex, and test version, and taking
into account multiple comparisons with a false discovery rate (FDR) correction (Benjamini and
Hochberg 1995). Analyses of behavioural and clinical variables were conducted using PASW
Statistics 21 (SPSS inc., 2009, Chicago, IL, USA) and were two-tailed with a critical p-value of
0.05. Normality of continuous data was assessed with the Shapiro-Wilk test of normality. Non-
parametric tests were used to compare demographic variables between patients and controls that

were found not to be normally distributed. Demographic and clinical information was also
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compared between patients included in this manuscript (N=88) and patients excluded from the
study (N=47) despite meeting criteria for a FEP, due to the cross-sectional nature of their data

and/or failed imaging data after QC.

Surface-based brain analyses.
Vertex-wise analysis of WGC and CT were conducted using SurfStat in Matlab

(http://www.math.mcgill.ca/keith/surfstat/). As with the negative symptom data and as described

in Raznahan et al (2011), a linear model was fit to each vertex for the WGC and CT data, yielding
a single metric for each subject describing the rate of change in years in WGC and CT. To
determine which covariates should be used for analyses, the Akaike Information Criterion (Akaike
1998) was used to determine the best model. AIC values were compared to a ‘baseline’ model that
included centered age and sex as covariates, given the well-documented impact of age and sex on
neuroanatomy, as well as their influence on the onset and progression of psychosis (Tamnes et al.
2010; Ochoa et al. 2012; Makowski et al. 2016, 2017) . Details are included in Appendix-III,
including an analysis testing the effect of antipsychotic medication on WGC and CT (Figure 8.4)
and justification on the exclusion of medication as a covariate.

The following model was used to assess the main effect of change in negative symptoms (n,
representing either amotivation or expressivity deficits) on change in Y (representing either WGC
or CT), covarying for centered age, sex, and mean o (reflecting mean WGC or mean CT across

the entire cortical surface for each participant):

AY = intercept + B, (An) + B,(CenteredAge) + f5(Sex) + Bo(Mean(0)) + €
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Here, B is the slope for the main effect of interest, namely, rate of change (A) in negative symptoms
per year. Note, B. and B4 reflect measures at baseline. Positive values of the rate of Y change reflect
an increase in either WGC and CT per year, whereas positive values in negative symptoms reflect
an increase (i.e. worsening) in symptoms per year.

The interaction between baseline VM abilities (v, reflecting Immediate Recall or Delayed
Recall) and change in negative symptoms over time (1) on rate of change in WGC and CT (AY)

was tested with the following model:

AY = intercept + f1(An) + B,(v) + B3(ATestVersion) + B,(CenteredAge) + Bs(Sex)

+,B6(Mean(0)) + B,(An xv) + €

where B7(An*v) represented the slope for the main predictor of interest; that is, the interaction
between change in negative symptoms and baseline verbal memory. Here, B, B3, B4 and fe were
measures taken at baseline. For visualization purposes only, patients were divided using a median
split into two groups, on the basis of their verbal memory performance: “mild to moderate VM
deficits” and “high VM deficits”. Specific details of these groups are outlined in the Results
section.

Random field theory (RFT) (Worsley et al. 2004) was used for multiple comparison
correction using a stringent p-cluster threshold of p=0.001. Significant results are also presented
with a more liberal cluster threshold of p=0.01 (p-corrected<0.05), to show the extent of sub-
threshold results. For all significant clusters found with the more stringent cluster threshold
(p=0.001), the rate of change in WGC and CT at the peak t-statistic was extracted and adjusted for

centered age, sex, and Mean(c), and used to generate scatterplots to visualize results.
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Results

The final sample comprised 88 FEP patients, of which 59 patients completed all three scans, and
the remainder had two scans. See Table 5.1 for descriptive statistics and clinical information.
Importantly, FEP patients had a median duration of untreated psychosis of approximately 20
weeks, highlighting the efforts that have been put forth by the PEPP-clinic to minimize patients’
pathways to care within our early intervention service (Iyer et al. 2015; MacDonald et al. 2018).
This also emphasizes that our FEP patients are indeed highly representative of the first-episode
time period. Included patients were also compared to 47 patients that were excluded from the
current study on variables collected at baseline, and these results can be found in Table 8.6 of
Appendix-III. In summary, included patients did not differ largely from the excluded patients,
except included patients had longer duration of untreated psychosis and untreated illness compared

to excluded patients.
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FEP Controls
N=88 N=80
N (%)
Male 62 (70) 52 (65)
Right Handed 73 (83) 73 (91)
Diagnosis
Schizophrenia/ Schizophreniform 63 (72)
Affective Disorder 16 (18)
Delusional Disorder 3(3)
Psychosis Not Otherwise Specified 6(7)
Mean (SD)
Age at Baseline® 24.3 (4.1) 24.27 (3.3)
Genmeral | | Memory - Immediate*>* 13 (1.4)[87] 0.03 (1)
Demographics
Verbal Memory - Delayed*** -0.9 (1.1) [87] 0.02 (0.8)
Education in Years* 12.0 (2.5) 143 (2.4)
Socioeconomic Status 3.2 (1.1)[81] 3.0 (1.0) [76]
Performance 1Q*° 98.7 (17.1) 106.9 (12.7)
Verbal 1Q*® 99.8 (16.1) 110.0 (14.9)
Cumulative CPZ equivalent (in mg) 4753.1 (4770.7)
Adherence (%) 80 (24)
Duration Untreated Psychosis (weeks) ]\7/[??;1;1114500)1
Duration Untreated Illness (years) MZSi;g;5g.l
Mean (SD)
Amotivation 11.3(6.1)
Baseline Expressivity 7.1(7.2)
Symptoms SAPS 9.5(12.3)
(N=88) CDSS 24(2.9)
Window |Scan - Symptom Eval| (months) 0.7 (0.6)
Amotivation 8.7(7.0)
1-year FUP Expressivity 5.8(6.5)
Symptoms SAPS 7.9 (10.2)
(N=80) CDSS 1.5(2.7)[79]
Window |Scan - Symptom Eval| (months) 2.1(2.0)
Amotivation 7.4 (6.8)
2-year FUP Expressivity 5.1(6.6)
Symptoms SAPS 7.9(13.9)
(N=65) CDSS 1.9 (2.6) [60]
Window |Scan - Symptom Eval| (months) 0.6 (1.2)

Table 5.1. Demographic and clinical information.
General Demographics for whole sample are presented, followed by information corresponding to
each scan. All data represented as Mean (SD), unless otherwise specified. Square brackets []
include adjusted sample size included in statistical analysis due to missing datapoints. All
antipsychotic totals are presented as cumulative chlorpromazine (CPZ) equivalents in mg (i.e. a
composite measure of the total amount of antipsychotic medication prescribed during the entire
study), as prescribed by a psychiatrist, and are reported along with a percentage of medication

Statistic
x*=0.57
$*=2.53

Statistic

t=-0.009

F=23.38

F=16.77
U=1887.00
U=2817.00
U=2447.50
U=2345.50

df
1
1

df

164.1
1,163
1,163

p-value
0.51
0.17

p-value

0.99
<0.001
<0.001
<0.001

0.34

0.001
<0.001
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adherence. SAPS totals are presented as mean scores of the sum of item-level scores for positive
symptoms. CDSS represents the Calgary Depression Scale for Schizophrenia. Duration of
untreated psychosis and illness reflect length of time between onset of psychotic symptoms and
onset of other psychiatric symptoms until initiation of antipsychotic medication treatment,
respectively. Further details on collection of clinical data can be found in Supplementary methods
of Chapter 8-Appendix III. Years of education, socioeconomic status, performance and verbal 1Q
were found to be non-normally distributed; thus, non-parametric tests to compare group means
were used.

*FEP patients had significantly lower levels of verbal memory performance (immediate/delayed
recall), lower performance and verbal IQ, and less years of education compared to HC (p<0.05).
aDegrees of freedom adjusted, as age did not meet the assumption of equal variance between
groups as assessed with Levene’s test.

bCovaried by test version. Specifically, IQ was collected with WAIS-III and WASI (more details
in Appendix-III), and verbal memory was collected with a Pen and Paper neuropsychological test
battery, and CogState Research Battery.

“Note, Mean and Standard Deviation of verbal memory in Controls does not equate to exactly 0
and 1, respectively, as the norms for verbal memory were calculated before exclusion of a subset
of controls for this study due to imaging quality control.

Summary statistics for rate of change in negative symptoms domains for 88 FEP patients
with longitudinal data were as follows: Mean AAmotivation=-1.80 (SD=4.22 Range=-11.72 —
13.61), Mean AExpressivity=-1.22 (SD=5.19 Range=-19.63 — 14.66). For amotivation symptoms,
5 patients had the same level (or absence) of symptoms over time (Mean A=—0.0038, SD=0.0086),
25 patients had worsening symptoms (Mean A= 3.12, SD=2.91), and 58 patients improved (Mean
A=—-4.08, SD=2.72). For expressivity symptoms, 16 patients had the same level (or absence) of
symptoms over time (Mean A=0, SD=0), 22 patients had worsening symptoms (Mean
A=4.64, SD=4.02), and 50 patients improved (Mean A=-4.18, SD=4.01). See Figure 8.5 of

Appendix-III for spread of longitudinal Amotivation and Expressivity negative symptom data.
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Relationship between VM and A negative symptoms.

Cross-sectional relationships between VM and negative symptoms at baseline are reported in
Supplementary material, where significant negative associations between baseline expressivity
and immediate recall (r=-0.35, q<0.001) and delayed recall (r=-0.28, q=0.036) were found; no
relationships were found with amotivation. The relationship between VM (i.e. z-scores of
immediate and delayed recall) at baseline and Anegative symptoms was assessed in 87 patients
(degrees of freedom=82), for which baseline VM and longitudinal negative symptom data were
available, using Pearson r correlations, adjusting verbal memory data for age, sex, and test battery.
The only significant finding that survived FDR correction for multiple comparisons was a positive
relationship between immediate recall at baseline and AExpressivity (r=0.32, g=0.012). In other
words, better VM (i.e. less severe deficits) at baseline was associated with worsening Expressivity
deficits over time. A trend-like association in the same direction was also found between delayed
recall and AExpressivity (r=0.19, p-uncorrected=0.083). No significant associations were found
with either immediate or delayed recall and AAmotivation (Immediate: r=0.079, q=0.476;
Delayed: r=0.077, q=0.486). Finally, we assessed the relationship between change in VM and
change in negative symptoms over the first year after a FEP for a subset of patients (N=49) for

which data were available. No significant relationships were found, as reported in Appendix-III.

Associations between A negative symptoms and AWGC and ACT.

Worsening of Amotivation symptoms was associated with greater increases in WGC over time
within the left superior parietal lobule and right dorsal primary motor cortex and paracentral lobule.
Overlapping findings were found with respect to AExpressivity, with additional peaks in the left

dorsal precentral gyrus and right cuneus. With respect to CT, AExpressivity was negatively
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associated with ACT (i.e. cortical thinning with worsening symptoms) within left frontal regions.
AAmotivation was not found to be significantly associated with changes in CT. Results are shown
in Figure 5.1, along with the brain regions that survived correction for multiple comparisons with
a relaxed p-cluster threshold of p=0.01. Plots were generated for regions that survived correction

for multiple comparison with a stringent threshold of p<0.001.
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Figure 5.1. AAmotivation and AExpressivity deficits associated with AWGC and ACT.
Results are RFT-corrected, where blue colours represent significant results cluster-thresholded at
a “stringent” threshold of p=0.001, whereas red/pink colour represent significant results at a
“relaxed” threshold of p=0.01. Selected regions for scatterplots are those that survived multiple
comparisons with the more stringent cluster threshold of p=0.001. Plots with Amotivation are
plotted with a dotted line and crosses, whereas Expressivity data are plotted with a solid line and
circular markers. For overlapping cluster within right paracentral gyrus of the effect of negative
symptoms on WGC (top two rows), a common peak was selected where amotivation and
expressivity are included on the same plot.

Abbreviations: SPL, Superior Parietal Lobule.
Orientation: Surfaces from left to right: left lateral, right lateral, left medial, right medial, dorsal.
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Interaction between VM and A Expressivity on AWGC and ACT.

Given that no significant associations were found between verbal memory and AAmotivation at
the behavioural level, we did not explore this contrast. No significant regions survived the stringent
threshold for WGC, however results with a relaxed threshold are in Figure 5.2. For CT, both
immediate and delayed recall interacted significantly and uniquely with changes in Expressivity.
The interaction between immediate recall and AExpressivity was significantly associated with
changes in thickness along the left hemisphere ventrally, including the left orbital and medial
frontal, insular, temporal pole, and middle temporal regions. The interaction term between delayed
recall and AExpressivity showed significant effects on the right cuneus/primary visual cortex.
Results are shown in Figure 5.2, along with brain regions that survived correction for multiple
comparisons with a relaxed p-cluster threshold of p=0.01. Plots were generated for regions that
survived correction for multiple comparison with a stringent threshold of p<0.001. Even though
no results survived correction for multiple comparisons with WGC with our stringent threshold,
we also generated two additional plots with WGC data for right retrosplenial cortex and left central
sulcus, to compare the nature of the associations against CT data.

To better visualize the direction of results, patients were divided into two groups based on
their verbal memory performance using a median split, as described in the methods. Specifically,
the groups were broken down as follows: “mild to moderate VM deficits” (N=43; for immediate
recall patients had a z-score higher than -1.15; for delayed recall, patients had a z-score higher than
-0.91) and “high VM deficit” (N=44; for immediate recall, patients had a z-score lower than or
equal to -1.15; for delayed recall, patients had a z-score lower than or equal to -0.91). Note, one
patient had missing verbal memory data at baseline, thus 87 patients were included in this analysis.

Visualization of these groups generally revealed that patients with mild to moderate VM deficits
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(i.e. more preserved VM ability) at baseline drove the positive association between changes in
expressivity symptoms and changes in WGC. For CT, patients with mild to moderate VM deficits
at baseline predominantly drove the negative association between changes in expressivity and

changes in thickness (Figure 5.2).
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Figure 5.2. Interaction between baseline VM and AExpressivity on AWGC and ACT.

Results are RFT-corrected, where blue colours represent significant results cluster-thresholded at
“original” stringent threshold of p=0.001, whereas red/pink colour represent significant results at
a “relaxed” threshold of p=0.01. “Immediate” and “Delayed” labels of left-hand side panel refer
to immediate and delayed recall of verbal memory domain, respectively. Inflated brain is presented
to better visualize results within cortical folds. Selected regions for scatterplots are those that
survived multiple comparisons with the more stringent cluster threshold of p=0.001 for cortical
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thickness data. Although nothing survived correction after stringent correction for WGC analyses,
peaks within left central sulcus and right retrosplenial cortex were plotted to explore the direction
of results with WGC. To better visualize the interaction effect of two continuous variables (rate of
change in expressivity and baseline VM), patients were divided based on low/moderate VM deficit
(purple) and high VM deficit (yellow). Plots separating patients on the basis of immediate recall
are depicted with crosses, and delayed recall with diamonds. Orientation: Surfaces from left to
right: left lateral, right lateral, left medial, right medial, dorsal (with the exception of the third row,
where the last surface is a ventral view).

Results were also generated excluding mean(c) as a covariate; results were largely similar

(Figure 8.6 of Appendix-III). To ensure results in the final analysis were specific to verbal memory,
a general cognitive index was calculated across five domains (i.e. attention, executive function,
speed of processing, working memory, visual memory) and controlled for in analyses, yielding
similar results (Figure 8.7 of Appendix-III). Additional methods pertaining to cognitive data can

be found in captions of Figure 8.7/Table 8.8 of Appendix-III.

Discussion
These results provide insight into the relationship between surface-based brain metrics and two
behavioural domains that contribute strongly to outcome in FEP patients, namely negative
symptoms and VM. Two novel findings emerged: 1) rate of change in expressivity and amotivation
negative symptoms over the two-year period following a FEP are associated with both overlapping
and distinct changes in WGC, and are also associated with changes in left prefrontal regions in
relation to CT; and 2) links between baseline VM and change in expressivity deficits are found
both at the behavioural and neuroanatomical level, where significant interactions on rate of change
over time in neuroanatomy were uncovered, most pronounced with CT.

We also extend a key finding of cortical thinning of the prefrontal cortex in relation to

negative symptoms in psychosis (Galderisi et al. 2015; Walton et al. 2017), a finding that supports
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long-standing evidence that the frontal lobes are key contributors underlying negative symptom
severity (Turetsky et al. 1995; Wible et al. 2001). Importantly, our findings suggest thinning is
more specific to changes in Expressivity over a one to two year period. However, no associations
were uncovered in the prefrontal cortex when examining WGC and negative symptom progression,
suggesting these cortical thinning patterns may be due to neuroanatomical changes within more
superficial layers. This idea is supported by several studies that cortical thinning of superficial
layers as a key biological mechanism underlying altered neuroanatomy of the prefrontal cortex in
schizophrenia (Wagstyl et al. 2016; Lake et al. 2017). Significant associations still emerged
between expressivity deficits and WGC, but within primary sensory and motor regions. Similar
patterns were uncovered with amotivation. We have previously shown that WGC of primary
sensory and motor regions is related to general psychopathology in FEP patients (Makowski,
Lewis, et al. 2019b), and may be related to alterations within the high levels of intracortical myelin
that typically characterize these regions (Glasser and Van Essen 2011). It is possible that the
association between contrast changes in primary sensory and motor regions and negative symptom
severity is not specific to negative symptoms, but could also be related to general positive
symptoms and cognitive deficits more generally. Although there are few studies that have looked
at the neural correlates of expressivity and amotivation separately, one of the key regions that has
emerged in several investigations is that of the association between avolition and activation of the
striatum (Galderisi et al. 2015). Given our conjecture of WGC as a proxy measure of peri-cortical
myelin, putatively tapping into integrity of cortico-cortical and cortico-subcortical connections, it
is interesting to consider this finding in light of potential aberrancies between cortico-striatal

circuitry (Haber 2016).
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A key discovery in our behavioural findings was the stronger association between VM
specifically with Expressivity, as opposed to both negative symptom dimensions. Consistent with
previous literature, we uncovered a negative association between VM performance and negative
symptoms in psychosis cross-sectionally (Hartmann-Riemer et al., 2015). However, when
assessing baseline VM performance against rate of change in symptoms, we identified a
relationship that, at first glance, runs counter to intuition. Namely, it was found that patients with
better VM at baseline (i.e. a mild level of VM deficits, particularly with immediate recall) had
worsening of Expressivity symptoms, a relationship that has largely been unexplored
longitudinally in psychosis. Our results suggest that having less striking VM deficits at intake does
not necessarily protect against progressive changes in Expressivity. Other key cognitive factors,
such as insight, may also contribute to this relationship. Based on previously identified positive
relationships between cognitive insight and VM (Lysaker et al. 2005; Lepage et al. 2008), we can
consider that patients with a better ability to recall stored information are also likely to have lower
self-certainty and more self-reflectiveness (a profile that characterizes high levels of cognitive
insight), which could set the stage for a trajectory of worsening Expressivity as the patient
internalizes their mental illness. It is also important to note that many of the patients included in
this study had an improving course of negative symptoms after the first two years after a FEP,
consistent with a previous study (Lutgens et al. 2019). In this context, several studies have
suggested that negative symptoms can improve in the absence of any change in verbal memory
performance (Nopoulos et al. 1994; Cantor-Graae et al. 1995; Hoff et al. 1999). In a related vein,
we also conducted a supplementary analysis exploring the potential relationship between change
in verbal memory and change in negative symptoms over the first year after a FEP, for a subset of

patients (N=49) for which data were available. No significant association was found, consistent
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with the studies cited above, but it is still possible that more timepoints would be needed to
elucidate such longitudinal relationships. Many studies have suggested that cognition, including
verbal memory, is a set of static traits, as suggested by evidence showing stability of cognitive
performance from the clinical high risk state to transition to psychosis (Green and Harvey 2014;
Carrion et al. 2015). However, future studies are encouraged to further investigate longitudinal
cognition-symptom relationships after psychosis onset; a future direction that our group is
currently investigating as well.

It is also worth discussing the granularity of results with respect to immediate vs. delayed
recall in relation to Expressivity. It has been shown that immediate recall is highly related to
performance on other measures of cognition in schizophrenia (Leeson et al. 2009). Immediate
recall may also have a stronger biological and/or genetic predisposition; deficits in immediate
recall predict conversion to psychosis (Lindgren et al. 2017) and are present in non-affected
siblings of schizophrenia twins (Goldberg et al. 1993). Together, this suggests that immediate
recall may be a more “hard-coded” feature of psychosis compared to retention of information (i.e.
delayed recall), with stronger biological and genetic influences. Further, Expressivity has also been
recently posited to be a more primary negative symptom domain, and less influenced by
environmental factors, such as community resources, compared to Amotivation (Lutgens et al.
2019). Our data present a feasible model whereby Expressivity and immediate recall or verbal
learning may share common etiology and a potential endophenotype of interest for future studies.

More preserved immediate recall abilities contributed to the relationship between
worsening of Expressivity deficits and cortical thinning across higher order language processing
areas in ventral frontal areas and middle/inferior temporal gyri of the left hemisphere, which

contributes to the semantic encoding of language (Saur et al. 2008) and for keeping verbal
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information active in working memory (Smith and Jonides 1999). These areas are subserved by
white matter tracts such as the uncinate and superior longitudinal fasciculi (Friederici 2011), which
have been shown to be disrupted in schizophrenia patients with predominant negative symptoms
(Sigmundsson et al. 2001). With WGC, an interesting relationship also emerged between
expressivity deficits and increases in contrast between patients with different levels of immediate
recall performance within the retrosplenial cortex bilaterally. Although these results were only
significant with a relaxed threshold when correcting for multiple comparisons, the retrosplenial
cortex is interesting to consider in this context as it is a region that has been strongly linked to
memory function (Vann et al. 2009), as well as more recently, to the reinforcement of salient
behavioural cues (Smith et al. 2012, 2018), which is likely to contribute during immediate learning
phases of memory. A previous study has also shown that white matter volume abnormalities exist
within the retrosplenial cortex in schizophrenia patients (Mitelman et al. 2005).

Meanwhile, the interaction between delayed recall and expressivity uncovered regions of
the dorsal language processing stream, namely superior parietal lobule, dorsal primary somato-
motor and premotor areas, which relates more to language production (Saur et al. 2008).
Disruptions in these cortical regions could plausibly support a mechanistic explanation of the
lowered rate of speech production and/or increased psychomotor retardation observed in patients
with expressivity deficits (Cohen et al. 2014; Marder and Galderisi 2017), as well as the necessity
for preserved structure/function of the left posterior dorsolateral prefrontal cortex in delayed
retrieval (Alexander et al. 2003). Our results also did not change when accounting for a general
cognitive index that comprised five cognitive domains. Together, these results suggest that the
relationship between Expressivity deficits and VM may be more closely linked to speech

articulation or language production mechanisms, as opposed to general cognitive abilities.
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It i1s worth noting that WGC and CT are related metrics, but they also tap into different
neurobiological properties (Westlye et al. 2009). WGC may take myelination patterns into account
more strongly than CT, and may shed light on a compartment of the cortex that may be more
amenable to short-term changes (Wenger et al. 2017), which in turn may be a more viable
biomarker target in FEP patient samples as measured on MRI.

Several limitations should be considered. Our model did not capture patients who had a
consistently high or low level of negative symptoms, as well as the distinction between primary
and secondary negative symptoms. These individual patterns of negative symptoms have been
touched upon by some of our previous work (Makowski et al. 2016, 2017), but future
investigations are encouraged to parse apart such trajectories in myelin and/or other
microstructural compartments. The rates of change in both cortical metrics and negative symptoms
should also be interpreted as a proxy measure of negative symptom/cortical change, as subtle non-
linear fluctuations over time are not captured by the measures presented in this manuscript.
Limitations in accurately and objectively assessing negative symptoms should also be considered,
where rater bias may preclude the treatment of Amotivation and Expressivity as completely
independent domains. Automated unbiased assessments of negative symptoms, such as software
that has been developed to assess communication deficits and natural language in patients with
schizophrenia (Cohen and Elvevag 2014), may provide data with higher construct validity in this
respect. It should also be noted that many patients ultimately showed an improvement in negative
symptoms; although this improvement has been reported before in the first two years after a FEP
(Lutgens et al. 2019), we cannot rule out that patients with improvement in negative symptoms
ultimately comprise a subset of patients that are more motivated to participate in longitudinal

studies such as the one described here. With respect to cognitive data, we collected VM from two
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batteries, although examination of the tests and standardization of our data suggests test version
likely did not significantly impact our findings. Our VM data was also limited by the fact that it
was largely cross-sectional; as mentioned, future studies would benefit from studying potential
temporal changes in such cognitive performance after a FEP. Finally, although our patient sample
was largely antipsychotic-naive at the beginning of the study, many of these patients were
prescribed antipsychotic medications. Our exploration of antipsychotic medication on rate of
change in WGC and CT showed no notable effect, however individual medication classes could
have differential effects on gray/white matter (Bartzokis et al. 2009; Szeszko et al. 2014;
Abramovic et al. 2016).

Although further work is needed to clarify the longitudinal relationships between cognition
and negative symptoms, this avenue is promising in understanding domains of psychosis which
have largely gone untreated. These findings may also hold implications for other neurological and
psychiatric disorders characterized by negative symptom presentation and verbal memory deficits.
Given that structural MRI is one of the most commonly used imaging techniques in psychiatric
neuroimaging studies, extracting WGC and CT together may be fruitful in the broader search for

a valid and easy-to-measure biomarker in psychiatry.
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Chapter 6 : Linking hippocampal centrality and verbal
memory to negative symptoms after a First Episode of
Psychosis

PREFACE
The previous manuscript-based chapters have collectively shown that changes within limbic
structure (including the hippocampus) and fronto-temporal cortical structure are associated with
negative symptom presentation. It is clear that many regions within the brain are changing over
time after a FEP and contributing to the prognostic indicators that are of interest in this thesis. This
final manuscript-based chapter builds upon the work presented thus far and investigates the
interplay between hippocampal circuitry and cortical structure using more of a “network-based”
approach, and links with both verbal memory and negative symptom fluctuations after a FEP.
Several methodological advances are presented in this chapter, which address some of the
limitations discussed in Chapters 4 and 5:

1) Longitudinal clinical and cognitive measures were collected, to better understand the
dynamic relationship between changes in negative symptoms and verbal memory.

2) The study design included more closely spaced timepoints and one additional imaging
timepoint to detect subtle changes that may be occurring shortly after a FEP. Thus, instead
of having an interscan interval of ~1 year, as was the case for data in Chapters 4 and 5, the
first interscan interval is only 3 months, followed by 6 month interscan intervals.

3) Multi-modal imaging acquisitions were integrated, collected on a 3-Tesla MRI scanner.
The imaging protocol includes a) a high-resolution sub-millimetric T2-weighted scan was
collected, specifically designed to resolve hippocampal subfields and white matter
structures surrounding the hippocampus, such as the fornix, and b) a quantitative T1 map,

allowing us to disentangle whether microstructural changes in and around the cortex are
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occurring below (i.e. within superficial white matter) or above the gray-white matter
boundary (i.e. intracortically).

The hippocampus has been speculated to be a central component of positive symptoms;
however, its centrality to negative symptoms has not yet been addressed in the field. This chapter
proposes a novel framework by which the hippocampus and associated circuitry is central to the
manifestation of negative symptoms. This work also shows that changes in verbal memory play
an important role in explaining this relationship. This last component provides an additional layer
of novelty, as cognition has often been argued to be a stable component of psychosis; a conjecture
that this chapter urges researchers in the field to re-visit. This work shows that the progressive
nature of brain changes after a FEP affects hippocampal microstructure predominantly, which then

has propagating effects on other cortical networks, and in turn, clinical and cognitive profiles.
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Abstract

The hippocampus and associated circuitry have been posited to be fundamental to positive
symptoms in psychosis, but the hippocampus’ contributions to other factors important for outcome
remains unclear. We test the hypothesis that longitudinal changes in the hippocampal circuit in
relation to co-occurring changes of peri-cortical microstructure are altered in first episode
psychosis (FEP) patients compared to controls, and that such changes are associated with negative
symptoms and verbal memory. Longitudinal brain scans (2-4 visits over 3-15 months) were
acquired for 27 FEP and 29 age-matched healthy controls. Quantitative T1 maps, sensitive to
myelin content, were used to sample the microstructure of the hippocampal subfields and output
circuitry (fimbria, alveus, fornix, mammillary bodies), intracortical (IC) and superficial white
matter (SWM) regions. Co-occurring changes in pair-wise regional trajectories were calculated for
each subject, and graph theory was used to calculate the participation coefficient (PC) to quantify
the similarity/divergence between hippocampal and peri-cortical microstructure. The mean PC of
the hippocampal parcel was significantly reduced in FEP patients compared to controls in the
hippocampal-IC network, driven by differences in output hippocampal regions. Importantly, lower
PC of the hippocampal circuit was associated with worsening negative symptoms, a relationship
that was mediated by changes in verbal memory ability. This study provides evidence for reduced
hippocampal centrality in FEP in relation to co-occurring changes in IC anatomy. The myelin-rich
output regions of the hippocampus may serve as an important therapeutic target in early psychosis,

with cascading effects on broader cortical networks and resultant clinical profiles.
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Introduction

The hippocampus and associated circuitry have been consistently implicated in the emergence of
psychosis (Tamminga et al. 2010, 2012; Samudra et al. 2015). Recent evidence suggests the
hippocampus is positioned as a key convergence zone for cortical regions in the human brain
(Misi¢ et al. 2014). A better understanding of the role of the hippocampus within broader
neocortical networks in psychosis may shed light on the highly replicated finding and robust effect
size of hippocampal structural abnormalities across the psychosis spectrum compared to healthy
controls (Harrison 2004; Narr et al. 2004; Mathew et al. 2014; Hibar et al. 2016; van Erp et al.
2016).

Beyond positive symptoms, the dense connections of the hippocampus and output circuitry
(forming the Papez circuit (Papez 1937)) to other cortical regions suggest a plausible role of the
hippocampus in the manifestation of other functionally important clinical symptoms that have a
paucity of effective treatments in early stages of psychosis, namely verbal memory deficits and
negative symptoms (Hovington et al. 2013; Jordan et al. 2014). Our group and others have
previously shown cross-sectional associations between negative symptoms and verbal memory
(Cirillo and Seidman 2003; Makowski, Lewis, et al. 2019a), but the dynamic interrelationship
between these two variables remains unclear. Several authors have proposed a model in which
impaired cognition, including verbal memory deficits, may give rise to negative symptoms;
specifically, it has been proposed that cognition equips individuals with the capacity for task
performance, and motivation (impaired in patients with negative symptoms) impacts an
individual’s willingness to carry out such tasks. In turn, impairments in both of these domains

contribute to patient functional outcome (Foussias et al. 2014; Jordan et al. 2014).
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The presentation of negative symptoms and verbal memory deficits may be subserved by
the connections of the hippocampus to the cortex both proximally, i.e. to the medial temporal lobe
(Bird and Burgess 2008), and more distally, i.e. to the prefrontal cortex (PFC) (Godsil et al. 2013).
Corroborating this, relationships between negative symptoms and hippocampal-cortical anatomy
have previously been reported (Takayanagi et al. 2013; Bernasconi et al. 2015). Investigating the
microstructure between neocortical regions and fine-grained structures of the hippocampus (e.g.
subfields) may elucidate some of these mechanisms. Recent advances in magnetic resonance
imaging (MRI) have allowed for quantitative measurement of such meso-structures in vivo
(Pipitone et al. 2014; Ho, Holt, et al. 2017; Amaral et al. 2018; Baglivo et al. 2018; Tardif et al.
2018), offering an unprecedented opportunity to investigate the contribution of individual
hippocampal components that may be dysfunctional around psychosis onset.

Applications of graph theory to brain imaging have allowed researchers to derive summary
metrics of the inter-relationships between brain regions, i.e. the connectome, and thereby provide
a novel perspective on brain organization in psychotic disorders (Rubinov and Sporns 2010; van
den Heuvel et al. 2010; Palaniyappan et al. 2016; Das et al. 2018). Of relevance to the current
investigation, a recent study probed the organization of networks of the anterior/posterior
hippocampus derived from resting-state functional MRI in schizophrenia in relation to cortical
regions subserving memory function (Avery et al. 2018). That study found that patients had
significantly more sparse, or less modular, organization of the hippocampus compared to healthy
controls, and this was related to relational memory function. However, to our knowledge, there are
no studies using graph theoretical applications using longitudinal neuroimaging data in the early
phases of psychosis, which has recently been encouraged in the field (Collin and Keshavan 2018).

In our previous work with first episode of psychosis (FEP) patients, we have described
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changes in cortical white-gray matter contrast, a putative marker of peri-cortical myelin,
underlying verbal memory deficits and negative symptoms (Makowski, Lewis, et al. 2019a,
2019b). In this study, we aim to bridge these findings to better understand the similarity or
divergence in hippocampal microstructure to cortical anatomy. We adapt a previous method from
our group, namely co-occurring anatomical changes (Khundrakpam et al. 2017), to investigate
whether co-occurring microstructural changes between the hippocampal circuit and the cortex are
altered in FEP patients compared to controls. To do so, we use a graph measure of centrality,
namely the participation coefficient (Rubinov and Sporns 2010), to assess the degree of co-
occurring anatomical changes between hippocampal and peri-cortical microstructure. We
hypothesize that patients will have reduced coupling between the hippocampal circuit and cortex,
particularly driven by output hippocampal structures, such as subfield CA1 and fornix. At the
behavioural level, we aim to extend previous cross-sectional findings and better elucidate the
dynamic inter-relationship between negative symptoms and verbal memory deficits shortly after a
FEP. If such a relationship exists, we hypothesize that hippocampal centrality will act as a mediator
between verbal memory deficits and negative symptom severity. This would offer a meaningful
biological mechanism for the proposed framework of cognitive deficits influencing negative

symptoms.
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Methods

Subjects.

Patients were recruited from the Prevention and Early Intervention Program for Psychosis (PEPP-
Montréal) at the Douglas Institute in Montreal, Canada, and were part of an ongoing longitudinal
naturalistic outcome study. Details of PEPP-Montréal are outlined elsewhere (Iyer et al. 2015).
Inclusion criteria at PEPP include a diagnosis of non-affective (e.g. schizophrenia, schizoaffective)
and affective (e.g. bipolar, depression with psychotic features) psychosis, 1Q>70, and limited
(maximum 1 month) to no previous exposure to antipsychotic medication. Patients recruited to
PEPP (ages 18-35) were invited to take part in a neuroimaging study, comprising four timepoints
(baseline, 3/9/15-month follow-ups), with clinical and cognitive data collected concurrently. Non-
clinical age-matched healthy controls were recruited through advertisements within the same local
catchment area under the same four-timepoint protocol. All participants provided written informed
consent, and the research protocol was approved by the Douglas Institute human ethics review
board. Twenty-seven patients (Male, N=18) and 29 healthy controls (Male, N=12) had at least two

usable scans and were included in this study.

Negative symptoms and verbal memory data.

The relationship between negative symptoms and verbal memory was assessed longitudinally.
Two patients were missing clinical/cognitive data, leaving N=25 for this analysis. Negative
symptoms were assessed using the Scale for the Assessment of Negative Symptoms (SANS)
(Andreasen 1984a), which has been shown to have good inter-rater reliability (k=0.71) at PEPP-
Montreal (Jordan et al. 2018). Item-level scores, excluding the Attention subdomain (Peralta and

Cuesta 1999; Malla, Takhar, et al. 2002b), were summed for each patient per timepoint. To assess

187



rate of change in symptoms over time, a linear model was fit to each subject’s longitudinal SANS
data, where the slope represented a single metric of change over time in symptoms. Verbal memory
was assessed for both FEP patients and healthy controls with the Logical Memory subtests of the
Wechsler Memory Scale-Fourth Edition (WMS-IV) (Wechsler 1997; Weschler 2009). Scaled
scores for immediate recall (Logical Memory I) and delayed recall (Logical Memory II) were
averaged to obtain a global score of memory recall performance. Similarly as with negative
symptoms, a single longitudinal score was derived for each participant, by calculating the rate of

change in verbal memory performance over available timepoints.

MRI acquisition.

All participants underwent MRI scanning on a 3T Siemens Magnetom Trio scanner at the Brain
Imaging Center at the Douglas Institute. Anatomical MRI acquisitions are comprised of a T1-
weighted MPRAGE sequence (repetition time [TR] = 2300ms, echo time [TE] = 2.98ms, field of
view [FOV] = 256mm, voxel size = Imm?, 192 slices, flip angle = 9°, scan time ~5 minutes), a
high-resolution T2-weighted image to capture detailed hippocampal subfield information (TR =
2500ms, TE = 198ms, FOV = 206mm, voxel size = 0.64mm?, 320 slices, scan time ~10 minutes),
and an MP2RAGE sequence (Marques et al. 2010), which includes a quantitative T1 (qT1) map,
serving as a proxy measure of myelin content (TR=5000ms, TE=2.01ms, first T1=700ms, second
T1=2500mm, first flip angle=4°, second flip angle=5°, FOV 256mm, voxel size Imm?, 176 slices,
scan time ~9 minutes). The MP2RAGE acquisition combines two different images acquired with
slightly different inversion times, to diminish the spatial inhomogeneities typically caused by the
transmit B field, and allows for quantification of bias-free T1 relaxation times (Marques et al.

2010). Slight deviations to this protocol were acquired in a subset of scans included in the analysis,
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which are detailed in Appendix-IV.

MRI processing.
Please see Figure 6.1 for a visualization of the image processing and analysis workflow, which

are described in detail in the sections below.
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L. Imaging measures and sampling of qT1 map
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Figure 6.1. Image processing workflow.
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Step 1: Sampling of qT1 map of MP2RAGE sequence for hippocampal-white matter circuit labels
from MAGeT (left) and cortical surfaces (4 intracortical [IC] + 1 superficial white matter [SWM];
right). For the hippocampal-white matter regions of interest (ROIs), a mean qT1 value was
obtained for each label. For cortical surfaces, a qT1 value was sampled at each of 81 924
points/vertices along the surface. For intracortical microstructure, qT1 was then averaged at 35-
45-55-65% cortical depths across linked vertices.

Step 2: Definition of individual ROIs: 18 regions of hippocampal-white matter circuit, and 62 DKT
regions for cortical surfaces. Colours of text of 18 hippocampal-white matter regions correspond
to colour of labels used in left-hand side image of Step 1.

Step 3: Calculation of Coordinated Coupling Index (CCI), adapted from Khundrakpam et al
(2017). Note, each subject has two different matrices: one includes hippocampal-white matter and
IC qT1 coordinated coupling indices; another includes hippocampal-white matter and SWM qT1
coordinated coupling indices. In this schematic, i and j represent two different ROIs, and the
numbers reflect timepoints. First, the slope or rate of change in qT1 between timepoint # and #, is
calculated. The same is done for region j. The cosine of the theta (0) angle defining the difference
between these two slopes is then calculated, representing the CCI for participants that contributed
two timepoints only. For participants with more than two timepoints available (i.e. > and 3, and #
and #4), this calculation is repeated and the product of the cosine of the 6 angle of change between
consecutive timepoints defines the CCI.

Step 4: Graph theory was applied to each individual’s CCI matrix. Specifically, participation
coefficient was calculated for each ROI, using the Brain Connectivity Toolbox (Rubinov &
Sporns, 2010). The equation for participation coefficient is depicted in step 4, where y; is the
participation coefficient for each node i, contained within a particular parcel p. P represents the
entire set of parcels, and 4; represents the degree or number of links for each node i. Parcels were
defined a priori; one parcel included the 18 ROIS of the hippocampal-white matter circuit, and the
7 other parcels were based on functional networks (Rubinov & Sporns, 2010) defined by Yeo et
al (2011). These 8 parcels are shown in Figure 8.9 of Appendix-IV. For this manuscript, the
participation coefficient of the hippocampal-white matter circuit was the primary parcel of interest
and is represented by the green parcel in the bottom-right hand side of the figure.

Hippocampal labels. Pre-processing of T1- and T2-weighted images was carried out using the

minc bpipe library (https://github.com/CobralLab/minc-bpipe-library). First, high-resolution T2-

weighted images were N4 bias field corrected (Tustison et al. 2010). Next, T1-weighted images
were linearly registered to MNI space and cropped. The resultant bounding box of the T1-weighted
image was then applied to the T2-weighted image. Pre-processed T2-weighted images were
submitted to the Multiple Automatically Generated Templates (MAGeT)-Brain algorithm

(https://github.com/CobralLab/MAGeTbrain) (Chakravarty et al. 2013; Winterburn et al. 2013;
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Pipitone et al. 2014; Amaral et al. 2018) to extract hippocampal subfields (cornu ammonis [CA]
1, CA2/3, CA4/dentate gyrus [DG], subiculum, and molecular layer) and surrounding white matter
structures (alveus, fimbria, fornix, mammillary bodies). This technique utilizes five high-
resolution atlases from healthy adults that have been manually segmented

(https://github.com/Cobralab/atlases/hippocampus-whitematter/). = Extensive  validation of

MAGeT has been done previously (Pipitone et al. 2014; Makowski et al. 2018). As listed above,

this atlas yields 18 hippocampal-white matter labels (9 per hemisphere) per subject.

Sampling of the qT1 map for hippocampal labels. T2-weighted images were affinely registered to
MP2RAGE UNI scans (Imm?), and the transforms were applied to the hippocampal labels. Mean
qT1 values for each hippocampal subfield and white matter label were then sampled for each

participant from the MP2RAGE qT1 map. See step 1 of Figure 6.1.

Generation of Cortical Surfaces. Raw T1-weighted images were submitted to the CIVET pipeline

(Version 2.1.0: http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET) for extraction of gray and

white matter surfaces. Main processing steps include: 1) Registration of T1-weighted images to
standardized space (Collins et al. 1994), upsampling images to 0.5x0.5x0.5mm, and correction for
non-uniformity artefacts (Sled et al. 1998); 2) segmentation of gray, subcortical gray and white
matter, and cerebral spinal fluid (Zijdenbos et al. 2002; Tohka et al. 2004); 3) extraction of the
white matter surface using a marching-cubes algorithm and extraction of the gray matter surface
using the CLASP algorithm (Kim et al. 2005); and 4) surface registration to a template for inter-
subject correspondence (Lyttelton et al. 2007). For a subset of subjects, an in-house blood vessel

mask was used, for cases where blood vessels significantly impacted the quality of gray and white
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matter surfaces output by CIVET. As described previously (Lewis et al. 2018), a distance map
relative to the white surface provided by CIVET was created at 0.25x0.25x0.25mm resolution,
smoothed with a 0.5mm FWHM Gaussian kernel, and used to create a gradient vector field of the
distance map. Down-sampling and smoothing was done prior to creation of the vector field, due
to the fact that at low resolution, some regions (particularly at the tips of gyri) have very thin white
matter. From here, five additional surfaces were generated: one was moved 1mm inward along
this gradient vector field to produce a superficial white matter (SWM) surface, and the others were
generated at 35-45-55-65% cortical depths between the pial and white matter surfaces, comprising
intracortical (IC) surfaces. Surfaces below 35% or over 65% cortical depths were not considered

to avoid partial volume effects (Niirnberger et al. 2017).

Sampling of qT1 maps for cortical surfaces. The MP2RAGE qT1 map was upsampled to
0.5x0.5x0.5mm and registered to stereotaxic space. Finally, the qT1 map was sampled along
81,924 vertices for each of the five surfaces described above (1 SWM, 4 IC). See step 1 of Figure
6.1. The resulting surface maps were smoothed with a 20mm FWHM Gaussian kernel and qT1
values at linked vertices across the four IC depths were averaged to mitigate the effects of noise,
yielding one value per vertex to summarize IC microstructure. See Appendix-IV for quality control

methods for hippocampal labels and cortical surfaces.

Calculating pairwise co-occurring change in anatomy. The Desikan Killiany-Tourville (DKT)
atlas was used to parcellate the brain into 62 regions (Klein and Tourville 2012). DKT regions are
listed in Table 8.10 of Appendix-IV and a schematic is included in step 2 of Figure 6.1. Subject-

specific matrices based on co-occurring changes in anatomy were created, based on methods
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presented in Khundrakpam et al (2017). To create these matrices, the theta (0) angle of separation
was calculated between the qT1 rates of change of any two brain regions between each pair of
timepoints. The cosine of the O angle was then calculated to normalize values between 0 and 1.
For participants with more than one consecutive pair of timepoints, the cosine of the pair-wise O
angle was multiplied. Thus, subject-specific matrices reflected the coordinated change between all
possible pairs of regions, based on pairwise cosine similarity values derived from the slopes of
linear changes in qT1 in an 80x80 matrix. Finally, a cumulative distribution function (CDF) kernel
was applied to enhance the contrast between real and spurious links for each matrix, as described
in Khundrakpam et al (2017). The final co-occurring change matrices were generated for both
hippocampal-IC and hippocampal-SWM measures, hereafter referred to as HC-IC and HC-SWM

networks, respectively. Please see step 3 of Figure 6.1.

Graph theory application: participation coefficient of hippocampal parcel. To determine whether
the hippocampal circuit has altered centrality in relation to other cortical parcels in FEP patients,
we labeled the 62 DKT regions into 7 functional networks based on Yeo et al. (2011). This
approach was motivated by recent methods presented by Baum et al. (2017) in a
neurodevelopmental cohort. It has also been shown that these 7 functional networks show high
modularity and provide a strong fit to structural connectivity data (Baum et al. 2017). Hippocampal
subfields and output white matter were then defined as a separate parcel. See Figure 8.9 of
Appendix-1V for a visualization of node assignment. The Brain Connectivity Toolbox (brain-

connectivity-toolbox.net) in Matlab was used to calculate the participation coefficient of each

parcel (Rubinov and Sporns 2010). The participation coefficient reflects the distribution of co-

occurring changes between a particular set of nodes in a given parcel and nodes of other parcels.
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In other words, a node with a high participation coefficient suggests that node has higher between-
parcel than within-parcel covariance. See step 4 of Figure 6.1. A participation coefficient was
derived for each of the 80 nodes, as well as an average participation coefficient for each of the

eight parcels.

See Box 1 for a summary of key neuroimaging and graph theory terms used in this paper.

Box 1.

Co-occurring change index (CCI): cosine similarity of longitudinal changes in qT1 values
between pairs of regions. Indices are obtained for each possible pair of regions to form a
subject-specific matrix of co-occurring change

HC-IC network: co-occurring change matrices including pair-wise relationships between
qT1 values of the hippocampus (HC) and intracortical (IC) regions

HC-SWM network: co-occurring change matrices including pair-wise relationships
between qT1 values of the hippocampus (HC) and superficial white matter (SWM) regions

Hippocampal centrality: participation coefficient based on the cosine similarity of
longitudinal changes in qT1 values

Hippocampal parcel: a parcel comprising 9 regions per hemisphere of the hippocampal-
white matter circuit (i.e. CA1, CA2/3, CA4/DG, subiculum, molecular layer, alveus, fimbria,
fornix, mammillary bodies)

Neocortical parcels: 7 non-overlapping parcels comprising regions within the following
networks: limbic, frontoparietal control, default mode, somatomotor, dorsal attention,
ventral attention, and visual

Node: a brain region within a graph

Parcel: a set of brain regions within a graph, sometimes referred to as a “module” in the
literature

Participation Coefficient (PC): a graph measure reflecting the distribution of co-occurring
changes between a particular set of nodes in a given parcel and nodes of other parcels
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Statistical analyses.

Demographic and clinical data. Demographic and clinical variables were analysed with
independent sample t-tests and Mann-Whitney U tests for normally and non-normally distributed
data, respectively. We tested for associations between rates of change in negative symptoms and
logical memory scores in FEP patients with Pearson correlation coefficients. Given that the scaled
scores of the logical memory score are already adjusted for age and sex, we did not covary for
these variables in our behavioural analysis. Analyses of behavioural and clinical variables were
conducted using PASW Statistics 21 (SPSS inc., 2009, Chicago, IL, USA) and were two-tailed

with a critical p-value of 0.05.

Group differences in co-occurring change matrices. The mean of subject-specific co-occurring
change matrices were derived for each group (i.e. FEP patients and healthy controls) to compare
whether there were group differences in coordinated coupling of qT1 values across the brain, for
both HC-IC and HC-SWM networks. Co-occurring change matrices were compared between
groups by converting coupling metrics (i.e. the cosine similarity score, in the range of 0 to 1) to z-
scores using a Fisher transformation and comparing the differences to a normal distribution to
obtain p-values. P-values were thresholded using a two-stage false discovery rate (FDR)
correction, which limits the false-positive rate for a family of hypothesis tests below 0.05
(Benjamini et al. 2006). This approach was used over the traditional FDR correction (Benjamini
and Hochberg 1995), as it has been shown to better account for both independent and positively
dependent correlations. Only the lower triangle of the thresholded matrices (i.e. non-duplicate pairs
of regions) were considered when reporting significant pairwise correlations. Therefore, for the

hippocampal and DKT parcellations, a total of 3160 (80x79/2) tests were conducted. Results were
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visualized with BrainNet Viewer (Xia et al. 2013). Supplementary analyses were also conducted
to assess group differences in qT1 values of the hippocampal circuit and within SWM and 1C

regions across the cortical surface.

Group differences in hippocampal Participation Coefficient (PC). Mean PC values of the
hippocampal parcel across hippocampal nodes were derived per subject for both HC-IC and HC-
SWM networks, and adjusted for age and sex. Possible relationships with mean antipsychotic
medication dosage and PC were tested, to see whether medication should be covaried for. Average
antipsychotic medication exposure was found to be non-normally distributed; thus a square root
transform was applied to the data. The p-value threshold of significance was Bonferroni-corrected
with p=0.05/2. Post-hoc tests were conducted to identify the hippocampal subregion that

contributed to significant group differences.

Control analysis: testing centrality of default mode and ventral attention networks. To ensure that
our results were specific to centrality of the hippocampal parcel, and not to another parcel, the
same analyses were conducted testing group differences in PC and relationships with changes in
verbal memory/negative symptoms of the default mode and ventral attention networks. Both of
these networks have been shown to be robustly altered in patients with psychosis (Bluhm et al.

2007; Palaniyappan, Simmonite, et al. 2013).

Relationship between negative symptoms and verbal memory deficits. The interaction of changes

in negative symptoms and verbal memory on mean hippocampal PC was tested, contingent on

whether results were significant in the behavioural analysis above. Relationships between changes
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in these two variables and mean hippocampal PC of HC-IC and HC-SWM networks were tested
separately with Pearson correlations. The p-value threshold of significance was Bonferroni-
corrected with p=0.05/2. Post-hoc tests were conducted to determine which node within the
hippocampal parcel contributed to significant group differences. To test whether results were
specific to negative symptoms, associations with change in positive symptoms (measured by the
SAPS) were also tested.

Mediation analysis. A mediation analysis using the causal steps strategy (Baron and Kenny 1986;
Preacher and Hayes 2008) was employed to test whether HC centrality, as measured by the mean
PC of the hippocampal parcel in HC-IC and HC-SWM networks, mediates the relationship
between rate of change in verbal memory and rate of change in negative symptoms. Another model
was also explored whereby changes in verbal memory served as the potential mediator between
HC centrality and changes in negative symptoms, if the first did not meet criteria for the causal

steps strategy.

Results

Sample.

Demographic and clinical/cognitive data can be found in Table 6.1. The final sample comprised
27 FEP patients (Male, 18) and 29 healthy controls (Male, 12) with longitudinal neuroimaging
data. For patients, 15 contributed two timepoints, 6 contributed three, and 6 contributed four
timepoints. For controls, 9 contributed two, 7 contributed three, and 13 contributed four
timepoints. As can be seen in Table 6.1, there was a trend for males to be more represented in the
FEP group; sex was thus covaried for in all group analyses. Patients had significantly less years of

education, lower performance 1Q and lower scores on logical memory (defined as the average
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between immediate and delayed recall scaled scores). Patients and controls did not differ in age or

verbal 1Q, or rate of change in logical memory scores. For patients, baseline scans were acquired

approximately 2.2 months (standard deviation: 0.9 months) after entry to the PEPP clinic. Mean

interscan intervals were as follows: 4.00 months (SD=0.76) between baseline and second scan,

6.04 (SD=0.62) between second and third scans, and 6.09 (SD=0.35) between third and fourth

scans. Additional information on the final sample and excluded participants can be found in

Appendix-IV.

General
Measures

Male
Right Handed
Diagnosis’

Schizophrenia
Spectrum

Affective Disorder

Psychosis Not
Otherwise Specified

Age at Baseline
Education in Years*
Socioeconomic Status
Performance 1Q*
Verbal 1Q

Logical Memory*

SANS

SAPS

Duration Untreated
Psychosis (weeks)?
Duration Untreated
IlIness (years)

Baseline scan past
clinic entry (months)

FEP
N=27

18
22

Mean
23.4

12.70
2.9 [25]
102.50
101.40
6.8

12.2 [26]
18.3 [26]
19.8 [25]
Median: 2.4
401.8 [25]
Median: 399.6

2.2

Y%
66.7

81.5

222
SD
35
2.60
1.00
14.10
13.00
2.9
9.00
17.10
31.50
313.60

0.90

Controls
N=29

N %
12 414
29 100
Mean SD
25.1 4.1
14.2 1.90
33 1.10
111.3 7.8
105.6 10.9
10.4 2.7

Statistic
X¥=3.6

Statistic
t=1.6

t=2.6
U=277.5
t=2.8
t=1.3
t=4.8

df

p-value
0.06

p-value
0.1

0.01
0.1
0.007
0.2
<0.001

Longitudinal
Measures

ALogical Memory
ASANS
ASAPS

Avg CPZ equivalents
(daily dose in mg)

Mean
2.7 [26]
-12.7[25]
-24.5[25]
192.6

SD
5.30

17.0
384
194.5

Table 6.1. Demographics and clinical information.

Mean
2.5

SD
4.0

Statistic
t=-0.2

df
53

p-value
0.9
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For patients, 15 contributed two timepoints, 6 contributed three, and 6 contributed four timepoints.
For controls, 9 contributed two timepoints, 7 contributed three, and 13 contributed four timepoints.
General Information reflects measures at baseline. All variables present for both FEP patients and
healthy controls were compared with an independent sample t-test, except for socioeconomic
status (SES), where the non-parametric Mann Whitney U test was used. Adjusted degrees of
freedom are presented for performance IQ, as the two groups did not have equal variance.
Variables with significant group differences (p<0.05) are bolded with an asterisk. Square brackets
reflect altered sample size for cases where individual patient data was missing. Note that for
ASANS/SAPS (measuring negative and positive symptoms, respectively), a mean negative score
indicates that patients’ symptoms generally improved. A mean positive score for ALogical
Memory (indexing average change in immediate and delayed recall) indicates a general
improvement.

! One patient missing diagnosis.

2 One patient initiated antipsychotic medication use 9 weeks prior to their FEP, thus their DUP is
technically “-9 weeks”. This value influences the median quite markedly in this dataset. Removing
this participant yields a mean DUP of 21.0 weeks and a median of 4.5 weeks.

Verbal memory and negative symptom relationships.

Generally, patients had an improving course of negative symptoms (Mean=-12.7, SD=9.0) and
verbal memory performance (Mean=2.7, SD=5.3) over the 4 to 16-month time window
investigated. Rates of change in immediate and delayed recall were significantly and positively
correlated with each other (r=0.92, p<0.001). Thus, verbal memory performance in this manuscript
refers to the average scaled score of immediate and delayed recall from the logical memory subtest
of the WMS-IV. We found a significant relationship between rate of change in verbal memory and
change in negative symptoms, whereby greater improvement in verbal memory performance
(average of immediate and delayed recall) was associated with improvement in negative symptom

severity (r=-0.59, p=0.018).

Group differences in co-occurring change matrices.
Two sets of co-occurring change matrices were compared between patients and controls. For HC-

IC, 280 pair-wise regions out of 3160 possible pairwise comparisons (FDR-corrected, p<0.05) had
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significantly different co-occurring change indices in patients compared to controls (Figure 6.2).
For HC-SWM, significant pairwise differences were found for 192/3160 pairwise comparisons
(FDR-corrected, p<0.05) (Figure 6.2). For both sets of results, patients showed both increased and
decreased coupling between regions compared to controls across widespread brain regions, both
within and across hemispheres. There were also notable patterns of altered coupling within the
hippocampal circuit, as can be seen by the dense pattern of differences in the bottom right of the
matrices shown in Figure 6.2. See Appendix-1V for group differences in qT1 values of the above-
mentioned measures. In summary, higher qT1 was found in FEP patients compared to controls
within the alveus and fornix bilaterally, and left CA4/DG and molecular layer (uncorrected
p<0.05), although these findings did not survive correction for multiple comparisons (Table 8.11
of Appendix-IV). Increases in qT1 were also found along the cortical surface, particularly in SWM

underlying the left insula and temporal lobes bilaterally (Figure 8.10 of Appendix-1V).
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FEP>Control
FEP<Control

Figure 6.2. Group differences in coordinated coupling matrices.

Left-hand side, Group differences in Hippocampal-Intracortical (HC-IC) network.

Right-hand side, Group differences in Hippocampal-Superficial White Matter (HC-SWM)
network. Top panel, FDR-corrected matrices, of significant pair-wise group differences in
coordinated coupling between regions. Dark gray square surrounds regions of the hippocampal
circuit. Bottom panel, visualization of significant results portrayed in matrices with BrainNet
Viewer. Nodes are coloured by network (hippocampal circuit + 7 functional networks). Width of
lines reflect strength of pair-wise group difference. Warm colours/yellow reflects pair-wise
differences that show increased coupling in FEP compared to controls. Cool colours/blue reflects
pair-wise differences that show decreased coupling in FEP compared to controls.

Group differences in PC of the hippocampal parcel.
The mean PC of the 18 regions included in the hippocampal parcel was compared between groups.

Patients had significantly lower PC compared to controls in the HC-IC network (F15,=9.92,
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p=0.003), and nominally lower PC compared to controls in the HC-SWM network (F15,=5.12,
p=0.028). All analyses hereafter will thus only consider the PC values extracted from the HC-IC
network. Post-hoc tests were then applied to individual hippocampal regions to determine which
node(s) within the hippocampal parcel contributed to the lower PC in patients compared to
controls. Ten of the 18 regions were found to be significant (p<0.05): CAl, alveus and fornix

bilaterally; left CA2/3, subiculum and mammillary body; and right fimbria. See Figure 6.3.
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Figure 6.3. Group differences in hippocampal PC.

Top panel shows boxplots overlaid on a scatterplot of the data. For the boxplots, the red line
denotes the mean, light blue boxes are the 95% confidence intervals, dark blue boxes represent 1
standard deviation, and gray dots are individual data points. The group differences in PC of the
hippocampal circuit derived from the HC-SWM network did not survive correction for multiple
comparisons. Bottom panel shows results of post-hoc tests applied to the PC of individual regions
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making up hippocampal circuit within the HC-IC network. Ten of the 18 regions were found to
have significantly lower PC in patients compared to controls (p<0.05). Significant regions are
listed at the bottom left, and the colour of the text matches the colour of the region in the MRI-
visualization of regions making up the hippocampal circuit. MRI labels on left hemisphere taken
from a control included in the study.

Control analysis: group differences in PC of the default mode and ventral attention networks.

No significant group differences in mean PC of the default mode network in relation to coordinated
coupling within the HC-IC network (F1,52=0.58, p=0.45), nor the HC-SWM network (Fi,5,=0.25,
p=0.62) were found. Similarly, no group differences were found in the PC of the ventral attention
network (HC-IC: Fi5=0.44, p=0.61; HC-SWM: Fis5=1.21, p=0.28). See Figure 8.10 of

Appendix-IV.

Brain-behaviour relationships in FEP patients.

Associations between the PC of the hippocampal parcel from the HC-IC network and rates
of changes in negative symptoms and verbal memory were evaluated. First, given the significant
association between rate of change in negative symptoms and verbal memory as reported above,
the interaction between these two variables was assessed against the mean PC of the hippocampal
parcel. The overall model, including age and sex as covariates, was not significant (F1,10=1.56,
p=0.22); the interaction term was also not significant (t=0.49, p=0.63). We did not covary for
antipsychotic medication* in this analysis as we found no association between the hippocampal
PC from the HC-IC network and medication (r=-0.0087, p=0.97).

Next, rate of change in negative symptoms and verbal memory were assessed separately

against hippocampal PC. For rate of change in negative symptoms, a significant negative

4 Calculated as average daily dose across the study time period in chlorpromazine equivalents,
multiplied by medication adherence
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association emerged (r=-0.44, p=0.029), such that improvement in negative symptoms was
associated with a higher mean hippocampal PC. For verbal memory, a significant positive
association emerged (r=0.40, p=0.045), such that a more positive slope of verbal learning was
associated with a higher mean hippocampal PC. No significant association was found between the
hippocampal PC and change in positive symptoms (r=-0.022, p=0.92).

Post-hoc tests were then applied to assess the relationship between change in negative
symptoms and change in verbal memory against individual hippocampal regions, restricting
analyses to the regions that were uncovered above with significant group differences. These results
are displayed in Table 6.2. With respect to change in negative symptoms, significant negative
associations were found with the PC of the right fimbria and left mammillary body (p’s<0.05). For
change in verbal memory, significant positive associations were found with the PC of the left

alveus and right fimbria (p’s<0.05).

A Negative Symptoms ! A Verbal Memory
HC Node Left Right Left Right
CAl -0.1 -0.21 0.26 0.29
CA2/3 -0.24 0.2
CA4/DG
Subiculum -0.21 0.29
Molecular layer
Alveus -0.38 -0.27 0.46 0.34
Fimbria -0.44 0.34
Fornix 0.073 -0.34 -0.17 0.41
Mamm Body -0.53 0.37

Table 6.2. Brain-behaviour analyses.

Correlations between participation coefficient of the hippocampal-white matter parcel (adjusted
for age and sex) in the HC-IC network and changes in negative symptoms and verbal memory.
Analyses were restricted to hippocampal nodes that showed significant post-hoc group differences.
Statistics in the table are Pearson r-correlations, and significant relationships with p<0.05 are
bolded in the table.

205



Control analyses: no brain-behaviour relationships with default mode and ventral attention
networks.

The above relationships were not found between the PC of the default mode network of the HC-
IC network and rate of change in negative symptoms (r=-0.21, p=0.32), nor rate of change in verbal
memory (r=-0.086, p=0.72). Similarly for the ventral attention network, no associations were
found between this network’s PC in the HC-IC network and rate of change in negative symptoms

(r=-0.046, p=0.83), nor rate of change in verbal memory (p=-0.025, p=0.91).

Mediation analysis: modeling verbal memory, negative symptoms, and hippocampal centrality.

Given that rate of change in negative symptoms, rate of change in verbal memory, and
hippocampal PC in the HC-IC network (i.e. “HC centrality”) were all significantly related to each
other, a mediation analysis was carried out to better understand how these variables interact and
predict rate of change in negative symptoms. Negative symptoms were chosen as the dependent
variable as opposed to verbal memory, given past evidence that suggests verbal memory is more
stable across psychosis stages, i.e. verbal memory deficits are already present prior to psychosis
onset, whereas symptom severity tends to fluctuate more. The first model we tested placed HC
centrality as the mediating variable between change in verbal memory and negative symptoms,
but this model did not meet criteria for the causal steps strategy of mediation analysis (Baron and
Kenny 1986; Preacher and Hayes 2008). Instead, our mediation analysis suggested that verbal
memory serves as the mediator between HC centrality and rate of change in negative symptomes.

See Figure 6.4 for a schematic of this model with relevant statistics.
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A Verbal Memory

Path a: Path b:
t=2.12, p=0.045 t=-3.53, p= 0.002
B=0.41 p=-0:59

Path c:
t=-2.33, p=0.029
B=-0.44

HC Centrality " A Negative Symptoms

t=-1.30, p=0.21
B=-0.24

Figure 6.4. AVerbal memory mediates the relationship between HC centrality and A negative
symptoms.

Path b remains significant when controlling for HC centrality (r=-0.506, p=0.012; df 22). There
are two statistics shown for Path ¢, denoting the relationship between HC centrality and A negative
symptoms. Path ¢ shows a significant relationship between HC centrality and change in negative
symptoms, not accounting for impact of verbal memory. Path ¢’ between HC centrality and change
in negative symptoms is no longer significant when taking into account A verbal memory,
indicating that A verbal memory statistically mediates the relationship between hippocampal
centrality and A negative symptoms. Note that hippocampal centrality denotes the mean PC of the
hippocampal parcel in the HC-IC network, adjusted for age and sex.

Discussion

The current investigation provides novel evidence for reduced longitudinal coupling between
microstructure of the hippocampus and broader cortical regions after psychosis onset. Our results
demonstrate the important role of the hippocampal circuit (i.e. subfields and surrounding white
matter) underlying the trajectory of negative symptoms after a FEP; a relationship which is
mediated by changes in verbal memory. Our results suggest that changes in putative myelin content
within the hippocampus relate to changes in microstructure intracortically in healthy controls (as
observed by higher PC); the lower PC observed in FEP, which we have interpreted as decreased
hippocampal centrality, suggests increased divergence of the hippocampal circuit from other
cortical regions, particularly in patients with a worsening course of negative symptoms and verbal

memory.
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Our results suggest some degree of tissue specificity, where reduced hippocampal
centrality in FEP patients compared to controls was more pronounced when examining
coordinated coupling between the hippocampus and IC microstructure, rather than SWM. Our
findings suggest that alterations in coordinated coupling between the hippocampus and cortical
microstructure may be most strongly reflected by the myelin composition of white matter fibers
terminating within the cortex. It should be noted that nominal group differences with networks
including SWM were found; thus these microstructural alterations can be captured at other points
along white matter fibers, including their passage through SWM before reaching their terminus
within the cortex. Examining IC and SWM microstructure separately also allows us to
contextualize recent findings examining white-gray matter contrast changes FEP patients and
enduring schizophrenia, a method that did not allow for such localization of putative changes in
peri-cortical myelin content (Jorgensen et al. 2016; Makowski, Lewis, et al. 2019a, 2019b).

Our results also show network specificity: we did not find reduced centrality or
relationships with negative symptoms and verbal memory deficits when examining the
participation coefficient of the default mode network, nor the ventral attention network (also
referred to as the salience network). These networks were tested as they have both been found to
be robustly altered in patients with schizophrenia and associated psychoses (Bluhm et al. 2007;
Karbasforoushan and Woodward 2012; Gradin et al. 2013; Hu et al. 2017; Wang et al. 2017). It
is possible that the well-documented alterations in these networks may stem from alterations within
the hippocampus; a conjecture that needs further corroboration in the future.

The notion of the hippocampus being a central component of psychosis pathophysiology
has been proposed previously (Tamminga et al. 2010; Lieberman et al. 2018). However, this study

adds a novel perspective on this theory, suggesting that reduced hippocampal centrality may also
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give rise to negative symptoms. Further, we uncover an explanatory framework for this
relationship, whereby verbal memory mediates the association between altered co-occurring
changes in hippocampal-intracortical microstructure and negative symptoms. Although our
methodological approach did not allow us to define the precise neocortical regions that drive this
relationship of altered centrality, it may be relevant to consider links between the hippocampal
cortex and fronto-temporal regions for several reasons: 1) there is evidence for progressive brain
changes in fronto-temporal cortices in at least a subset of patients with psychosis, including the
transition to psychosis (Cannon et al. 2015) and after a FEP, that is unlikely to be confounded by
medication (Lieberman 1999; Pantelis 2005; DeLisi 2008; Andreasen et al. 2011; Olabi et al. 2011;
Gong et al. 2016); 11) there 1s empirical evidence for direct connectivity between the hippocampus
and medial temporal lobe, as well as between the hippocampus and prefrontal cortex (Martin 1996;
Simons and Spiers 2003); ii1) altered intracortical myelin has been noted in patients with enduring
schizophrenia and other psychotic disorders within the prefrontal cortex (Lake et al. 2017; Wei et
al. 2017; Tishler et al. 2018);and iv) HC-medial temporal lobe and hippocampus-PFC subserve
memory, emotional expression and motivational behaviours (Squire et al. 2004; Pier et al. 2016;
Schulze et al. 2016), which underlie verbal memory deficits and negative symptoms. Indeed,
altered frontal connectivity has previously been linked to negative symptom severity in our group
(Luck et al. 2011). Testing these specific pathways and subdividing negative symptoms into
amotivation and expressivity domains would be a necessary next step to better understand the
precise mechanisms underlying the altered hippocampal centrality we uncovered in this study.
Initially, we had hypothesized that the hippocampus would play an important role with
regards to changes in both verbal memory and negative symptoms, given the known links between

the hippocampus and prefrontal cortical regions that subserve both of these constructs and
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prognostic indicators. However, our results suggest that despite being associated with each other,
verbal memory deficits may not initially stem from abnormalities within the hippocampus and
linked circuitry. Indeed, it is known that verbal memory deficits exist before the onset of psychotic
symptoms, and are also present in non-affected relatives of patients (Cornblatt et al. 1999;
Sheffield et al. 2018) and individuals with sub-threshold symptoms (Brewer et al. 2005b; Bonnin
et al. 2012). It has also been proposed that the biological risk for verbal memory deficits is distinct
from the risk for psychosis and associated symptoms (Cirillo and Seidman 2003) and can predict
conversion to psychosis in the clinical high-risk state (Brewer et al. 2005b; Cannon et al. 2016;
Seidman et al. 2016). Further work is required to understand the biological mechanism underlying
the verbal memory deficits seen in patients with psychosis, but the hippocampus may play a key
role across stages of the disorder, and may also contribute to the maintenance and/or exacerbation
of these deficits.

This work also contributes to our knowledge of the interplay between verbal memory and
negative symptoms using data collected at multiple timepoints shortly after the onset of a FEP.
Our group has previously shown that verbal memory deficits are stable across time in patients with
persistent negative symptoms (Hovington et al. 2013), and that baseline verbal memory deficits
are associated with higher levels of negative symptom severity cross-sectionally (Makowski,
Lewis, et al. 2019a), which has also been supported by several other groups (Cirillo and Seidman
2003; Hartmann-Riemer et al. 2015). However, there is a need to study these complex clinical
factors in a more dynamic fashion; we have reported that worsening of negative symptoms over
time is associated with intact verbal memory at baseline in FEP patients sectionally (Makowski,
Lewis, et al. 2019a). We had proposed two scenarios, whereby either negative symptoms were

changing independently of verbal memory abilities, or that intact verbal memory abilities at
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baseline are not necessarily indicative of stability over time, which we were not able to fully test
in our last investigation. In the current study, we found a robust association between worsening
verbal memory and increased negative symptom severity in the 4 to 16 month period after a FEP.
This finding highlights the importance of studying longitudinal relationships not only at the level
of the brain structural ‘connectome’, but also at the level of behaviour; and particularly for
neurocognitive deficits which may not always be as stable as previously thought (Green and
Harvey 2014; Carrion et al. 2015).

Finally, we also tested the contribution of individual hippocampal subregions to the uncovered
reduced centrality of the hippocampal circuit. We found that regions closer to the output of the
hippocampal formation (i.e. subfield CA1, alveus, fimbria, fornix, mammillary body) were driving
this effect, and similarly were influencing the uncovered brain-behaviour relationships with
negative symptoms and verbal memory. Indeed, other studies have also pinpointed structural
alterations within the CA1 subfield and the fornix in FEP (Baumann et al. 2016; Baglivo et al.
2018). Given the position of these regions in the hippocampal circuit, and their high myelin
content, it is likely that these are putative hubs of the hippocampal circuit, and thus important for
transferring neural signals integrated within the hippocampus to broader cortical regions. Over
adolescence and early adulthood, there is increased communication between such hub regions and
“non-hubs” (Cao et al. 2014; Gu et al. 2015), as well as more extensive interactions between
regions that are distal to each other (Fair et al. 2009). Our results examining coordinated coupling
of hippocampal and peri-cortical microstructure show altered communication of the hippocampus
and neocortical networks in FEP patients, potentially due to altered myelin integrity within
hippocampal hub regions. A relevant study showed that over 14-24 years of age, cortical hub

regions (i.e. association areas including prefrontal and temporal regions) are characterized by a
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steep rate of intracortical myelination (Whitaker et al. 2016). Intriguingly, these regions were also
enriched for genes associated with risk for schizophrenia. Our work suggests that previously
reported alterations in intracortical myelination of higher-order association areas in psychotic
disorders (Rowley et al. 2015; Lake et al. 2017; Wei et al. 2017; Tishler et al. 2018) may be
influenced by altered covariation with hippocampal microstructure, driven by hippocampal output
regions or “hubs”, and this may underlie the noted observations with negative symptoms and
verbal memory.

This study extends structural covariance methods used in neurodevelopment
(Khundrakpam et al. 2017) to assess changes after a FEP, and addresses a critical need in the field
to better assess changes of the brain structural connectome in psychotic disorders with longitudinal
methods (Collin and Keshavan 2018). However, several limitations remain. Firstly, we have
largely interpreted signal from quantitative T1 as a marker of myelin, based on previous work
(Deoni 2010; Tardif et al. 2018) and convincing evidence for the existence of myelin and
microstructural alterations in psychotic disorders. However, alterations in T1 can be due to other
factors, such as inflammation, reduced water content or altered iron content (Deoni 2010). We also
parcellated our structural imaging data using functional networks defined by Yeo et al (2011). This
was done for ease of interpretability, but it is acknowledged that a robust network-based
parcellation based on microstructure and/or myeloarchitecture is lacking in the field. However,
several studies have shown that networks based on microstructure have good correspondence with
networks defined by resting-state functional connectivity (Baum et al. 2017; Bajada et al. 2019).
It is also acknowledged that for patients and controls who only contributed two timepoints, our
ability to map longitudinal changes was limited compared to participants with more timepoints.

Data collection for this study is ongoing and future work from our group aims to increase the
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current sample size and number of timepoints available. At the behavioural level, one might
suspect that changes in verbal memory scores might be confounded by practice effects, given that
the same test was used for each timepoint. One study has shown that such practice effects with the
Weschler Memory Scale become much weaker after longer periods between testing (i.e. up to ~3
months) (Holdnack et al. 2013). Given that our shortest interscan interval is approximately 3
months, practice effects are likely not playing a major role in our verbal memory measure; we can
also interpret any residual practice effects as a verbal learning process, which is still of interest to
the current work. We also hope to extend this model with a larger sample size to better understand
different negative symptom domains, namely amotivation and expressivity deficits, as we have
done in previous work (Makowski, Lewis, et al. 2019a). Finally, it should be noted that our
approach of measuring changes in negative symptoms linearly may be limited in capturing the true
extent of fluctuations in this symptom dimension and may also be influenced by changes in
positive symptoms; however, we found no relationship with hippocampal centrality and changes

in positive symptoms, suggesting our results are more specific to negative symptoms.

Conclusions. The results of the current investigation suggest that the hippocampus serves as a
catalyst in the dysconnectivity characterizing psychosis. Importantly, the hippocampus is a
structure with high potential for plasticity; thus, treatments that can effectively ameliorate
hippocampal structure and/or function may also have downstream impact on negative
symptomatology. Trajectories in verbal memory may also be an important behavioural marker

paralleling the changes occurring in hippocampal microstructure and negative symptoms.
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Chapter 7 : Conclusions

The first episode of psychosis is a complex manifestation of symptoms that can significantly alter
an individual’s global functioning. Clinicians are not yet equipped with the necessary tools and
therapies to effectively treat prominent deficits arising after psychosis, namely negative symptoms
and abnormal cognition. Psychotic disorders have a protracted clinical course, where vulnerability
may be initiated prenatally, with accumulation of risk factors throughout childhood, adolescence
and even into early adulthood for the majority of cases. This prolonged sequence of events reflects
both an extended vulnerability for mental health difficulties, as well as a promising opportunity
for successful intervention (Collin and Keshavan 2018). The first episode of psychosis offers a
peak opportunity for early intervention and improved prognosis, if a clear and measurable
treatment target is defined. This thesis sought to find such a target, through a series of longitudinal
neuroimaging studies of FEP patients followed at the PEPP-Montreal clinic, mapping
neuroanatomical trajectories to clinical and cognitive profiles in the one to two years after a FEP.
Specifically, this work offered several biological mechanisms that underlie verbal memory deficits
and negative symptoms, two dimensions that are critical for functional outcome in patients with
psychosis.

Chapter 4 began exploring these mechanisms by investigating the link between maturation
of limbic and neocortical regions in patients with persistent negative symptoms (PNS). We
demonstrated that FEP patients with such symptoms largely differ from their non-PNS peers both
at the clinical and neurobiological level over time. Specifically, patients with PNS showed altered
maturation of both amygdalar-hippocampal volumes and surface area, and prefrontal cortical
thickness with age, compared to patients without such symptoms and healthy controls. Further, we

stratified patients based on “early” or “primary” PNS and “secondary” PNS (i.e. presenting with
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other symptoms such as positive/depressive symptoms, etc), finding that limbic and neocortical
maturation also differed between these two groups. Our work highlights divergent biological
trajectories that may yield meaningful clues for prognosis in subsets of patients with a poor clinical
course; findings that we would otherwise not be able to uncover if we pooled all FEP patients
together.

Chapter 5 extended the methods presented in Chapter 4, and further delved into the
magnetic resonance signal contributing to our measurement of peri-cortical anatomy. It is
acknowledged that often-used measures of cortical thickness are largely reliant on the contrast
between gray and white matter. Thus, we incorporated a measure of cortical contrast to better
understand whether changes in anatomy underlying negative symptoms are driven by putative
changes in myelin around the gray-white matter boundary. We also assessed the interplay between
verbal memory performance and changes in negative symptoms. We found that these two
important prognostic indicators interacted at the level of both brain and behaviour. Namely, verbal
memory was associated more strongly with expressivity deficits rather than amotivation, and both
variables were associated with changes in peri-cortical anatomy of language-related regions.

Finally, Chapter 6 addressed how co-occurring changes within the hippocampus and
neocortex relate to changes in both verbal memory and negative symptoms in FEP patients. We
clarified previous associations between cross-sectional verbal measures and longitudinal
symptoms, showing that improvements in verbal memory are also associated with amelioration of
negative symptoms. This behavioural finding showcases the dynamic nature of cognition,
particularly verbal memory, after a FEP and sheds new light on what has previously been believed
about cognition as a stable trait in psychotic disorders. Further, this chapter showed that

microstructural changes within hippocampal circuitry are de-coupled from intracortical
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microstructural changes in FEP patients, which we have interpreted as decreased hippocampal
centrality. This in turn was shown to be associated with worsening negative symptoms, and
mediated by changes in verbal memory.

In summary, this thesis proposes that the hippocampus is a candidate target, not only in
impacting positive symptoms as has been previously described (Tamminga et al. 2010, 2012;
Lieberman et al. 2018), but for potential amelioration of negative symptoms. The observed
alterations in hippocampal microstructure may be related to co-occurring changes in
microstructure of the cortex, particularly around the gray-white matter boundary. Given the
evidence that verbal memory is related to negative symptoms, and even helps to explain the
relationship between hippocampal-cortical links and negative symptoms, interventions to improve

verbal memory may also be a key component in the treatment of negative symptoms.

Limitations
This work needs to be considered in the context of a few limitations. The majority of the work
presented in this thesis was based on the assumption of largely linear relationships; i.e. between
verbal memory and negative symptoms, assessing symptoms over time, between symptoms and
cortical structure, etc. As we continue data collection for the study presented in Chapter 6, it will
be possible to investigate non-linear relationships in behavioural variables and brain-behaviour
relationships with participants that complete all four timepoints. We also addressed the possibility
of non-linear relationships in cortical structure in Chapter 4, where we investigated quadratic
changes in cortical thickness with age in patients with persistent negative symptoms.

It is also acknowledged that there are inherent limitations in the assessment of negative

symptoms; these symptoms can be much more difficult to detect than positive symptoms, and
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negative symptom assessments oftentimes rely on the subjective judgment of clinicians and
symptom raters. The PEPP-Montreal clinic has achieved good inter-rater reliability on the scale
used throughout this thesis to assess negative symptoms (i.e. SANS, k=0.71) (Jordan et al. 2018),
but further efforts are needed to improve reliability and enhance objectivity of such assessments.

There are many potentially confounding factors that are difficult to control for in analysis
of clinical samples. One variable of particular interest in the field is the impact of pharmacological
treatment, such as antipsychotic medication, on progressive brain changes in psychosis. We are
fortunate to be working with an early intervention service, where inclusion criteria include minimal
(i.e. less than one month) exposure to antipsychotic medication prior to entry. PEPP-Montreal also
closely monitors and records the medication that is prescribed to patients after their FEP, which
we have strived to incorporate in our analyses. However, we cannot rule out potential nonlinear
effects of antipsychotic medication on brain structure in our analysis, or the effects of other
medications that we were not able to control for in our analysis (e.g. lithium in patients diagnosed
with bipolar disorder, antidepressant medication in patients with affective disorders,
anticholinergic medication in those with extrapyramidal symptoms, etc). However, given that we
studied a relatively acute period after a FEP, we remain confident that our FEP sample largely
diminishes the influence of confounding factors that are prevalent in the investigation of more
enduring psychosis samples.

Emphasis has also been placed by funding agencies to better understand sex differences in
the brain. We controlled for sex in our analyses but it is known that males with psychosis tend to
be affected disproportionately and have a poorer clinical course (e.g. higher negative symptoms,
earlier age of onset, poorer functioning) compared to females (Cotton et al. 2009; Ochoa et al.

2012). One graduate student in Dr. Lepage’s laboratory is actively investigating sex differences in
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relation to verbal memory performance and hippocampal-cortical anatomy. Future work will also
investigate such sex differences in patients with predominant negative symptoms.

On the imaging front, we have largely interpreted white-gray matter contrast (Chapter 5)
and T1 relaxation times (Chapter 6) as proxy measures of myelin content. It would be highly
beneficial to supplement these analyses with other white matter measures in the future, for instance
with diffusion tensor imaging. Indeed, a graduate student is currently analyzing diffusion tensor
imaging from the 1.5T imaging study (Chapters 4 and 5), and comparisons between quantitative
T1 values and measures extracted from multi-shell diffusion tensor imaging with the newer 3T
dataset (Chapter 6) will be conducted in the future. It is also high priority to replicate some of the
findings presented in this thesis in an independent sample. To this end, we are collaborating with
a “sister” PEPP-clinic in London, Ontario to replicate findings of hippocampal-cortical

microstructure underlying negative symptoms in first episode of psychosis patients.

Future directions

There is no limit to the number of research questions that can be asked in the context of psychosis
and underlying neurobiology. However, the direct applications of neuroimaging findings within
the clinic relies on the ability to ask the most relevant questions for the benefit of translational
psychiatry. This thesis aimed to do so with theoretically-driven approaches, but several future

directions remain and are proposed below.

Re-purposing existing treatments and interventions.
Findings of the hippocampus being central to negative symptoms and verbal memory

deficits offers a new therapeutic avenue, either through the use of pharmacological and/or
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cognitive interventions known to impact the hippocampus. The advantage of targeting this
structure is that we may not need to re-invent the wheel in finding a treatment that promotes
hippocampal health. One promising pharmacological agent may be aripiprazole, an atypical
antipsychotic medication that acts as a partial agonist at both the dopaminergic D2 and
serotonergic SHT1a receptors (Zhang et al. 2006). Aripiprazole’s unique pharmacological profile
in comparison to other antipsychotic medications may contribute to its demonstrated potential to
improve cognition (Nagai et al. 2009) and to elicit neurogenesis in the hippocampus (Park et al.
2009; Nowakowska et al. 2014). Further, our group has shown that an increase in hippocampal
volume can be observed over a one-year treatment period specifically in FEP patients taking
aripiprazole (Bodnar, Malla, et al. 2016). Our group is actively working on replicating and better
understanding this finding through a study funded by the Canadian Institutes of Health Research
(CIHR), which contributed to the data presented in Chapter 6. Aripiprazole has also been linked
to improved verbal memory in patients with schizophrenia in several case reports (Mucci et al.
2008; Umene-Nakano et al. 2013) and open-label studies (Kern et al. 2006; Riedel et al. 2010;
Bervoets et al. 2012). Given the framework proposed in this thesis, a natural next step would be to
assess whether aripiprazole’s putative effects on hippocampal anatomy and verbal memory might
also repair cortical connectivity and in turn, ameliorate negative symptomes.

Behavioural interventions could also provide promising avenues. Of interest, there is extant
literature on the effects of physical exercise on the hippocampus. Exercise has been shown to
increase hippocampal volume in older adults (Erickson et al. 2011), compared to the hippocampal
volume loss that is characteristic of ageing. The authors also showed that hippocampal volume
increases were accompanied by increases in levels of brain-derived neurotrophic factor (BDNF, a

marker for neurogenesis and neuronal growth) and improvements in memory functioning. This

220



sort of hippocampal plasticity in response to exercise, co-occurring with short-term verbal memory
improvements, has also been demonstrated in patients with schizophrenia (Pajonk et al. 2010).
Provided this evidence, again it would be intriguing to test whether such physical exercise

protocols may also have an impact on negative symptoms and more globally, patient functioning.

Prodromal stages.

The onset of full-blown psychosis is a milestone event in the course of a psychotic disorder, but it
is acknowledged that psychotic-like experiences and related symptoms begin much earlier in many
individuals who transition to psychosis. This “prodromal” period is of utmost interest for the
characterization of risk factors that might later trigger a full-blown psychotic episode. Of relevance
to this thesis, there is evidence for verbal memory deficits, poor premorbid functioning, and
hippocampal abnormalities prior to the onset of psychosis and in individuals at risk for psychosis
(Cannon et al. 1997; Cirillo and Seidman 2003; Lieberman et al. 2018; Sheffield et al. 2018).
Chapters 4-6 provided evidence for progressive brain changes occurring after a FEP. However, it
is feasible that the described peri-cortical and hippocampal changes have already been set in
motion much earlier. Study designs capturing prodromal stages are inherently difficult to acquire,
and require colossal sample sizes followed over time to capture individuals who actually transition
to psychosis. The North American Prodrome Longitudinal Study (NAPLS) (Addington et al. 2012)
has put forth excellent efforts to make this a reality, but admittedly still has a relatively small
sample of individuals with neuroimaging data who actually transitioned to psychosis (i.e. N=35
based on the largest neuroimaging sample published from this consortium to date) (Cannon et al.
2015). Another initiative that holds promise in better understanding biological risk for psychiatric
disorders, including psychosis, is the Adolescent Brain Cognitive Development (ABCD) Study

(abcedstudy.org) (Volkow et al. 2017). This NIH-funded longitudinal population-based study in the
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United States aims to track 11,500+ children aged 9-10 years over a decade to richly characterize
developmental trajectories. Notably, the ABCD Study will follow children into early adulthood,
where approximately 850 participants (7.5% of the sample) are expected to have psychotic
symptoms in adolescence (Kelleher et al. 2012). In this manner, phenotypic, genetic and brain
imaging data can be used to better characterize the behavioural and biological risk associated with
early stages of psychosis. Such discoveries could have groundbreaking implications for the

detection and treatment of psychotic disorders.

Imaging genetics.

As alluded to, understanding the genetic risk contributing to the manifestation of psychotic
disorders is another critical piece in our understanding of the biological mechanisms that underlie
psychosis. Indeed, genetics are the foundation for brain development, and thus likely hold
important information about the neuroanatomical alterations described in this thesis, which in turn
may give rise to alterations in behavior (e.g. cognitive deficits, clinical symptoms, etc).
Furthermore, we know that psychotic disorders have a heritable component. For instance,
monozygotic twins have a 50% concordance rate for schizophrenia; that is, if one twin has
schizophrenia, the other twin has a 50% chance of acquiring the disorder (Fischer 1971). Genome-
wide association studies (GWAS) have pinpointed a wide array of genetic variants underlying
psychotic disorders such as schizophrenia and bipolar disorder (Ripke et al. 2014; Stahl et al.
2017). We are also gaining a better understanding of the genetic architecture underlying cortical
anatomy, including cortical thickness (Panizzon et al. 2009; Rimol et al. 2010; Chen et al. 2013)
and white-gray matter contrast (Panizzon et al. 2012), and hippocampal subfields (Patel et al. 2017,

van der Meer et al. 2018). Situating the findings from this thesis in an imaging-genetics framework
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would be a valuable next step. For instance, Carol Tamminga and colleagues proposed that
psychotic symptoms stemming from lesions within the dentate gyrus/CA3 may be driven at least
in part by genetic variants resulting in reduced BDNF expression (Tamminga et al. 2010, 2012),
or by alterations in genes important for neurogenesis in the hippocampus, such as disrupted in
schizophrenia 1 (DISCI1) gene (Duan et al. 2007; Brandon and Sawa 2011) or neuregulin 1
(NRG1) (Harrison and Law 2006; Li et al. 2007). It is possible that variations in these candidate
genes contribute to this thesis’ proposal of alterations in hippocampal-cortical trajectories in FEP.
There is also a great deal of work to be done to better understand the genetic architecture of white
matter microstructure in psychiatric disorders, which may interact with certain patterns of genetic
variation within the hippocampus and thus increase risk for psychosis. It is becoming much more
realistic to answer these pressing questions with the emergence of large open datasets, such as the
UK Biobank (Alfaro-Almagro et al. 2018), IMAGEN (Schumann et al. 2010), and the ABCD

Study described above (Volkow et al. 2017; Hagler et al. 2018).

Beyond psychosis: generalizing findings to other disorders.

Several themes described in this thesis are not unique to psychosis. From a clinical standpoint,
verbal memory deficits and negative symptoms are found in many other neurological and
psychiatric disorders (Brown and Pluck 2000). Negative symptoms, particularly those which
impact goal-directed behavior, can be found in human immunodeficiency viruses (HIV),
Alzheimer’s disease, Parkinson’s disease, melancholic depression, and multiple sclerosis, to name
a few (Brown and Pluck 2000). Verbal memory deficits are also present in obsessive compulsive
disorder, post-traumatic stress disorder, and various neurodevelopmental disorders (Nichols et al.

2004; Gunstad et al. 2006; Wild and Gur 2008; Kikul et al. 2012; Kavanaugh et al. 2016). The
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hippocampus has also been posited to be an important pathophysiological component for many of
these disorders. In major depressive disorder, the hippocampus has been proposed as a potential
biological target, and examination of individual subfields has revealed progressive volume loss in
subfield CA1 (Roddy et al. 2019; Sheline et al. 2019), a myelin-rich output structure of the
hippocampus that was highlighted in our findings in Chapter 6. Another example comes from
epilepsy, where seizures in patients with temporal lobe epilepsy are often initiated in the
hippocampus (Saling 2009). These patients also show sustained verbal memory deficits after
hippocampal tissue resection. Indeed, more studies are beginning to address the biological overlap
between various classes of disorders (Cross-Disorder Group of the Psychiatric Genomics
Consortium 2013; Crossley et al. 2014; Lange et al. 2018; Xia et al. 2018), moving away from the
limitations of classical diagnostic frameworks, and opening up a future where brain disorders are

treated in a more mechanistic and dimensional manner.
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Chapter 8 Appendices — Supplementary Material for
Chapters 4-6

Appendix-1: Supplementary Material for Chapter 4.1 (Makowski et al Translational
Psychiatry 2017)

Supplementary Methods

Patient exclusion from the neuroimaging study. Forty-two patients and forty-six controls were no
longer part of the neuroimaging study after baseline, due to attrition, incidental findings,
substance-induced psychosis, and for other diagnostic reasons that no longer met criteria for
inclusion in PEPP. This left a total of 100 patients and 48 healthy controls with at least two scans.
Three patients were not included in subsequent analysis due to insufficient longitudinal symptom
data (2 cases) or non-compliance to the time line of the study (1 case). For post-processing quality
control, six participants (4 controls [12 scans total], 2 FEP patients [5 scans total]) were excluded
entirely, and one follow-up scan belonging to a FEP patient was dropped from analysis, due to
significant errors in resultant segmentations (largely due to motion and poor tissue contrast), or

due to incidental findings.
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Supplementary Tables

Omnibus
Group Time Group*Time
N Statisticar p Statisticar p Statisticar p
SANS 616 e=91.68  <0.0001  y%6=37.62 <0.0001  y21=38.19 <0.0001
SAPS  Observations v20=48.70  <0.0001  y%e—7.18 0.305 422 30.47 0.002
Descriptives and Post-Hoc
1) ePNS 2) sPNS 3) non-PNS post-hoc*
N Mean (+SD) N Mean (+SD) N Mean (+SD)

2
SANS 20 9.55 (3.33) . 8.45 (3.22) 0 6.38 (3.21) 1,2>3
SAPS 3.70 (3.98) 4.52(3.10) 2.69 (2.88) 2>3

3
SANS 51 10.24 (3.02) . 8.10 (3.37) 0 6.07 (3.55) 1>2>3
SAPS 3.24 (3.19) 4.90 (3.36) 1.86 (2.32) 2>3

6
SANS 18 10.22 (2.88) . 8.86 (3.01) 39 4.77 (2.98) 1,2>3
SAPS 2.89 (2.99) 6.45 (3.69) 1.64 (1.89) 2>1,3

9
SANS 18 8.72 (3.06) . 8.11 (2.95) 5 4.60 (3.11) 1,2>3
SAPS 2.83 (2.90) 5.59 (4.42) 1.88 (2.70) 2>1,3

12
SANS 20 9.35 (3.10) Y 9.42 (3.84) 4 3.61 (2.98) 1,2>3
SAPS 2.50 (2.21) 7.35 (4.36) 1.86 (2.89) 2>1,3

18
SANS 20 7.65 (3.48) 58 8.04 (3.47) 0 3.12 (2.89) 1,2>3
SAPS 2.50 (2.35) 5.36 (4.10) 1.50 (2.77) 2>1,3

24
SANS 20 6.55 (3.93) = 6.32 (3.09) 37 3.76 (3.20) 1,2>3
SAPS 2.45 (2.52) 3.68 (3.39) 2.65(4.32)  not significant

Table 8.1. Generalized Estimating Equations (GEE) analyses and statistics.
Omnibus results for SAPS and SANS global scores are presented in the top panel, with Bonferroni-
corrected p=0.025. Descriptives and post-hoc analyses are presented per clinical timepoint
(outlined in left-hand column, 2/3/6/9/12/18/24-months after entry to clinic). Post-hoc analyses

were considered significant at p<0.05.

Abbreviations: SANS/SAPS, Scales for the Assessment of Negative/Positive Symptoms. 1, early
persistent negative symptoms (ePNS). 2, PNS due to secondary factors (sPNS). 3, Non-PNS.
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. Main Effect of Group Group*Age Interaction
Structure Side — —
Statisticr g-value post-hoc Statisticr g-value post-hoc
A. Covaried by Diagnosis
Amygdala L F237=5.13 0.013 1,3<2 F237=5.02 0.015 1,3<2
R F237=2.51 0.11 - F237=2.28 0.13 -
Hippocampus L F237=0.27 0.77 - F237=0.12 0.89 -
R Fo237=5.12 0.013 1<2 F22377=5.69 0.015 1<2
B. Covaried by Antipsychotic Dosage
Amygdala L F230=5.16 0.013 13<2 F2230=5.16 0.013 1,3<2
R F2239=2.61 0.1 - F2,239=2.39 0.13 -
Hippocampus L F(2230=0.49 0.61 - F(2230=0.32 0.73 -
R F(2,239)=5. 15 0.013 1<2 F(2,239)=5.84 0.013 1<2
C. Removing Sex and Handedness as Covariates
Amygdala L F3.352=3.49 0.04 1<2,4; 2<3 F352=3.54 0.03 1<2,4; 2<3
R Foas2=1.58 0.25 - Faan=1.47 0.29 -
Hippocampus L F3.352=0.29 0.83 - F;3.352=0.18 0.91
R F3352=3.31 0.04 1<2 F335=3.64 0.03 1<2,4
D. Covaried by 1Q*
Amyg dala L Fi344=3.21 0.046 1<2,4; 2<3 F3.344=3.26 0.044 1<2,4; 2<3
R Faau=1.59 0.25 - Fau=1.46 0.31 -
Hippocampus L F;3.344=0.16 0.92 - F;3.344=0.10 0.96
R Fi344=3.23 0.046 1<2 F3344=3.64 0.044 1<2,4

Table 8.2. Supplementary analyses of amygdalar-hippocampal volumes with additional
covariates.

Linear mixed effects analyses comparing FEP patient subgroups, including different covariates in
addition to covariates presented in main manuscript: i.e. sex, handedness, and total brain volume
(and age for main effect of group). Antipsychotic dosage was calculated as cumulative
antipsychotic medication prescribed (converted to chlorpromazine equivalent dosage in mg), and
multiplied by medication adherence. Medication adherence [O=never (0%), 1=very infrequently
(1% to 25%), 2=sometimes (26% to 50%), 3=quite often (51% to 75%), 4=fully (76% to 100%)]
was determined using a validated protocol based on composite information obtained from the
patient, family members, and treating team and has been shown to be as efficacious as pill-counting
(Cassidy et al. 2010). Note, controls were not included in analyses A and B, as controls do not
have diagnostic/antipsychotic medication information. Analyses C and D include controls. An
FDR correction for multiple comparisons was applied, with significant g-values<0.05 bolded. All
post-hoc analyses correspond to p<0.05.

Abbreviations: L, Left. R, Right. 1, early persistent negative symptoms (ePNS). 2, PNS due to
secondary factors (sPNS). 3, Non-PNS. 4, Controls.

* Note for analyses D (controlling for 1Q), 1Q information is missing for two controls, and thus
they were excluded from this particular analysis.
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Supplementary Figures
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Figure 8.1. Sample distribution by group and by age.

Each horizontal line represents a subject, with each point corresponding to a single scan.
Abbreviations: 1, early persistent negative symptoms (ePNS). 2, PNS due to secondary factors
(sPNS). 3, Non-PNS. 4, Controls.
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Figure 8.2. Supplementary analyses of amygdalar-hippocampal surface area with additional
covariates.

Linear mixed effects analyses of surface area differences for age*group interaction, including
different covariates in addition to covariates presented in main manuscript: i.e. sex, handedness,
and total surface area of each structure examined (with the exception of analyses C where sex and
handedness are removed). Antipsychotic dosage was calculated as cumulative chlorpromazine
equivalent dosage in mg, multiple by percent medication adherence. Contrast for controls vs. ePNS
(1<4) covarying for antipsychotic dosage was not included given that controls do not take
medication. First two rows depict dorsal view of left amygdala, third row depicts posterior view
of left amygdala, and bottom fourth row depicts ventral view of right hippocampus. Statistical
maps are thresholded with random field theory (RFT). Note, one cluster did not survive correction
for multiple comparisons with RFT after removing sex and handedness as covariates, namely when
comparing age trajectories between ePNS and NonPNS patients in the left central amygdala,
although this cluster nearly reached statistical significance.

Abbreviations: 1, early persistent negative symptoms (ePNS). 2, PNS due to secondary factors
(sPNS). 3, Non-PNS. 4, Controls.
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Appendix-1I: Supplementary material for Chapter 4.2 (Makowski et al npj
schizophrenia 2016)

Additional MRI Quality Control (QC) information.

All raw T1-weighted scans were visually inspected and quality controlled by three independent
raters and scans were excluded if they exhibited excessive movement within the scanner, or the
scan contained incidental findings. Scans that passed initial raw QC were then submitted to the
CIVET pipeline. All CIVET outputs were quality controlled using the CBRAIN platform (Sherif
et al. 2014) of which significant mask errors and/or minor pipeline errors were corrected through
in-house scripts, if feasible. Specifically, inaccurate brain extractions (impacting 18 scans,
corresponding to 10 FEP patients and 4 controls) were corrected by creating a new brain mask
with mincbet within the minc-toolkit

(http://www.bic.mni.mcgill.ca/ServicesSoftware/ServicesSoftwareMincToolKit), and applying

this altered brain mask in subsequent stages of the CIVET pipeline. Inaccurate extraction of
gray/white matter surfaces in close proximity to the posterior horn of the lateral ventricle due to a
gradient error were corrected via in-house scripts (21 scans total, belonging to 13 FEP patients and
1 control). Surfaces were then re-run through specific stages of CIVET corresponding to the stage
at which the error was found. Four scans did not pass through post-processing QC and corrections
due to failure through the CIVET pipeline (1), and incidental findings (3 scans, belonging to one

control).
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Manuscript

Effect Cortical Region Figure ePNS sPNS  Non-PNS Controls
Scan Time (age R Middle Temporal Figure 4.5B -0.71 -0.20 0.00 -0.38
controlled) L Pre/Post-Central Figure 4.5C 0.47 1.14 0.59 -0.36
L DLPEFC Figure 4.6A 0.50 -0.38 -0.24 -0.29
A(gf;g;‘r);p L OFC Figure 4.6B 030  -039  -030  -030
R Anterior Frontal Figure 4.6C 0.30 -0.40 -0.30 -0.30

Table 8.3. Cortical thickness percent change per year.

Regions of interest showing linear change over time, as detailed in main manuscript in
Chapter 4.2. Top half of table compares percent change per year over the two-year follow-
up period for regions showing significant time effects (Figure 4.5 of main manuscript), and
controlling for age. Bottom half of table quantifies percent change per year for regions
showing linear effects of age (Figure 4.6 of main manuscript). Negative values represent
percent cortical thinning per year, whereas positive values represent increased cortical
thickness. Abbreviations: L, Left; R, Right; DLPFC, dorsolateral prefrontal cortex; OFC,
orbitofrontal cortex; ePNS, early persistent negative symptoms. sPNS, persistent negative
symptoms due to secondary factors.

Manuscript Linear Age  Quadratic

Cortical Region Figure Significant Term Term Age Term
L DLPFC Figure 4.6A Age*Group (Linear) -256.53 -253.16
L OFC Figure 4.6B Age*Group (Linear) -279.7 -275.9
R Anterior Frontal Figure 4.6C Age*Group (Linear) -196.88 -193.6
L DLPFC/pre-SMA  Figure 4.7A  Age**Group (Quadratic) -589.52 -592.47
R Middle Cingulate  Figure 4.7B Age**Group (Quadratic) -545.9 -549.76
L Inferior Temporal  Figure 4.7C Age”*Group (Quadratic) -411.8 -417.59

Table 8.4. Akaike Information Criterion (AIC) values comparing linear and quadratic models.

Significant likelihood ratio tests are bolded, indicating more complex quadratic term was a
better fit to the data. Otherwise, a more simplistic (linear) model was used. Note, the Linear
Age Term includes "Age" and "Symptoms*Age". The Quadratic Age Term includes "Age",
"Age?", "Symptoms*Age", and "Symptoms*Age’". Abbreviations: L, Left; R, Right;
DLPFC, dorsolateral prefrontal cortex; OFC, orbitofrontal cortex; pre-SMA, pre-
Supplementary Motor Area.
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Controlling for Antipsychotic

Original Statistics Medication

Cortical Manuscript  Significant F- F-

Region Figure Term statistic df p-value | statistic df p-value post-hoc
L Inferior . ePNS<sPNS,
Temporal | Figure45A | Group 6.89 | 1,248 | 0.0012 | 691 | 1,247 | 0.0012 Son NS
RMiddle | g oqsp | SeanTime, |50 | 553 | 00015 | 695 | 2,52 | 00021 | Baseline=FUP
Temporal ePNS 2

. Baseline<FUP
L Pre/Post- | poredsc | SeanTime, |00 |5 188 | 0.00023 | 888 | 2,187 | 0.00021 1>
Central Non-PNS
FUP2
%
LDLPFC | Figure 4.6A A(gﬁilg;‘r’;lp 592 | 2,246 | 0.0031 591 | 2,245 | 0.0031 | ePNS>sPNS
%
LOFC' | Figure 4.6B A(gﬁilgg‘r’;lp 533 | 2,246 | 0.0054 | 570 | 2,245 | 0.0038 | ePNS>sPNS
o *
R Anterior | pio o460 | A8ETOTOUP | 498 | 5 246 | 0.0092 | 496 | 2,245 | 0.0077 | ePNS>sPNS

Frontal (Linear)

L DLPFC/ . Age?*Group
oresMa | Figwed A |\ E Rey | 451 [ 2243 | 0033 465 | 2,242 | 0.010 | ePNS>sPNS
R Middle . Age?*Group ePNS<sPNS,
Cingulate | FIZUre47B |\ hatiey | 402 | 2:243 | 0019 403 | 2,242 | 0.019 Son NS

o 2%
L Inferior | pio e 7 | A87°GrOUP | s 15 043 | 00017 | 6.68 | 2,242 | 0.0015 | ePNS>sPNS
Temporal (Quadratic)

Table 8.5. Results not impacted by antipsychotic medication.

Mixed effects models applied to mean cortical thickness of each significant cortical region
uncovered by initial vertex-wise analyses, comparing initial model presented in manuscript, and a
similar model including antipsychotic medication as a covariate. All analyses controlled for
gender, handedness and proxy BV as specified in main manuscript (and age when this was not a
main effect of interest). Antipsychotic medication represented as cumulative chlorpromazine
equivalent, multiplied by medication adherence. Given that Controls do not take such medication,
controls were not included in the models presented above.

! Antipsychotic medication had a significant effect on cortical thickness within left OFC for linear
age effect, but symptoms*age interaction remained significant even after controlling for
medication. Abbreviations. L, Left; R, Right; DLPFC, dorsolateral prefrontal cortex; OFC,
orbitofrontal cortex; pre-SMA, pre- Supplementary Motor Area; ePNS, early persistent negative
symptoms. sPNS, persistent negative symptoms due to secondary factors; FUP1/2=Follow-Up
Year 1/2.
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Figure 8.3. Linear age by group interaction comparing sPNS and non-PNS patients.
This was not tested in initial round of analyses as it was outside of the scope of our aims. However,
we did find that cortical thickness within the left post central gyrus had a significantly different

and positive age effect in SPNS compared to non-PNS, as shown by the red region of the t-statistic
map above (surviving correction with RFT, p<0.05).
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Appendix-1II: Supplementary material for Chapter 5 (Makowski et al,
Psychological Medicine Revisions Submitted 2019)

Supplementary methods

Neuroimaging sample details.

The neuroimaging study began in 2003 and spanned over a decade, comprising three scheduled
visits: baseline, one-year follow-up (FUPI), and two-year follow-up (FUP2). All scans were
acquired on the same 1.5T scanner. In total 150 patients and 95 controls were recruited for the
study. From this sample, 142 patients and 94 controls completed a baseline scan. At this point, 7
patients and 4 controls were excluded from analysis based on the exclusion criteria for the study
(e.g., incidental findings, substance-induced psychosis, low 1Q). Forty-two patients and forty-five
controls dropped out of the study after baseline, leaving 100 patients and 47 healthy controls with
longitudinal data. In the FEP group, baseline scans were performed on average 4.1 (SD=1.9)
months from entry into PEPP. For the entire group, including controls, inter-scan intervals were
approximately 13.1 (SD=1.3) months between baseline and FUP1, and 12.5 (SD=1.7) months
between FUP1 and FUP2. Nine participants (6 FEP, 3 controls) were not scanned at FUP1, and
had an average interscan interval of 27.0 (SD=3.2) months between FUP2 and baseline. Sex ratios
did not differ between the included cross-sectional sample (70% Male in FEP group, 65% Male in
HC group) and the longitudinal sample (71% Male in FEP group, 65% Male in HC group), thus

participant attrition did not affect the proportion of males:females in this study.

Quality Control procedures.
One rater (C.M.) manually rated all of the CIVET outputs, using a quality control module built in-
house, where snapshots of the mask and surfaces overlaid on the T1-weighted image, gray and

white matter surface renderings, surface-surface intersections, and surface extraction convergence
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plots were created. These features were examined to ensure that a) the brain was extracted
accurately, b) the surfaces generally followed the anatomy, ¢) no visible abnormalities (i.e. visibly
jagged surfaces, or surfaces jutting out inaccurately) in gray and white matter surfaces could be
detected, and d) complete convergence of the surface extraction process. For any questionable
areas or outputs, the surfaces were overlaid on the T1 image and viewed slice by slice using

Display software (https://mcin-cnim.ca/technology/visualization/display/). A three-point rating

system was adopted: 2 for good quality surfaces (minimal error), 1 for satisfactory surfaces (mild
to moderate error), and 0 for failed outputs. For the “questionable” outputs that were rated as a
“1”, a second rater independently rated the outputs, and a consensus was reached as to the
inclusion/exclusion of the scan.

Three control scans (all follow-up scans) and 7 FEP scans (5 baseline and 2 follow-up), all
belonging to unique subjects, failed the CIVET processing pipeline. From that point, 3 control
scans (belonging to two participants) and 25 FEP scans (belonging to 17 patients) did not pass QC
after inspection of outputs. 116 FEP patients remained after this step. From there, FEP patients
with cross-sectional data only were removed for the analysis. The final sample with usable
longitudinal data comprised 88 FEP patients, and a sample of 80 controls that had verbal memory

data available, in addition to passing QC.

Choosing the best model for vertex-wise CT and WGC data.

To determine which covariates should be used for analyses, the Akaike Information Criterion
(AIC) (Akaike 1998) was used to determine the best model for the data at hand. The method uses
a likelihood function to reward goodness of fit, while including a penalty that is an increasing

function of the number of estimated parameters. The baseline model was a general linear model,
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which included parameters for group, centered age, and sex, as follows:

AY=intercept + Bi(Centered Age) +B2(Sex) + ¢

where Y represents vertex-wise rate of change in WGC or CT, Pi represent regression
coefficients and ¢ is residual error. From here, the model was tested with the addition of a third
covariate, 33, from the following variables: handedness, years of education, total brain volume
(TBV), and mean WGC (for WGC data) and mean CT (for CT data). The best fit for the WGC
data (with the smallest AIC value) included mean WGC as a covariate, in addition to centered age
and sex. A similar model was selected for the CT data, including mean CT as a covariate. It should
be noted that TBV also modestly improved the AIC fit, but did not reduce the AIC value to the
same extent and as consistently as mean CT across all models. For consistency, only results
covarying for mean WGC and mean CT and not TBV are presented in both manuscripts. Results
remain largely the same when removing mean WGC and mean CT as a covariate. See Figures 8.6
and 8.7 below.

Given that both gray and white matter have been found to be affected by cumulative dosage
of antipsychotic medication in patients with psychosis (Bartzokis et al. 2009; Roiz-Santidiez et al.
2012; Vita et al. 2015), a separate analysis was included to observe potential effects of
antipsychotic medication on the calculated rate of change of WGC and CT. Antipsychotic
medication was defined as cumulative chlorpromazine equivalents, multiplied by adherence, as
measured at the end of the neuroimaging study (i.e. this measure was taken from each patients’
last scanning timepoint, and is a cumulative measure of antipsychotic medication exposure

measured monthly at PEPP-Montreal). Antipsychotic medication was regressed against AY (i.e.
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change in CT or WGC), controlling for age, sex, and Mean WGC or Mean CT (denoted as Mean(c)
in the main manuscript). No significant effects of antipsychotic medication on rate of change in
WGC or CT were observed (see Figure 8.4), and this variable did not lower the AIC score when
added to the above-described models. Thus we felt justified in leaving out medication as a

covariate.

Supplementary Results

VM at baseline.

As reported in Table 5.1 of the main manuscript, FEP patients had significantly lower VM
performance (immediate and delayed recall) compared to healthy controls, when controlling for
neuropsychological test battery version (F1,163>16.77, p<0.0001). This held true for the full cross-
sectional sample as well, included in Table 8.9. Descriptive statistics of VM performance by group
and version, and other relevant statistics, are included in Table 8.8. No significant group by version
interaction term or main effect of version was found on VM performance. Also, no significant
difference was observed within the FEP group comparing pen and paper vs. computerized test
battery data, confirming that the data from the two different test batteries are comparable, and thus

could be pooled in our analysis.

VM in relation to negative symptom domains at baseline.

The relationship between VM (i.e. z-scores of immediate and delayed recall) and negative
symptom domains (i.e. log-transformed scores for Amotivation and Expressivity) at baseline were
assessed in 115 FEP patients with Pearson r-correlations, adjusting verbal memory scores for age,

sex, and test battery version. Expressivity was found to be significantly negatively associated with
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both immediate (r=-0.35, q<0.001) and delayed recall (r=-0.28, q=0.036). Only a trend-like
significant negative association was noted between Amotivation and immediate recall (r=-0.17, p-
uncorrected=0.067), and no relationship was found between Amotivation and delayed recall (r=-

0.12, q=0.215).

Relationship between AVM and A negative symptoms.

A subset of patients included in the study (N=49 from 88 patients) had verbal memory assessed at
one-year follow-up. Thus, we conducted an exploratory analysis to see if there was a relationship
between change in verbal memory and change in negative symptoms over this one-year period,
using Pearson r correlations, adjusting VM scores by age, sex, and test battery version. For the
included 49 FEP patients, we found no relationship between Aimmediate recall and AAmotivation
(r=-0.096, p=0.51), nor A immediate recall and AExpressivity (r=-0.085, p=0.55). Similarly for A
delayed recall, we found no relationship with AAmotivation (r=-0.19, p=0.18) or AExpressivity
(r=-0.13, p=0.39). Note, a negative r value denotes that a worsening of negative symptoms is
associated with a worsening of verbal memory performance (given that a negative change value

reflects improvement in negative symptoms but worsening of VM).
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Supplementary Tables

Included Patients Excluded Patients

(N=88) (N=47) Statistics Comparing Groups
N (%) Statistic df p-value
Male 62 (70) 35(74) x*=0.2 1 0.6
Right Handed 73 (83) 41 (87) x*=0.4 1 0.5
Diagnosis®
Sehizophreniform 63 (72) 28 (60)
Affective Disorder 16 (18) 12 (26)
Delusional Disorder 3(3) 0(0)
g;zccl:g:;s Not Otherwise 6(7) 6(13)
Mean (SD) Statistic df p-value
Age 24.3 (4.1) 23.7 (4.0) U=1893.5 0.4
Verbal Memory — Immediate® -1.3(1.4)[87] -1.3(1.3) F=0.1 1,130 0.8
Verbal Memory — Delayed® -0.9 (1.1) [87] -0.9 (1.0) F=0.02 1,130 0.9
Education in Years 12.0 (2.5) 11.8 (2.6) t=0.4 133 0.67
Socioeconomic Status 3.2 (1.1)[81] 3.2 (1.1)[41] U=1588.5 0.7
Performance 1Q" 98.7 (17.1) 94.3 (14.2) F=12 1,131 0.3
Verbal IQ° 99.8 (16.1) 97.7 (14.7) F=0.6 1,131 0.4
Sdize fe?q‘iz’ale"t (in mg) with 747.9 (720.8) 818.4 (911.4) U=2021.0 0.8
g;‘er:;:‘)’f Untreated Psychosis 76.4 (142.0) 36.9 (64.1) [44] U=1423.5 0.05
?y‘;;’:g? Untreated Iliness 73(6.5) 44.(4.1)[44] U=1346.0 0.012
Amotivation 11.3(6.1) 11.4 (7.8) t=-0.09 133 0.9
Expressivity 7.1(7.2) 74 (1.5) U=2023.0 0.8

Table 8.6. Comparison of demographics for patients included vs. excluded in Chapter 5.

Patients were excluded (N=47) due to presence of cross-sectional data only, and exclusion on the
basis of failed image quality control (QC). All data represented as Mean (SD), unless otherwise
specified. Square brackets [] include adjusted sample size included in statistical analysis due to
missing datapoints. A Mann Whitney U non-parametric test was used for variables that were not
normally distributed. *Bolded variables with an asterisk reflect significant differences between
Included and excluded patients. Specifically, included patients had longer duration of untreated
psychosis and untreated illness compared to excluded patients. The two patient groups did not
differ on any other variable. Age, socioeconomic status, chlorpromazine (CPZ) equivalents,
duration of untreated psychosis/illness, and expressivity data were non-normally distributed, thus
non-parametric tests were used to assess group differences.

“Diagnosis missing for one excluded patient.

bCovaried by test version. Specifically, IQ was collected with WAIS-III (Weschler 1997) and
WASI (Weschler 1999) and verbal memory was collected with a Pen and Paper
neuropsychological test battery, and CogState Research Battery (Pietrzak et al. 2009).
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SSZ (N=64) AFF (N=15) Statistics Comparing Groups

Mean (SD) Statistic df p-value
?ﬁﬁ:&%zgow - 1.5 (1.3) [63] 209 (1.3) F=2.6 1,74 0.1
Verbal Memory - Delayed™®  _1.0(0.9) [63] -0.5(1.2) F=3.2 1,74 0.08
Baseline Amotivation 11.8 (6.1) 9.5 (5.6) t=1.3 77 0.2
Baseline Expressivity® 8.8(8.2) 4.4 (4.5) U=335 0.07
A Amotivation -1.6 (4.6) 23(3.2) t=0.6 77 0.6
A Expressivity -1.4 (5.9) -1.0 (2.5) t=-0.3 77 0.78

Table 8.7. Comparing clinical and cognitive patient data by diagnosis.

Patients were categorized by Schizophrenia Spectrum (SSZ) (e.g. schizophrenia, schizoaffective)
and Affective (AFF) (e.g. bipolar disorder, major depressive disorder with psychotic features)
diagnoses. No significant differences emerged between diagnoses, although there was a trend-like
difference for delayed recall and baseline expressivity scores, where SSZ patients tended to have
worse delayed recall performance and a higher level of expressivity deficits.

aVerbal memory missing for one SSZ patient. Adjusted sample size is included in square brackets.
®Covaried by test version (Pen and Paper neuropsychological test battery vs. and CogState
Research Battery (Pietrzak et al. 2009)).

“Non-normally distributed, thus a Mann White U non-parametric test was used to test for group
differences.

. A FEP Control
Test Battery Version Verbal Memory Metric N Mean (SD) N Mean (SD)
Immediate 1.2(1.2) 0.04 (1.0)
Pen and Paper Delayed 76 20.8 (0.9) 63 0.02 (0.8)
Immediate 14(L.7) 0.0 (1.0)
CogState Delayed 39 1.0 (1.3) 15 0.0 (1.0)

Table 8.8. Descriptives of baseline VM data.

This analyses used a larger cross-sectional sample of 116 patients that passed quality control and
80 controls (see Table 8.6 for demographic/clinical characterization of this sample). One-way
ANOV As were used to test an interaction effect between group and test version on verbal memory
performance. There were no significant interaction effects of group by test version on either
immediate (F1,191=0.179, p=0.67) or delayed (F1,191=0.50, p=0.48) recall. Further, there was no
significant main effect of version on either immediate (Fi,191=0.38, p=0.54) or delayed
(F1,101=0.72, p=0.40) recall. As reported in the main manuscript, there is a significant main effect
of group for both verbal memory metrics (F1,191>28.71, p<0.001). Note, the F-statistics reported in
the main manuscript are slightly different as the main effect of group is controlling for test version,
and only included FEP patients with longitudinal data included in the main manuscript. Finally,
independent t-tests found no significant differences in verbal memory performance within the FEP
group when comparing data from pen and paper vs. computerized test battery versions (tsg.0=0.75,
p=0.46 and ts79=1.15, p=0.25 for immediate and delayed recall, respectively; degrees of freedom
adjusted for unequal variance, as assessed by Levene’s test for Equality of Variances).
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FEP Controls

N=115 N=80
N (%)
Male 82 (71) 52 (65)
Right Handed 95 (83) 73 (91)
Diagnosis®
Schizophrenia/ Schizophreniform 79 (69)
Affective Disorder 22 (19)
Delusional Disorder 3(3)
Psychosis Not Otherwise Specified 10 (9)
Mean (SD)
Age at Baseline 24.1 (3.9) 243 (3.3)
Education in Years* 11.8 (2.6) 143 (2.4)
Socioeconomic Status 3.2 (1.1)[105] 3.0 (1.0) [76]
Performance 1Q*° 98.4 (16.4) 106.9 (12.7)
Verbal 1Q*® 99.8 (15.8) 110.0 (14.9)
Verbal Memory - Immediate* -1.3(1.4) 0.03 (1.0)
Verbal Memory - Delayed* -0.8 (1.0) 0.02 (0.8)
Attention* -0.8 (1.2) 0.06 (1.0)
Executive Function* 0.7 (1.1) 0.05 (0.7)
Speed of Processing -0.4 (1.1) 0.03 (0.8)
Working Memory* -0.6 (0.9) -.01 (0.8)
Visual Memory* -0.7 (1.2) 0.09 (0.7)
General Cognitive Index* -0.6 (0.8) 0.04 (0.6)
Clinical Information

Cumulative CPZ equivalent (in mg)

Adherence (%)

Duration Untreated Psychosis (weeks)

803.5 (737.6)

83.0 (27)

70.9 (130.8) [106]

Duration Untreated Illness (years) 7.0 (6.1) [109]
Amotivation 11.4 (6.7)
Expressivity 7.1(7.3)
SAPS 10.0 (12.5)
CDSS 24 (3.1)
Window |Scan - Symptom Eval| (months) 0.7 (0.5)

Table 8.9. General demographics for cross-sectional sample.

This sample was used for cross-sectional analyses of the relationship between VM and negative
symptom dimensions, presented above in Supplementary methods/results for Chapter 5. All data
represented as Mean (SD), unless otherwise specified. Square brackets [] include adjusted sample
size included in statistical analysis due to missing datapoints. Immediate and delayed verbal
memory scores were obtained as described in the methods of the main manuscript. Five other
cognitive domains are presented here, and merged to form a “general cognitive index”, which was
used as a covariate in Figure 8.8. Z-scores of general cognitive ability comparing FEP patients
against healthy controls were calculated based on five domains of cognition: attention, executive
function, speed of processing, visual memory, and working memory. A composite cognitive index
was calculated by averaging the scores obtained for the five cognitive domains. Similar to the
verbal memory scores, cognition was assessed with two different batteries (i.e. pen and paper, and
the computerized CogState battery). Additional information on the tests comprising each cognitive
domain for each battery can be found in Benoit et al (2015). All antipsychotic totals are presented
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as chlorpromazine equivalents in mg, as prescribed by a psychiatrist, and are reported along with
a percentage of medication adherence. SAPS totals are presented as mean scores of the sum of
item-level scores. *Bolded variables with asterisk reflect significant differences between FEP
patients and controls. Similar to the longitudinal sample presented in the main manuscript, FEP
patients had significantly lower verbal memory performance, 1Q, and levels of education compared
to HC (p<0.05). FEP patients had significantly lower performance on all cognitive subdomains
and the general cognitive index (p<0.001), with the exception of speed of processing, which
showed a trend-like group difference (p=0.06).

20One patient did not have enough clinical data to reliably define a diagnosis.

bCovaried by test version. Specifically, IQ was collected with WAIS-III (Weschler 1997) and
WASI (Weschler 1999) and verbal memory was collected with a Pen and Paper
neuropsychological test battery, and CogState Research Battery (Pietrzak et al. 2009).

“Note, Mean and Standard Deviation of cognitive domains in Controls does not equate to exactly
0 and 1, respectively, as the norms for cognitive domains were calculated before exclusion of a
subset of controls for this study due to imaging quality control.

Abbreviations: CDSS, Calgary Depression Scale for Schizophrenia. CPZ, chlorpromazine. FEP,
First episode of psychosis. SAPS, Scale for Assessment of Positive Symptoms.
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Supplementary Figures

i. White-Gray Contrast ii. Cortical Thickness

Figure 8.4. Effect of antipsychotic medication on cortical metrics.

T-statistic maps (df=83) showing main effect of antipsychotic medication on change in 1) WGC
and 11) CT, controlling for centered age, sex, and mean WGC for i), and mean CT for ii).
Antipsychotic medication is defined as cumulative chlorpromazine equivalents, as measured at
each patients’ last scanning timepoint, multiplied by adherence. A positive t-statistic (warm
colours) reflects a positive effect of antipsychotic medication on brain structure, and a negative t-
statistic (cool colours) reflects a negative effect of antipsychotic medication. Nothing was found
to be significant after RFT correction. It should be noted that there was also no significant
relationships between mean baseline ¢ and chlorpromazine equivalents at baseline (p’s>0.30), or
between mean AY and cumulative chlorpromazine equivalents (p’s>0.16).
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Figure 8.5. Spaghetti plots of negative symptoms.

Plots show change over time in Amotivation (top panel) and Expressivity Symptoms (bottom
panel) in FEP patients. Each line joins timepoints from the same subject, and is colour-coded based
on the slope of change, such that blue represents no change in symptoms (slope = 0), green
represents improvement of symptoms (slope <0) and red represents worsening of symptoms (slope
> (). The proportion of patients comprising each category are included in brackets in the legend.
For amotivation symptoms, 5 patients had the same level (or absence) of symptoms over time
(Mean A=-0.0038, SD=0.0086), 25 patients had worsening symptoms (Mean A= 3.12, SD=2.91)
and 58 patients improved (Mean A= —4.08, SD=2.72). For expressivity symptoms, 16 patients had
the same level (or absence) of symptoms over time (Mean A=0, SD=0), 22 patients had worsening
symptoms (Mean A= 4.64, SD=4.02), and 50 patients improved (Mean A= —4.18, SD=4.01).
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Figure 8.6. AAmotivation and AExpressivity deficits associated with AWGC and ACT across
time, excluding mean( o) as a covariate.

Results are RFT-corrected, where blue colours represent significant results cluster-thresholded at
a “stringent” threshold of p=0.001, whereas red/pink colour represent significant results at a
“relaxed” threshold of p=0.01. Results remain relatively unchanged from those presented in the
main manuscript.

Orientation: Surfaces from left to right in each row: left lateral, right lateral, left medial, right
medial, dorsal.
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Figure 8.7. Interaction between baseline VM and AExpressivity on AWGC and ACT, excluding
mean( o) as a covariate.

“Immediate” and “Delayed” labels in left-hand side panel refer to immediate and delayed recall of
verbal memory domain, respectively. Inflated brain is presented to better visualize results within
cortical folds. Results are RFT-corrected, where blue colours represent significant results cluster-
thresholded at “original” stringent threshold of p=0.001, whereas red/pink colour represent
significant results at a “relaxed” threshold of p=0.01. Results remain relatively unchanged from
those presented in the main manuscript, with the largest change reflected in a weaker extent of
results for the interaction between delayed recall and change in expressivity on changes in CT.
Orientation: Surfaces from left to right in each row: left lateral, right lateral, left medial, right
medial, dorsal (with the exception of the third row, where the right-most surface is a ventral view).
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Figure 8.8. Interaction between baseline VM and AExpressivity on AWGC and ACT, covarying
for general cognitive ability.

This analyses also included covariates that were included in Chapter 5. Z-scores of general
cognitive ability comparing FEP patients against healthy controls were calculated based on five
domains of cognition: speed of processing, attention, executive function, visual memory, and
executive function. A composite cognitive index was calculated by averaging the scores obtained
for the five cognitive domains. Similar to the verbal memory scores, cognition was assessed with
two different batteries (i.e. pen and paper, and the computerized CogState battery). Additional
information on the tests comprising each cognitive domain for each battery can be found in Benoit
et al (2015). Within the figure, “Immediate” and “Delayed” labels in left-hand side panel refer to
immediate and delayed recall of verbal memory domain, respectively. Inflated brain is presented
to better visualize results within cortical folds. Results are RFT-corrected, where blue colours
represent significant results cluster-thresholded at “original” stringent threshold of p=0.001,
whereas red/pink colour represent significant results at a “relaxed” threshold of p=0.01. Results
remain relatively unchanged from those presented in the main manuscript, suggesting that results
are specific to verbal memory, and cannot be explained by general cognitive ability.

Orientation: Surfaces from left to right in each row: left lateral, right lateral, left medial, right
medial, dorsal (with the exception of the third row, where the right-most surface is a ventral view).
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Appendix-1V: Supplementary material for Chapter 6 (Makowski et al., In
Preparation Molecular Psychiatry 2019)

Supplementary Methods

Sample after consideration of study criteria and Quality Control (QC).

Recruitment for this CIHR-funded longitudinal naturalistic outcome study is outcome. Scans
included in analysis were acquired from December 2016 to August 2018. We chose this as the cut-
off point because the 3T MRI Siemens scanner at the Douglas Institute underwent a Prisma
upgrade after this time, thus we opted to only include scans pre-upgrade for this analysis. At the
time of analysis, 34 FEP patients and 32 healthy controls were recruited for the study. From this
sample, 4 patients were excluded (2 did not complete baseline scan, 3 dropped out after baseline,
and 1 had an incidental finding), and 3 controls were excluded (2 met exclusionary criteria
participation in study, and 1 dropped out after baseline). This left us with 28 FEP patients and 29
healthy controls. A few other scans failed image QC either due to failure in cortical surface QC,

or significant errors in hippocampal/white-matter segmentation, as follows :

Image QC FEP Healthy Control
2 — one due to both hippocampal | 0

labels and cortical QC, another
due to cortical QC?

2 — one due to both hippocampal | 1 — due to hippocampal labels
labels and cortical QC, another
due to hippocampal labels only
Scan 3 1 — due to hippocampal labels 1 — due to hippocampal labels

Scan 1
Baseline

Scan 2
4-month follow-up

10-month follow-up

Scan 4 1 - due to hippocampal labels 0

16-month follow-up

> For one FEP scan at baseline that failed cortical QC, the patient was still included in analysis as the second scan
was acquired 6 months after entry to the clinic. Thus, the second scan was still close enough to their FEP that the
follow-up scans could be used in analysis.
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Finally, the sample included in the main manuscript was 27 FEP patients and 29 healthy controls,

contributing at least two usable scans. Please see section below on quality control procedures.

Altered parameters in imaging protocol.

A few minor alterations were made to the parameters used to acquire mp2rage, T1- and T2-
weighted sequences for a handful of subjects, compared to the set protocol that is reported in the
methods of the main manuscript in Chapter 6. For the MP2RAGE protocol (Marques et al. 2010),
6 FEP scans (4 baseline scans, one 4-month-follow-up, and one 10-month follow-up) were
acquired with an increased echo time (TE) ranging from 2.94-2.95s, compared to the set protocol
of 2.91s. For controls, 4 scans (3 baseline, and one 4-month follow-up) were acquired with an
increased TE ranging from 2.94-2.97s. For the T2-weighted scan (0.64mm isotropic), three scans
included in analysis had altered acquisition parameters: one 4-month follow-up scan from a control
was acquired with an increased repetition time (TR) from 31s to 38s, one 4-month follow-up scan
from a patient was acquired with an altered field of view (FOV) from 206 to 226 mm, and one 16-
month follow-up scan from a patient was acquired with an altered TE from 2.91 to 2.97s. For the
T1-weighted scan, which was only used to acquire total brain volume and to crop the T2-weighted
imaging data to be less computationally intensive when processed through MAGeT, only one scan
was acquired with altered acquisition parameters: this scan belonged to the 10-month follow-up

scan of a patient, where the scan was acquired with an altered TE from 2.91s to 2.95s.
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OC of processed images.

One rater (C.M.) manually rated all of the CIVET outputs, emphasizing accurate extraction of pial
and white matter surfaces. A quality control module built in-house was used, where snapshots of
the mask and surfaces overlaid on the TIl-weighted image, gray and white matter surface
renderings, surface-surface intersections, and surface extraction convergence plots were created.
These features were examined to ensure that a) the brain was extracted accurately, b) the surfaces
generally followed the anatomy, ¢) no visible abnormalities (i.e. visibly jagged surfaces, or
surfaces jutting out inaccurately) in gray and white matter surfaces could be detected, and d)
complete convergence of the surface extraction process. For any questionable areas or outputs, the
surfaces were overlaid on the T1 image and viewed slice by slice using Display software

(https://mcin-cnim.ca/technology/visualization/display/). A three-point rating system was

adopted: 2 for good quality surfaces (minimal error), 1 for satisfactory surfaces (mild to moderate
error), and O for failed outputs. For the “questionable” outputs that were rated as a “1”, a second
rater independently rated the outputs, and a consensus was reached as to the inclusion/exclusion
of the scan. From here, additional intracortical (at 35-45-55-65% cortical depths) and superficial
white matter (1mm below gray-white matter boundary) surfaces were extracted, as described in
the main manuscript. The same three-point rating system was used for hippocampal-white matter
labels. Accurate registration of these five additional surfaces and the hippocampal-white matter

labels to the quantitative T1 map of the MP2RAGE sequence was also examined.
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Group differences in qT1: Hippocampal circuit data.

Differences in qT1 relaxation times were compared between FEP patients and controls using linear
mixed effects models in Matlab (Version 2017a), with the following model:
Y=intercept+d;+B1(Group)+ B2(Centered Age)+ B3(Sex)+random(Subject)+e

where Y represents qT1 for each hippocampal circuit subregion (9 regions per hemisphere), d; is
the random within-subjects effect, B1.3 represent regression coefficients, and € is residual error. A
Bonferroni correction for multiple comparisons was applied (p=0.05/18=0.0028). Results are

shown in Table 8.11.

Group differences in qT1: Cortical surface data.

Vertex-wise analysis of IC and SWM qT1 data were conducted using SurfStat in Matlab

(http://www.math.mcgill.ca/keith/surfstat/), across 81,924 cortical vertices. Group differences
(FEP vs. control) in IC and SWM qT1 values were assessed along the cortical surface with a similar
linear mixed effects model as above. The key difference is that “Y” in this case represents the
average qT1 value across linked vertices at 35-45-55-65% cortical depths (intracortical qT1) or
the qT1 value 1mm below the gray-white matter boundary (SWM qT1). Random field theory
(RFT) (Worsley et al. 2004)was used for multiple comparison correction. Given our modest
sample size and the exploratory nature of this analysis, we used a slightly more relaxed p-cluster

threshold of p=0.01. Results are shown in Figure 8.10.
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Supplementary Tables

Lobe Label| Abbrev |Description Lobe Label| Abbrev  |Description

14 MedOFG.L  MedialOrbitofrontal.L 114 MedOFG.R  MedialOrbitofrontal.R

8 LatOFG.L  LateralOrbitofrontal.L 108 LatOFG.LR  LateralOrbitofrontal.R

17 RosMFG.L  RostralMiddleFrontal.L 117 RosMFG.R  RostralMiddleFrontal.R

9 LatFOrb.L  LateralFrontalOrbitalis.L 109 LatFOrb.R LateralFrontalOrbitalis.R
Left Frontal 26 SFG.L SuperiorFrontalGyrus.L Right Frontal 126 SFG.R SuperiorFrontalGyrus.R

1 CaudMFG.L CaudalMiddleFrontal.L 101 CaudMFG.R | CaudalMiddleFrontal.R

23 LatFOper.L | LateralFrontalOpercularis.L 123 LatFOper.R  LateralFrontalOpercularis.R

4 LFT.L LateralFrontal Triangularis.L 104 LFT.R LateralFrontal Triangularis.R

13 PaCG.L ParacentralGyrus.L 113 PaCG.R ParacentralGyrus.R

29 PreCG.L PrecentralGyrus.L 129 PreCG.R PrecentralGyrus.R

3 PoCG.L PostcentralGyrus.L 103 PoCG.R PostcentralGyrus.R

22 SPL.L SuperiorParietal.L 122 SPL.R SuperiorParietal.R
Left Parietal |30 IPL.L InferiorParietal. L Right Parietal |30 IPL.R InferiorParietal. R

5 SMG.L SupramarginalGyrus.L 105 SMG.R SupramarginalGyrus.R

27 PCUN.L Precuneus.L 127 PCUN.R Precuneus.R

20 InfOC.L InferiorOccipitalCortex.L 120 InfOC.R InferiorOccipitalCortex.R
Left Occipital 11 Calc.L Pericalcarine.L Right Occipital 111 Calc.R Pericalcarine.R

15 Cun.L Cuneus.L 115 Cun.R Cuneus.R

21 Ling.L LingualGyrus.L 121 Ling.R LingualGyrus.R

24 Fus.L FusiformGyrus.L 124 Fus.R FusiformGyrus.R

28 TranTG.L  TransverseTemporal.L 128 TranTG.R TransverseTemporal.R
Left Temporal | 32 STG.L SuperiorTemporal.L Right Temporal | 132 STG.R SuperiorTemporal.R

10 MTG.L MiddleTemporal.L 110 MTG.R MiddleTemporal.R

16 ITG.L InferiorTemporal.L 116 ITG.R InferiorTemporal.R

12 PHG.L Parahippocampal.L 112 PHG.R Parahippocampal.R

2 Ent.L EntorhinalCortex.L 102 Ent.R EntorhinalCortex.R

18 RosACC.L  RostralAnteriorCingulate.L 118 RosACC.R  RostralAnteriorCingulate.R
Left Limbic (25 CaudACC.L CaudalAnteriorCingulate.L. |Right Limbic |125  CaudACC.R  CaudalAnteriorCingulate.R

31 PCC.L PosteriorCingulate.L 131 PCC.R PosteriorCingulate.R

19 IsCG.L IsthmusCingulateGyrus.L 119 IsCG.R IsthmusCingulateGyrus.R

7 Ins.L Insula.L 107 Ins.R Insula.R

Table 8.10. DKT regions and abbreviations.
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F-statistic Mean Difference 95% Confidence Interval

Hemisphere Structure df=1,159 p-value (FEP-Control) (Lower, Upper)

CAl 2.16 0.143 22.75 -7.81, 53.30
CA2/3 2.49 0.116 30.17 -7.57, 67.90
CA44/DG* 7.17 0.008 18.63 4.89, 32.37
Molecular layer* 6.17 0.014 22.11 4.53, 39.69

Left Subiculum 1.98 0.161 27.35 -11.03, 65.73
Alveus* 8.47 0.004 66.15 21.26, 111.04
Fimbria 3.59 0.060 47.59 -2.04, 97.21
Fornix* 4.99 0.027 41.73 4.85, 78.60
Mammillary
Bodies 1.66 0.199 31.06 -16.52, 78.65
CAl 0.36 0.550 8.27 -19.02, 35.57
CA2/3 0.32 0.570 8.1 -20.03, 36.23
CA4/DG 0.45 0.502 5.77 -11.17,22.72
Molecular layer 3.48 0.064 15.1 -0.88, 31.09

Right Subiculum 0.41 0.522 11.15 -23.18,45.48
Alveus* 5.63 0.019 44.82 7.53,82.11
Fimbria 0.079 0.780 7.16 -43.3, 57.63
Fornix* 4.97 0.027 49.44 5.65, 93.23
Mammillary
Bodies 2.76 0.099 35.07 -6.65, 76.80

Table 8.11. Group differences in hippocampal circuit qT1.
No results survived correction for multiple comparisons with a Bonferroni-threshold of
p=0.0028. Structures with p-uncorrected<0.05 are italicized with an asterisk(*).
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1=Limbic; 2=Frontoparietal Control ; 3= Default Mode Network; 4= Somatomotor;
5= Dorsal Attention; 6= Ventral Attention; 7= Visual; 8=Hippocampal-White Matter Circuit

Figure 8.9. Assignment of individual regions of interest to 8 parcels.

Individual nodes reflect the approximate centre coordinate of the 62 DKT cortical regions and 18
hippocampal-white matter circuit regions. DKT regions were assigned to seven different parcels
based on the functional networks presented in Yeo et al (2011). The hippocampal-white matter
circuit formed its own parcel (8). Visualization was done with BrainNet Viewer (Xia et al. 2013).
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t-stat

Intracortical qT1
FEP>Control

RFT

t-stat

SWM qT1
FEP>Control

t-statistic RFT-corrected p-value

4 2 0 2 4 0.05 0.025 <0.001

Figure 8.10. Group differences in IC and SWM (T1.

FEP patients have greater qT1 in superficial white matter (SWM) underlying bilateral temporal
cortices, left insula, and right cuneus compared to healthy controls. No regions survived correction
for multiple comparisons when examining qT1 intracortically (IC), although the t-statistic map
shows regions of bilateral medial frontal and temporal, and paracentral regions that show trends
of increased qT1 in FEP compared to controls. Brain views from left to right: left lateral, right
lateral, left medial, right medial.
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Figure 8.11. No group differences in PC of default mode and ventral attention networks.
For the boxplots, the red line denotes the mean, light blue boxes are the 95% confidence

intervals, dark blue boxes represent 1 standard deviation, and gray dots are individual data
points.
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