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ABSTRACT

Psychosis strains individuals daily and can even impede their independence and productivity in
society. Identifying predictors of functional outcomes at the first-episode psychosis (FEP) is
crucial to tailor interventions with a rehabilitation and functioning improvement focus. Negative
symptoms (NS), considered proxies for functional deficits, are hallmarks of psychosis associated
with several neural substrates. Neuroimaging evidence, converging towards a dysconnectivity
perspective of psychosis, has shown hub regions within brain networks to be disproportionally
affected in schizophrenia, an effect correlated with symptoms of the disorder. The goal of this
work is to examine brain markers of NS and functional outcomes in FEP, applying a connectivity
approach that has been used chiefly for other symptoms. Leveraging both functional and structural
imaging, betweenness centrality (BC) will assess the influence of hub regions on information
processing in networks. In the first study, focusing on resting-state functional BC, we found a
general increased abnormal hub influence of most whole-brain networks that correlated with
functional deficits and NS. The right hippocampus was a significant predictor of overall
functioning, an effect mediated by avolition/apathy. In the second study, leveraging qT1
structurally-derived BC for networks hubs and hippocampal subfields, we found reduced hub
influence associated with functional deficits and NS. The left middle temporal gyrus, left CA4/DG,
and right fornix were predictors of functional outcomes through avolition. We suggest that
avolition is the underlying lack of drive that explains NS in psychosis requiring tailored
interventions as a sensitive NS in FEP. Furthermore, leveraging BCs of two modalities, we propose
that reduced hub centrality, or importance in connectivity, on a structural level in networks might
impact how the brain remediates this loss by increasing the activity of other nodes to compensate.
Finally, we discuss the potential creativity circuit between the middle temporal gyrus and the

hippocampus underlying avolition and cognitive impairments in psychosis.



RESUME

La psychose stresse les individus affectés quotidiennement et peut nuire a leur indépendance et
productivité dans la société. Il est essentiel de déterminer les prédicteurs de I’issue fonctionnelle
suite a un premier épisode de psychose (PEP) afin d’adapter les interventions axées sur
I’amélioration du fonctionnement et la réadaptation. Les symptomes négatifs (SN), substituts pour
les déficits fonctionnels, sont associés a plusieurs substrats neuronaux. Les données de la
neuroimagerie, qui convergent vers une perspective de déconnexion de la psychose, suggerent que
les régions centrales des réseaux cérébraux, appelés « hubs », sont affectées de fagon
disproportionnée dans la psychose, et ce, en corrélation avec la gravité des symptdmes. Le but du
présent travail est d’examiner les marqueurs neuronaux des SN et les résultats fonctionnels suite a
un PEP, en appliquant une approche de connectivité qui a été utilisée principalement pour d’autres
symptomes psychotiques. En utilisant la centralit¢ intermédiaire (CI) issue de I’imagerie
fonctionnelle et structurelle, nous évaluerons I’influence des hubs sur le traitement de
I’information dans les réseaux suite a un PEP. Dans la premicre étude, axée sur I’imagerie
fonctionnelle au repos, nous avons constaté une augmentation généralisée de I’influence anormale
de hubs dans la plupart des réseaux cérébraux. Cette augmentation était corrélée avec les déficits
fonctionnels et les SN. L’ hippocampe droit représentait un prédicteur important du fonctionnement
global, un effet médié par 1’avolition/apathie. Dans la deuxi¢me étude, utilisant des marqueurs
structurels pour la CI des hubs et des sous-champs hippocampiques, nous avons constaté que
I’influence réduite des hubs était associée aux déficits fonctionnels et aux SN. Le gyrus temporel
moyen, CA4/DG, et le fornix droit constituaient des prédicteurs de résultats fonctionnels médiés
par I’avolition. Nous suggérons donc que 1’avolition représente un manque de motivation sous-
jacent qui explique les SN en psychose et nécessite des interventions adaptées en tant que SN

sensible suite a un PEP. En tirant parti de deux modalités utilisant la CI nous avons aussi avancé



que la réduction de la centralité des hubs, ou de I’importance de la connectivité au niveau structurel
dans les réseaux, pourrait avoir une incidence sur la facon dont le cerveau remédie a cette perte en
augmentant 1’activité d’autres hubs pour compenser. Enfin, nous discutons du circuit cérébral de
la créativité, comprenant le gyrus temporel moyen et I’hippocampe. Un faible niveau de créativité

pourrait expliquer I’avolition et les atteintes cognitives en psychose.
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CHAPTER 1: INTRODUCTION

Psychiatry has evolved to study, prevent, and treat mental disorders. The main goal of the field is
to alleviate the burden of symptoms and daily shortcomings while trying to find interventions that
can reverse the devastating impact of mental disorders (Martin, 2002). However, psychiatry has
been seeking treatment without a prevention focus, a perspective that changed within the century.
The integration of neuroscience and psychology research with psychiatry allowed for a
multidimensional study of mental disorders in addition to successful prediction efforts observed
in substance use disorders, dementia, and depression (Compton, 2008; Martin, 2002; Verdolini &
Vieta, 2021). The search for markers of mental disorders for prevention has thus begun.
Rationale: Schizophrenia and related psychoses are debilitating psychiatric disorders affecting
around 3% of the Canadian population (Public Health Agency of Canada, 2019) and are considered
one of the top 20 most debilitating disorders worldwide (James et al., 2018). With a plethora of
symptoms including delusions, emotional blunting, a lack of motivation, and cognitive deficits, it
is one of the disorders that have attracted the most efforts to find preventive markers and
treatments. It is a disorder with known at-risk and prodromal stages that have been studied and
shown to improve outcomes with appropriate efforts (Compton, McGlashan, & McGorry, 2007).
The study of schizophrenia symptoms recently shifted to include underlying neurological
components that emphasize a connectivity perspective (Uddin, Yeo, & Spreng, 2019). Findings
have highlighted interconnected symptoms and related brain deficits that informed the field on the
etiology of the disorder and treatment avenues (Dong, Wang, Chang, Luo, & Yao, 2018).
Objectives: We aim to leverage the neurological dysconnectivity perspective to shed light on brain
predictors of negative symptoms and functional outcomes in patients at early stages of psychosis.
Our first study will use resting-state functional imaging while the second study will leverage

structural imaging to build a connectivity profile using brain networks to focus on hub regions.
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CHAPTER 2: LITERATURE REVIEW

1. Functional outcomes in schizophrenia: overview and importance

Schizophrenia (SZ) and related psychoses are characterized by positive (e.g., hallucinations,
delusions), negative (e.g., reduced motivation and emotional expressivity), and cognitive (e.g.,
verbal memory impairments) symptoms (Kahn et al., 2015). Functional outcomes, defined as the
ability to live independently, adapt to a community, and manage basic daily activities (American
Psychiatric Association, 1987; Juckel et al., 2008; Sumiyoshi & Sumiyoshi, 2015), were included
in 1987 as a diagnostic criterion in the third edition of the Diagnostic and Statistical Manual of
Mental Disorders (American Psychiatric Association, 1987) emphasizing their importance on the
course of illness and treatment in psychosis (Juckel et al., 2008; Sumiyoshi & Sumiyoshi, 2015).
Functioning deficits hold back SZ individuals impacting their ability to recognize a situation, take
the appropriate decision, and perform a certain action (Harvey & Strassnig, 2012). A myriad of
illness-related (e.g., cognitive impairments, negative symptoms), environmental (e.g., lack of
social support, high unemployment rate), and demographic (e.g., immigration status, ethnicity)
conditions worsen functioning of patients, restrict their control over daily activities, limit their
financial independence, and isolate them from social integration and support (Harvey & Strassnig,

2012; Sumiyoshi & Sumiyoshi, 2015).

Functioning is assessed through a wide range of measures including employment, social
functioning (i.e., level of interactions with others), and other comorbidities (e.g., depression)
(Bromley & Brekke, 2010; Sumiyoshi & Sumiyoshi, 2015). The Global Assessment of
Functioning (GAF) is an old functioning scale that subjectively and indistinguishably assesses
social and occupational functioning in addition to clinical symptoms (Lehman, 1983; Samara et
al., 2014). The scale is still widely used due to its overall capture of the current functioning of

individuals (Suzuki, 2011). The Social and Occupational Functioning Assessment Scale (SOFAS)
11



is an improved version of the GAF and focuses on the individual’s level of social and occupational
functioning not directly influenced by overall symptoms (Morosini, Magliano, Brambilla, Ugolini,
& Pioli, 2000; Samara et al., 2014). A longitudinal study by Samara et al. (2014) demonstrated

that GAF and SOFAS scores are strongly and linearly correlated and can even be exchangeable.

Since there are no curative treatments for SZ yet, the main goals of interventions focus on
reducing symptoms’ interference with daily functioning and rehabilitating patients to function
independently and productively in society (Bowie et al., 2008; Sumiyoshi & Sumiyoshi, 2015).
Therapeutic efforts are focused on improving self-management by establishing routines to increase
medication adherence, recognizing early signs of deterioration to decrease hospitalization rates, as
well as surrounding individuals with supportive environments to improve social engagement and
stabilize employment status (Shepherd et al., 2012). Overall, the aim is to alleviate the humanistic,
social, and economic burdens that SZ puts on individuals, their families, and society (Bowie et al.,
2008; De Silva, Hanwella, & De Silva, 2012; Millier et al., 2014). The psychosocial burden of SZ
is significant as early as first-episode psychosis (FEP) and evidence suggest only slight functional
deterioration with increased chronicity and severity of the disorder (Crespo-Facorro et al., 2021).
Many efforts in early intervention services, specialized treatments targeting early stages of
psychosis, have shown reduced symptoms and relapse risks, leading to improved long-term
functional outcomes (Dama, Shah, et al., 2019; Falakshahi et al., 2020; Marder & Galderisi, 2017,
Nolin, Malla, Tibbo, Norman, & Abdel-Baki, 2016; Norman et al., 2011) thus emphasizing the

importance of identifying predictors of functioning at the FEP stage.
2. Clinical predictors of functional outcomes: a focus on negative symptoms

The study of functional outcomes has uncovered several predictors. Cognitive impairments,
observed in the majority of individuals diagnosed with SZ, are present across a wide range of

domains (i.e., attention, memory, executive functions, and social cognition) and have been
12



correlated with functional outcomes (Lepage, Bodnar, & Bowie, 2014). Specifically, verbal
memory has been found to be a marker of functional outcomes as early as FEP (Lepage et al.,
2014; Makowski et al., 2020). Demographically, age, gender, education, and race, have been
shown to predict real-life daily functional capacity but not social capacity (Gould, Bowie, &
Harvey, 2012). Sex differences studies have highlighted that men with SZ tend to be less educated,
report more substance use disorders, and have longer premorbid adolescent stages which associate
with poorer overall functioning (Dama, Veru, et al., 2019). In FEP, females had better functional
outcomes in a longitudinal study, an effect associated with better verbal memory performance
(Buck et al., 2020). Negative symptoms (NS) refer to the absence of normal behavior in SZ
including social withdrawal, an inability to express emotions (e.g., pleasure), a lack of interest in
the world, and an inability to act spontaneously (Ahmed et al., 2022; Blanchard & Cohen, 2006).
These symptoms have been strongly correlated to functional outcomes, and with memory and
social cognition, they account for most deficits observed in individuals’ daily lives (Ang, Rekhi,

& Lee, 2019; Vesterager et al., 2012). We will focus in this work on NS as proxies for functioning.

In SZ, NS are heterogeneous, appear as early as FEP, are resistant to treatment, and directly
impact the functional outcomes of individuals (Lutgens et al., 2019; Strauss et al., 2018). The
current literature proposes two different models of NS supported by longitudinal and correlational
studies (Kirkpatrick, Fenton, Carpenter, & Marder, 2006; Millan, Fone, Steckler, & Horan, 2014).
On one hand, a five-factor model separates NS into blunted affect (reduced emotional expression),
alogia (poverty of speech), anhedonia (deficit in anticipating pleasure), asociality (diminished
motivation to social interactions), and avolition (reduced motivation for goal-directed behavior)
(Ahmed et al., 2022; Galderisi et al., 2021; Marder & Galderisi, 2017). On the other hand, a two-
factor model clusters NS into two general domains: emotional expression (EXP: blunted affect and

alogia) and motivation and pleasure (MAP: anhedonia, asociality, and avolition; Ang et al., 2019;

13



Galderisi et al., 2021). There is no consensus in the field as to which model is best suited to
investigate NS in SZ individuals (Galderisi et al., 2021). However, a recent study by Ahmed et al.
(2022) shows evidence of the five-factors model being more precise in uncovering associations
compared to the two-factors model. In a study by Ang et al. (2019) leveraging both NS models,
asociality, avolition, and MAP were correlated with overall functional deficits in SZ. In FEP,
avolition, anhedonia, and passive/apathetic social withdrawal were found to correlate with poorer
functional outcomes (Gutman et al., 2022; Van Erp et al., 2016). Although the different NS might
overlap in their correlation with functional hallmarks of SZ, there is still no decisive convention
on the optimal number of symptoms when investigating associations of NS with other dimensions

of the disorder (Ahmed et al., 2022; Blanchard & Cohen, 2006).

3. Neurobiology of schizophrenia: an overview

Over the years, researchers in the field have tried to determine the underlying neurobiological
correlates of SZ. The most common modalities used in SZ research have been structural and
functional imaging which paint a complementary picture of the abnormal architecture and activity
of the brain (Lynn & Bassett, 2019; Passingham, Stephan, & Kétter, 2002). In fact, there is a
structural basis to functional brain activity although the association is not exclusive (Passingham
et al., 2002; Rubinov & Sporns, 2010). High cost and insufficient clinically-relevant information
have limited the use of other imaging modalities such as diffusion tensor imaging (structural),
magnetoencephalography, functional near-infrared spectroscopy, and electroencephalography

(functional; Sadeghi et al., 2021).

Structural imaging studies have consistently shown a widespread decrease in cortical gray
matter volume in SZ, especially in frontal and medial temporal areas (Lepage et al., 2021; McHugo
et al., 2020) as well as in subcortical structures including the hippocampus and amygdala (Gutman

et al., 2022; Van Erp et al., 2016). Research focusing on surface area and cortical thickness, which
14



together constitute brain volume, has found extensive cortical thinning and reduced surface area
across the cortical mantle in SZ (Van Erp et al., 2018). Severe grey matter volume reduction in
brain regions such as the temporal lobe, fusiform gyrus, orbitofrontal cortex, and insula has shown
significant correlations with increased NS severity in psychosis (Vieira et al., 2021). Even in FEP,
neuroanatomical correlates of NS include larger ventricles (Akudjedu et al., 2020), reduced grey
matter volume, and cortical thinning in the orbitofrontal and frontal inferior areas (Benoit, Bodnar,
Malla, Joober, & Lepage, 2012; Kirschner et al., 2021). Apathy and avolition have been
specifically associated with reduced frontal lobe volume in addition to cortical thinning in the
orbitofrontal and anterior cingulate areas while blunted affect was associated with a larger surface
area of the right putamen (Merch-Johnsen, Agartz, & Jensen, 2017). Persistent NS, symptoms still
present after 6 months of the FEP and directly related to poor functioning, have been associated
with frontal and medial temporal abnormalities, especially a volume reduction of the hippocampus
(Hovington & Lepage, 2012; Lavigne et al., 2022 (submitted); McHugo et al., 2020). The
hippocampus, crucial for episodic memory, has been implicated in SZ functional deficits
(Antoniades et al., 2018). Indeed, lack of EXP was predicted by a reduced hippocampal volume in

FEP, an effect mediated by verbal memory impairments in a study by Duan et al. (2021).

Functional imaging studies of SZ have focused on a hypofrontality hypothesis, the observation
that at rest, there is lower blood flow and activity in the anterior parts of the SZ brain (Friston,
Brown, Siemerkus, & Stephan, 2016b; Pettersson-Yeo, Allen, Benetti, McGuire, & Mechelli,
2011; Rubinov & Sporns, 2010), which is not consistently observed in FEP (Gonzalez-Vivas et
al., 2019). Studies with task-related functional imaging have shown abnormal activities in
psychosis, either hypo- or hyper- activation, depending on the task and brain regions (Gonzalez-
Vivas et al., 2019; Niznikiewicz, Kubicki, & Shenton, 2003). The same generalized dysfunction

is observed in FEP with reduced activation of the ventrolateral prefrontal cortex, the superior
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temporal cortex, and the thalamus in attention tasks but increased activation in the ventrolateral
prefrontal areas during working memory tasks (Schneider et al., 2007). In psychosis, NS have been
associated with abnormal hypoactivity in the temporal lobe, altered activity in the inferior parietal
lobule, hippocampus, and precuneus which worsen functional outcomes (Millan et al., 2014; Zhao
et al., 2018). But, the impact of antipsychotic medication, heterogeneous structural and functional
imaging findings, coupled with comorbid cognitive deficits and positive symptoms, have made it
challenging to reach a consensus in terms of structural and functional regions with specific

associations to NS and functioning (Millan et al., 2014).

4. Betweenness centrality: a new take on the neurobiology of schizophrenia
Beyond localized volume reductions or abnormal activation and deactivation throughout the
cortex, connectivity is increasingly chosen to examine SZ. The focus shift comes with the
dysconnectivity theory of psychosis which posits that psychotic symptoms are likely subtended by
disruptions of integrated brain networks rather than damage in specific areas (Friston, Brown,
Siemerkus, & Stephan, 2016a; Pettersson-Yeo et al., 2011; Rubinov & Sporns, 2010). Brain
networks are representations of a complex system composed of nodes (i.e., brain regions)
connected via edges (i.e., anatomical or functional connections) to each other (Rubinov & Sporns,
2010). Significant associations between nodes illustrate direct or indirect influences of one brain
area on another and provide insight into disorder-related disruptions (Rubinov & Sporns, 2010).
A meta-analysis performed by Khalil, Hollander, Raucher-Chéné, Lepage, and Lavigne (2022)
from our team leveraged brain networks and provided new insights into the structural correlates of
cognitive symptoms in SZ. Our meta-analysis confirmed that there is a structure for the function
of the brain and that functionally-derived networks (i.e., Yeo et al. (2011)), when applied to
structural findings, provided insights into cognitive deficits in SZ. We found that highly connected

regions within networks correlated with specific domains and the number of networks associated
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with a given domain were often indicative of the complexity of that domain (Khalil et al., 2022).
The findings with cognitive symptoms, predictors of functional outcomes (see section 2), confirm
the need to leverage a connectivity perspective while investigating NS as a proxy of functional
outcomes in this thesis.

One well-known method to investigate brain networks is to first parcellate the brain leveraging
Yeo et al. (2011) who identified 7 and 17 cortical brain networks from resting-state functional
connectivity. These cortical networks were named based on their function as in the literature and
include: the default mode network (DMN) active during rest as the default setting of the brain; the
dorsal attention network (DAN) for externally directed attention to tasks; the frontoparietal control
network (FPN) for goal-directed executive control; the limbic network (LIM) processing emotions
and affect; the somatomotor network (SOM) responsible for movements and somatic sensations;
the ventral attention network (VAN) for attention to salient stimuli and involuntary actions; and
the visual network (VIS) groups regions of responsible for vision and direction in space.

Centrality, referring to the degree to which a given brain region (i.e., node) is densely
connected to other brain structures has been used to investigate dysconnectivity in psychosis
(Pettersson-Yeo et al., 2011; Rubinov & Bullmore, 2013; Rubinov & Sporns, 2010). Centrality
focuses on hub regions, interconnected brain areas that play a crucial role in integrating neural
signals, and includes multiple measures to assess the influence, shortest paths, and flow importance
of hub nodes (Rubinov & Sporns, 2010). Hub regions have been shown to be disproportionately
affected in SZ resulting in abnormal communication between brain regions and general
dysconnectivity within and between brain networks, a hallmark of the disorder (Van den Heuvel
et al., 2013). One measure of hub influence on a network is called betweenness centrality (BC)
and refers to the influence of a given brain region (i.e., node) as it connects (via edges) to other

brain structures. It is the fraction of all shortest paths in the network that pass through a given node
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with a high BC symbolizing a hub region compared to other areas (Cheng et al., 2015; Rubinov &
Sporns, 2010). Leveraging BC has delineated characteristics of psychosis (Van den Heuvel et al.,
2013) and while connectivity, in general, has proven to be useful for cognitive symptoms (Khalil
et al., 2022), there is a need to apply such approach to other dimensions of the psychopathology,
notably NS. The heterogenous symptoms manifestations, myriad of functional impairments, and
generalized structural and functional imaging abnormalities observed in SZ are best suited to be
investigated with a BC measure to delineate the networks and subsequent hub regions underlying

disorder-related deficits.

5. Dysconnectivity underlying functional outcomes and negative symptoms

As discussed previously, the field has moved to a dysconnectivity perspective with centrality
measures (e.g., BC) better suited to investigate the complexity of SZ and its related clinical
components as functional outcomes and NS. Functional imaging studies, with significant edges
referring to simultaneous activation of nodes, have shown heterogeneous results. Reduced
clustering and hub presence in medial parietal and premotor areas, right orbitofrontal areas, and
reduced centrality in the superior temporal cortex were observed in some studies (Millan et al.,
2014; Rubinov & Bullmore, 2013). Increased BC was observed in posterior hubs in a resting-state
electroencephalogram study, another modality for functional connectivity (Krukow, Jonak,
Karpinski, & Karakuta-Juchnowicz, 2019). Early-stage SZ showed high hub density in the FPN,
VIS, and the right parahippocampus all associated with NS (Hummer et al., 2020; Zhou et al.,
2022). Finally, the DMN had weaker connectivity between hubs such as the dorsal medial
prefrontal cortex, the posterior cingulate cortex, and the precuneus in SZ individuals compared to
controls but stronger connectivity between the temporal pole, medial motor cortex, and the anterior
precuneus (Alonso-Solis et al., 2012). Overall, disrupted hubs activity with other brain areas is
suggested to underlie NS, predictors of functional outcomes.
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Although the usual method employed to derive centrality matrices uses resting-state functional
magnetic resonance imaging (rs-fMRI) (Bullmore & Sporns, 2009), anatomically derived
networks leveraging the Yeo et al. (2011) parcellation method have provided valuable insight
(Khalil et al., 2022; Shafiei et al., 2020). In structural studies, with significant edges referring to
more connections with other nodes, associations between the DMN and VIS were observed with
cognitive deficits and NS, two stable hallmarks of SZ (Kirschner et al., 2020). Other morphometric
studies showed a reduced BC in frontal areas in SZ and the emergence of non-frontal hubs
compared to healthy controls (Bassett et al., 2008). A study by Makowski et al. (2020) from our
group showed a reduced centrality of the hippocampus in FEP associated with NS, an effect
mediated by poor verbal memory. By its position, the hippocampus and associated circuitry have
been described as a convergence zone, connecting several cortical regions (Misi¢, Goiii, Betzel,
Sporns, & Mclntosh, 2014). Previous models suggest cognitive deficits (e.g., verbal memory
impairments) as precursors of NS which directly impact overall functioning (Foussias, Agid,
Fervaha, & Remington, 2014). In Makowski et al. (2020), the decrease of cortical connections in
the hippocampus was driven by output hubs mainly the subiculum, CAl, alveus, fimbria, and
fornix. Structurally disrupted hubs in networks and subcortical regions might provide a window

into NS and functional deficits in SZ.

To our knowledge, no study in the field has compared functional and structural BC as it relates
to specific brain regions or networks in healthy or affected brains. The difference in interpretation
of BCs between the modalities and the heterogeneity of disruptions to SZ brains add to the
complexity of the comparison. However, studies in brain connectivity have shown that although
there is a strong correlation between structural and functional connectivity, functional connectivity
has also been observed with no subsequent correlations given than brain activity transcend local

physical connections (Damoiseaux & Greicius, 2009). Thus, structural BC can be expected to
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follow functional BC to a certain degree but the implications of heterogenous SZ brain disruptions

remain unknown.

6. Rationale and objectives

SZ is a complex disorder with heterogenous NS manifestation, functional consequences, and
underlying neural components. A better overall understanding of functional deficits with insights
into predictors allows for personalized holistic treatments strategies established at the first signs
of functional deficits, NS, or neuroimaging measures (Brissos, Molodynski, Dias, & Figueira,
2011). Nonetheless, previous studies have investigated predictors of functioning separately,
usually with unidimensional measures of NS, or one modality for centrality. The heterogeneity of
the disorder and the complex structure of its clinical and neural components is best suited to be
investigated in a multidimensional fashion (Schultz et al., 2012). Leveraging structural and
functional modalities provide a complementary understanding of the dysconnectivity theorized to
be at the root of the disorder, in addition to the overlapping NS (Bullmore & Sporns, 2009; Cheng

et al., 2015; Falakshabhi et al., 2020).

The goal of this work is to determine brain markers of NS as proxies of functional outcomes
in FEP, applying a connectivity approach coupled with multimodal imaging BC measures. We will
first attempt to build a mediation model with functionally-derived BC, NS, and overall functioning,
leveraging data collected during a large longitudinal study. We also want to highlight the NS that
could potentially be markers in FEP. The size of the database used will provide us with an
advantage compared to previous studies focusing on small samples. We will use this study to get
an overall perspective of the association between functional deficits, NS, and BCs leveraging Yeo
et al. (2011) networks and the hippocampus as one structure. In our second study, we will
investigate structurally-derived BC, NS, and overall functioning at ultra-high-field neuroimaging.

Previous studies on brain structure and NS have been limited in that they mainly employ MRI field
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strengths (1.5T or 3T) that lack the spatial resolution to fully capture the complexity of networks
and subcortical structures (De Martino et al., 2018). Using a different independent sample, we will
have a higher precision focus on brain structures and the hippocampus to delimit hubs associated
with NS that could predict functional deficits. To utilize the high resolution offered by the 7T
scanner, we were prompted to use the structural images of this database as an independent sample
from the first study. We expect NS to mediate the association between structural and functional
BC and functional deficits. We hypothesize that large-scale and localized findings will be
complementary although in two different modalities. Comparing the mediation models built in the

two studies will provide insight into hub influence in FEP and predictors of functional outcomes.
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CHAPTER 3: METHODS
1. Study 1: Resting-State Functional Connectivity in First-Episode Psychosis
1.1. Subjects

Subjects were recruited from the Prevention & Early Intervention Program for Psychoses (PEPP)
at the Douglas Mental Health University Institute in Montreal, Canada, an early-intervention
program integrated with clinical, teaching, and research services. The center caters to an area of
~300,000 people and specializes in individuals between 14 and 35 years old with a first episode of
affective or non-affective psychosis (Iyer, Jordan, MacDonald, Joober, & Malla, 2015).
Participants were enrolled as part of an ongoing longitudinal study, around Aripiprazole and
cognitive improvement, which started in February 2016 (Lepage et al., 2021; Makowski et al.,
2020; Raucher-Chéné et al., 2022). Included individuals (n = 100) followed the PEPP criteria
which included an 1Q > 70, a diagnosis of a nonaffective or affective psychosis, and a maximum
of 1 month of antipsychotic medication history, reducing the potential confounding effects of long-
term medication or prolonged illness course. Healthy controls (n = 60) were recruited through
advertising in the same catchment area. Exclusion criteria included a personal or family history of
a mental health or substance use disorder as defined by the American Psychiatric Association
(2013). For both groups, individuals who were unable to undergo an MRI scan were excluded. In
this chapter, we only included participants’ data from the baseline time point, scanned before
October 2021, and with a complete functional outcomes assessment. In total, our sample
comprised of 49 controls and 41 FEP individuals tested within 3 months of entry at the PEPP. All
participants provided written, informed consent and were free to withdraw from the study at any

time with no consequences on treatment for FEP individuals.
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1.2. Clinical variables: functional outcomes and negative symptoms
Functional outcomes of FEP were assessed with two scales. The SOFAS is a validated assessment
focusing on the individual’s level of functioning in everyday life not directly influenced by overall
symptoms (Morosini et al., 2000). The SOFAS is scored on 100 with a total of 50 a serious
impairment in overall functioning (Rybarczyk, 2011). The scale has high inter-rater reliability
when raters have been trained or informed about scoring guidelines (Catts et al., 2011). The GAF
scale (Lehman, 1983) was also used to assess functioning in this study and is rated from 0 to 100
with 100 being a superior functioning without impairments and 50 a serious to a severe deficit in
everyday life (American Psychiatric Association, 1994). Although criticized for subjectively and
indistinguishably assessing functioning in addition to clinical symptoms, studies have found GAF
and SOFAS scores to be highly similar (Samara et al., 2014). Both strongly and negatively
correlate with NS and have been shown to detect slight functional impairments even without
symptoms manifestations (Samara et al., 2014).

NS were assessed for FEP participants with the Scale for Assessment of Negative Symptoms
(SANS), a scale developed in conjunction with the Scale for Assessment of Positive Symptoms to
provide an overall outlook on SZ (Andreasen, 1989). Although this is the first NS scale developed,
its validity and inter-rater reliability haves been established over time independently of the NS
model accuracy in the field (Kumari, Malik, Florival, Manalai, & Sonje, 2017). The scale measures
25 items grouped under five symptoms: affective blunting, alogia, avolition/apathy,
anhedonia/asociality, and attention. Each element is rated on a scale of 0, absence of symptom, to
5, severe symptom intensity and presence (Andreasen et al., 2005; Galderisi et al., 2021). In

accordance with the most recent guidelines, we excluded the attentional factor in addition to
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recomputing the affective blunting and alogia domains’ subtotals to respectively disregard items
6 (inappropriate affect) and 10 (poverty of content of speech; Galderisi et al., 2021).
1.3. Functional MRI acquisition
Subjects underwent a brain MRI scan on a 3T Siemens Magnetom Trio scanner at the Douglas
Mental Health University Institute. Structural acquisition included a T1-weighted MPRAGE
sequence (Brant-Zawadzki, Gillan, & Nitz, 1992): repetition time (TR) = 2,300 ms, echo time (TE)
= 2.98 ms, field of view (FOV) = 256 mm, voxel size = 1 mm?, 192 slices, flip angle = 9°, scan
time ~ 5 min. Rs-fMRI acquisition used an echo-planar imaging BOLD sequence (Ogawa, Lee,
Kay, & Tank, 1990) with TR = 928 ms, TE = 31 ms, FOV = 225 mm, voxel size = 2.5 mm?, 52
slices, flip angle = 60°, scan time ~ 5 min. A scanner update performed on September 17", 2018,
changed the sequence TR from 928 to 951 ms. During the rs-fMRI, subjects were asked to close
their eyes and rest without sleeping.
1.4. Functional preprocessing and quality control

We used the fmriPrep processing pipeline with the raw T1-weighted and rs-fMRI scans for a robust
correction of acquisition artifacts and normalization of images. The homogenous T1-weighted
structural images went through an intensity non-uniformity correction, where the skull is stripped
and a template, the Montreal Neurological Institute 152 (MNI152), is applied to all images. The
spatial normalization was followed by a brain tissue segmentation and then surfaces were
reconstructed. In parallel, the functional images were pre-processed by overlapping a brain mask,
estimating head motion, and correcting for slice-timing errors. After estimating the functional
susceptibility to image distortions, the corrected T1-weighted images were aligned to the
functional outputs. The fmriPrep pipeline resulted in a series of corrected structural and functional

images standardized to an anatomical reference, the MNI152 (Esteban et al., 2019). Quality control
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was done for both anatomical and functional images before and after fmriPrep, but none of the
subjects had a final score lower than 1 on a 0-2 scale leading to the inclusion of all subjects.
1.5. Functional centrality: application of graph theory and betweenness centrality

Centrality was calculated with the CONN toolbox using BC, a measure of the degree of influence

a specific region, or node, has on the overall network (Whitfield-Gabrieli & Nieto-Castanon,
2012). In MATLAB (MathWorks, 2021), using the CONN graphic user interface, the structural
and functional outputs of fmriPrep were directly uploaded and we only ran functional smoothing
as a local preprocessing step. Since the CONN toolbox needed TRs to compute graph theory
measures, we processed the data before the scanner update and the data after the scanner update
separately (see section 1.3). We selected the Yeo et al. (2011) networks as regions of interest (ROI)
which do not include subcortical structures (i.e., amygdala, basal ganglia). Thus, we added the
Automated Anatomical Labeling (AAL) atlas for specific parcellation of the hippocampus, a key
region in psychosis. Denoising was not necessary in our case, therefore we directly performed a
bivariate ROI-to-ROI non-weighted correlation as a first analysis followed by graph theory as a
second analysis to calculate two-sided BC measures.

2. Study 2: Structural Connectivity in First-Episode Psychosis

2.1. Subjects

Data collection was conducted at Western University in Ontario, Canada. Subjects were recruited
from the Prevention & Early Intervention Program for Psychoses at London Health Sciences
Center, a community mental health program with a catchment area of ~390,000 people, that
provides individuals in early psychosis between 14- and 30- years old with personalized treatment
and support (London Health Sciences Centre, 2022). Participants were enrolled as part of a

longitudinal observational study between February 2017 and March 2020 (Dempster et al., 2020;
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Limongi, Jeon, Théberge, & Palaniyappan, 2021). Included patients (n = 62) were individuals with
a FEP but medicated with antipsychotics for less than 14 days. They do not have the potential
confounding effects of long-term medication or prolonged illness course. We only included data
from the baseline time point and participants with complete NS and functioning assessments (n =
49). Non-clinical controls (n = 22) were recruited through posters advertising, matched for age,
sex, and education level to patients, and had no mental illness history or family history (Dempster
et al., 2020). Exclusion criteria included a substance use disorder, a history of major head injury,
or contraindications for undergoing a scan (Dempster et al., 2020). All participants provided
written informed consent including acceptance of subsequent use of their data.
2.2. Clinical variables: functional outcomes and negative symptoms
Functional outcomes of participants were assessed with SOFAS (Morosini et al., 2000). NS were
assessed for all participants with the Brief Negative Symptoms Scale (BNSS, Strauss & Gold,
2016), a recent scale used to more finely assess six NS grouped into EXP (blunted affect and
alogia) and MAP (anhedonia, distress, associability, and avolition; Ahmed et al., 2022; Galderisi
etal., 2021; Kumari et al., 2017). Each symptom is rated from 0 to 6 based on severity, with scores
of 2 or less considered a reduced presence of NS (Kirkpatrick et al., 2011; Mucci et al., 2019).
2.3. Structural MRI acquisition

Subjects underwent an MRI scan on a 7T Philips Achieva system with a 32-channel receive coil.
Quantitative T1 (qT1) maps were acquired with a MP2RAGE sequence (Marques et al., 2010):
TR = 6,000 ms, TE = 2.83 ms, first T1 = 800 ms, second T1 = 2,700 mm, first flip angle = 4°,
second flip angle = 5°, FOV =350 x 263 x 350 mm, scan time ~ 9 min 38 s. We employed qT1
mapping, a proxy for myelin content, to probe intracortical microstructure, which has been closely

linked to connectivity and is more sensitive to symptoms in psychosis (Huntenburg et al., 2017;
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Makowski et al., 2020; Makowski et al., 2019). The scans were then corrected for non-linear

gradient fields using the Human Connectome Project pipelines (Glasser et al., 2013) followed by

an automatized quality control prediction with the mriqc application (Esteban et al., 2017). A final

MP2RAGE B1 correction was performed on sagittal slices as described in Eggenschwiler, Kober,

Magill, Gruetter, and Marques (2012).

2.4. MRI processing and quality control
The uniform MP2RAGE images, similar to homogenous T1-weighted images (Marques et al.,
2010), were submitted to the CIVET pipeline (Ad-Dab’bagh et al., 2006) to generate grey and
white matter surfaces. The multiple automatically generated templated (MAGeT) algorithm was
used to parcellate the hippocampus into nine sub-structures for each hemisphere (mammillary
body, fornix, fimbria, CAl, subiculum, CA4/Dentate gyrus (DG), CA2/CA3, stratum
radiatum/lacunosum/moleculare (SR/SL/SM), and alveus). Then, the CIVET-derived cortical
surfaces and MAGeT-derived hippocampal subfields were used to sample the qT1 maps to obtain
qT1 estimates for each vertex and hippocampal subfield as in Makowski et al. (2020). Quality
control was done at each of the processing steps which led to the exclusion of four subjects for a
final score lower than 1 on a 0-2 scale.

2.5. Structural centrality: application of graph theory and betweenness centrality
Centrality was calculated with the Brain Connectivity Toolbox (Rubinov & Sporns, 2010) using
BC, a measure of the degree of influence a specific region, or node, has on the overall network. In
MATLAB (MathWorks, 2021), vertex-based cortical qT1 estimates were parcellated into 62 brain
regions using the Desikan Killiany-Tourville (DKT) atlas (Klein & Tourville, 2012). Subject-
specific structural covariance matrices combining DKT-parcellated surfaces and hippocampal

subfield volumes were calculated with jackknife bias estimation using group-level differences
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converted to absolute values (Ajnakina et al., 2021; Das et al., 2018). Each of the 62 DKT brain
regions (nodes) was categorized in the seven Yeo et al. (2011) networks (modules) with the
hippocampus as its own module with eighteen nodes (left and right hemisphere estimates for each
of the 9 subregions). BCs were then computed for each node, averaging over nodes to obtain a BC
for each module. A high BC means that a specific node, for example, the left CA1/CA2 subfield,
has more control over the module (e.g., the left hippocampus) due to more information passing
through it. A lower BC would suggest that the node is not an important hub in the module
compared to others (Cheng et al., 2015; Rubinov & Sporns, 2010).
3. Statistical Analyses
The two studies leveraged two different independent samples, NS assessment scales, and
neuroimaging modalities to deduce BCs. However, we performed the same statistical analyses
described below on the two samples.

3.1. Group differences
Using IBM SPSS software (IBMCorp, 2020), we performed a nonparametric Mann-Whitney U
test to determine if there was a significant difference (p < 0.05) between demographic, clinical,
and BC measures of FEP and controls. In the first study, the demographics compared included age,
sex, years of education, and total 1Q. In the second study, the demographics compared were age,
sex, and years of education. In the first study, NS and functional outcomes were not assessed for
controls while the second study allowed for group differences calculations for some clinical
variables. Due to the violation of normality and homogeneity of variances observed in the samples,

independent Student’s t-tests were not possible (Mann & Whitney, 1947; Wilcoxon, 1945).
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3.2. Correlation analyses
Then, we performed a partial correlation matrix controlling for age and sex, two variables shown
to have significant effects on both imaging and clinical variables in psychosis (Buck et al., 2020;
Makowski, Bodnar, Malla, Joober, & Lepage, 2016). We assessed the three-way association
between each of the functionally-derived BCs, the NS, and functional outcomes in the first study
and structurally-derived BCs, the NS, and functional outcomes in the second. Although our goal
was to build mediation models, we first performed direct correlation analyses, controlling for age
and sex to investigate if there are associations beyond what could be mediated. To control for
multiple comparisons, we applied the False Discovery Rate (FDR), a robust control for loss of
power in studies with high throughput, at the 0.05 level (Benjamini & Hochberg, 1995).

3.3. Mediation model
Significant correlations between NS and functional outcomes as well as NS and BCs were used to
build mediation models between BCs, NS, and functional outcomes. We used the PROCESS v.3.5
macro developed by Andrew F. Hayes for SPSS to compute regression analyses for mediation

analysis with age and sex as covariates (Hayes, 2012, 2017).
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CHAPTER 4: RESULTS
1. Study 1: Resting-State Functional Connectivity in First-Episode Psychosis

1.1. Group differences
The demographic and clinical profiles of our sample are represented in Table 1. For group
differences in BC measures, the results are illustrated in Figure 1. The DMN, FPN, SOM, and VIS
networks show a significant difference in BCs between the FEP and control groups.

1.2. Functional outcomes and negative symptoms
Partial correlations, controlling for age and sex, revealed a significant and negative association
between total SANS scores and SOFAS but not GAF. Figure 2 provides more details on the
association between specific NS and functional outcomes. Avolition/apathy was the driver of NS-
functional outcomes correlations.

1.3. Betweenness centrality: correlations with clinical variables
We performed a partial correlation matrix controlling for age and sex to determine associations
between BCs and clinical variables in FEP. GAF was associated significantly and negatively with
the SOM, DAN, VAN, FPN, LIM, and DMN networks. Similarly, SOFAS was significantly and
negatively correlated with DAN, VAN, LIM, FPN, and DMN networks. After correcting for
multiple comparisons with FDR at 0.05, the significant associations left were: GAF with the DAN,
LIM, FPN, DMN, and VAN networks as well as SOFAS with the DAN network.

For NS, the SANS item avolition/apathy showed a significant positive correlation with BCs
of the right hippocampus and the LIM network. See Figure 3 for the significant associations (before
correction) between the three clinical variables. See Table S1 for all correlations computed. None

of these associations survived FDR correction.
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Table 1. Demographics for the two samples.

Controls FEP

(n=49) (n=41)
Sex (males: females) 32:17 24:17
Age (y) 25.04 (4.50) 25.72 (4.29)
Handedness (right: left: ambidextrous) 49:0:0 36:2:3
Socioeconomic status (lower: middle: upper) 2:43:4 3:25:5!
Language (English: French: other) 29:12:8 23:12:5
Education (y)* 13.88 (1.58) 12.44 (2.21)
Full 1Q? 108.55 (11.06) 102.71 (14.43)

Months since first episode at testing

1.86 (0.87)

CPZ at baseline - 174.57 (123.18)*
Total SAPS - 14.33 (14.59)°
Total PANSS-6 - 5.33 (4.73)*
Total SANS - 7.54 (4.68)
Affective flattening/blunting - 1.39(1.43)
Alogia - 0.66 (1.06)
Avolition/Apathy - 2.20 (1.71)
Anhedonia/Asociality - 2.17 (1.70)
SOFAS - 55.78 (18.60)
GAF - 51.05 (18.67)

Note: CPZ = chlorpromazine hydrocholoride equivalents; SAPS = Scale for the Assessment of Positive Symptoms;
PANSS-6 = 6-items Positive and Negative Symptoms Scale; SANS = Scale for the Assessment of Negative
Symptoms; SOFAS = Social and Occupational Functioning Assessment Scale; GAF = Global Assessment of
Functioning. Values are presented as mean (standard deviation) if not indicated otherwise. Socioeconomic status was

calculated in accordance with Hollingshead (1957).

"Missing data for 8 patients for socioeconomic status calculations.

2Missing data for 3 patients for CPZ.
3Missing data for 1 patient for SAPS.
“Missing date for 10 patients for total PANSS-6.

Significant group difference (p < 0.05).
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Figure 1. Comparison of mean BC measures between the two groups and results of the Mann-
Whitney U test with p-value.
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Note: RH = right hippocampus; LH = left hippocampus; DMN: default mode network; FPN = frontoparietal control
network; LIM = limbic network; VAN = ventral attention network; DAN = dorsal attention network; SOM =
somatomotor network; VIS = visual network. Significant difference (p < 0.05).
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Figure 2. Scatterplot of the partial correlation controlling for age and sex between the SANS total
and symptom scores and SOFAS and GAF scores of FEP participants.
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Note: SOFAS = Social and Occupational Functioning Assessment Scale; SANS = Scale for Assessment of Negative
Symptoms; GAF = Global Assessment of Functioning; red = affective blunting; blue = alogia; green =
avolition/apathy; yellow = anhedonia/apathy.

A) Scatterplot of the partial correlation controlling for age and sex between the total SANS score and SOFAS score
with r = -0.511, p < 0.001. B) Scatterplot of the partial correlation controlling for age and sex between affective
blunting (r = -0.206, p = 0.208), alogia (r = 0.086, p = 0.602), avolition/apathy (r = -0.748, p = 0.000),
anhedonia/apathy (-0.295, p = 0.068) and SOFAS scores. C) Scatterplot of the partial correlation controlling for age
and sex between the total SANS score and GAF score with r =-0.278, p > 0.05. D) Scatterplot of the partial correlation
controlling for age and sex between affective blunting (r = 0.003, p = 0.986), alogia (r = 0.018, p = 0.914),
avolition/apathy (-0.406, p = 0.010), anhedonia/apathy (-0.103, p = 0.534) and GAF scores.
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Figure 3. Circle plot of the correlations, controlling for age and sex, between functional outcomes,
negative symptoms, and BC measures of FEP participants.
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Note: SANS = Scale for Assessment of Negative Symptoms; LH = left hippocampus; RH = right hippocampus; VIS
= visual network; SOM = somatomotor network; DAN = dorsal attentional network; VAN = ventral attentional
network; LIM = limbic network; FPN = frontoparietal control network; DMN = default mode network; SOFAS =
Social and Occupational Functioning Assessment Scale; GAF = Global Assessment of Functioning.

Associations illustrated are before correction for multiple comparisons. Grey links are non-significant associations.

Purple links illustrate negative associations while orange links are for positive correlations. The width of links is
proportional to the strength of the correlation
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1.4. Mediation models
A pre-requisite of mediation models is a significant correlation between the mediator and the
predictor as well as the mediator and the outcomes variable (Schoemann, Boulton, & Short, 2017).
In this case, significant BCs-NS, and NS-overall functioning associations were required to
determine if there is an indirect effect of BCs on functioning mediated by NS. Based on results
from 1.3, there was a significant correlation between avolition/apathy with overall functioning.
Resting-state functional connectivity highlighted the LIM network and the right hippocampus with
BCs significantly associated with avolition/apathy. No other NS showed a significant direct
correlation between a functional scale and a brain network. Therefore, we considered that
avolition/apathy could be a proxy for our mediation model. The results of the mediation model
controlling for age and sex are illustrated in Figure 4. Although the total effect of the right
hippocampus BC on functional outcomes was not significant, the indirect effect through

avolition/apathy was significant for both SOFAS and GAF.

35



Figure 4. Mediation model between the LIM and right hippocampus BCs, avolition/apathy, and SOFAS and GAF in FEP participants

controlling for age and sex.
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Note: LIM = limbic network; RH = right hippocampus; SOFAS = Social and Occupational Functioning Assessment Scale; GAF = Global Assessment of

Functioning.
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2. Study 2: Structural Connectivity in First-Episode Psychosis

2.1. Group differences
Demographics and performance scores for the groups are presented in Table 2. Results of structural
BCs comparisons between the two samples are presented in Figure 5. Hubs with significant
differences between controls and FEP are the left lateral orbitofrontal gyrus in the LIM network,
the left calcarine part of the VIS network, the left isthmus of the cingulate gyrus associated with
the DMN network, the right precentral gyrus, and the right postcentral gyrus, both in the SOM
network. In the hippocampus, the left subiculum is the only subfield with a significant difference
in BC measures between the two groups.

2.2. Functional outcomes and negative symptoms
The partial correlation matrix, controlling for age and sex, investigated the associations between
NS and overall functioning. Results are illustrated in Figure 6. Avolition was the only element
with a significant negative correlation with functional outcomes. Distress and associability showed
near-significant associations with functional outcomes. The total scores for EXP and MAP showed

no significant correlations.
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Table 2. Demographics for the two samples.

Controls FEP
(n=22) (n=49)
Sex (males: females) 14:9 39:10
Age (y) 22.80 (4.21) 21.13 (3.40)
Socioeconomic status (lower: middle: upper) 7:12:3 10:32:1!
Education (y) 13.50 (1.92) 13.12 (1.89)
Montbhs since first episode at testing - 1.04 (1.89)?
PANSS-8 Positive Symptoms? 3.00 (0.00) 12.41 (2.59)
PANSS-8 Negative Symptoms?* 3.00 (0.00) 7.16 (4.11)
Total BNSS - 22.98 (18.02)
Anhedonia - 7.12 (5.52)
Associability - 3.43 (2.93)
Avolition - 3.67 (3.19)
Distress - 1.18 (1.38)
Blunted affect - 4.90 (5.16)
Alogia - 2.67 (3.60)
EXP - 5.23(7.57)
MAP - 10.63 (11.71)
Total SOFAS*? 82.77 (4.28) 40.43 (12.24)

Note: SAPS: Scale for the Assessment of Positive Symptoms; PANSS-8 = 8-items Positive and Negative Symptoms
Scale; BNSS = Brief Negative Symptom Scale; EXP = emotional expressivity; MAP = motivation and pleasure;
SOFAS = Social and Occupational Functioning Assessment Scale. Values are presented as mean (standard deviation)

if not indicated otherwise.

"Missing data for 6 participants.
2Missing data for 13 participants.

Significant group difference (p < 0.05).
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Figure 5. Comparison of mean BC measures between FEP participants and controls and results of
the Mann-Whitney U test with p-value.
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Note: In list order: right hippocampal alveus, right hippocampal fornix, right hippocampal mammillary bodies, right
hippocampal fimbria, right hippocampal stratum radiatum, lacunosum, moleculare, right hippocampal CA2/CA3,
right hippocampal CA4/dentate gyrus, right hippocampal subiculum, right hippocampal CA1, left hippocampal alveus,
left hippocampal stratum radiatum, lacunosum, moleculare, left hippocampal CA2/CA3, left hippocampal
CAd4/dentate gyrus, left hippocampal CAl, left hippocampal fimbria, left hippocampal fornix, left hippocampal
mammillary bodies, right insula (VAN), right isthmus cingulate gyrus (DMN), right posterior cingulate cortex (FPN),
right caudal anterior cingulate cortex (VAN), right rostral anterior cingulate cortex (DMN), right entorhinal cortex
(LIM), right parahippocampal gyrus (LIM), right inferior temporal gyrus (LIM), right middle temporal gyrus (DMN),
right superior temporal gyrus (SOM), right transverse temporal gyrus (SOM), right fusiform gyrus (VIS), right lingual
gyrus (VIS), right cuneus (VIS), right calcarine (VIS), right inferior occipital cortex (VIS), right precuneus (DMN),
right supramarginal gyrus (FPN), right inferior parietal lobule (DMN), right superior parietal lobule (DAN), right
postcentral gyrus (SOM), right precentral gyrus (SOM), right paracentral gyrus (SOM), right lateral frontal pars
triangularis (FPN), right lateral frontal pars opercularis (FPN), right caudal middle frontal gyrus (FPN), right superior
frontal gyrus (DMN), right lateral frontal pars orbitalis (DMN), right rostral middle frontal gyrus (FPN), right lateral
orbitofrontal gyrus (LIM), right medial orbitofrontal gyrus (LIM), left insula (VAN), left isthmus cingulate gyrus
(DMN), left posterior cingulate cortex (FPN), left caudal anterior cingulate cortex (VAN), left rostral anterior
cingulate cortex (DMN), left entorhinal cortex (LIM), left parahippocampal gyrus (LIM), left inferior temporal gyrus
(LIM), left middle temporal gyrus (DMN)), left superior temporal gyrus (SOM), left transverse temporal gyrus (SOM),
left fusiform gyrus (DAN), left lingual gyrus (VIS), left cuneus (VIS), left calcarine (VIS), left inferior occipital cortex
(VIS), left precuneus (DMN), left supramarginal gyrus (VAN), left inferior parietal lobule (DMN), left superior
parietal lobule (DAN), left postcentral gyrus (SOM), left precentral gyrus (SOM), left paracentral gyrus (SOM), left
lateral frontal pars triangularis (DMN), left lateral frontal pars opercularis (DMN), left caudal middle frontal gyrus
(DMN), left superior frontal gyrus (DMN), left lateral frontal pars orbitalis (DMN), left rostral middle frontal gyrus
(FPN), left lateral orbitofrontal gyrus (LIM), left medial orbitofrontal gyrus (LIM). Significant difference (p < 0.05).
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Figure 6. Scatterplot of the partial correlation controlling for age and sex between the domain and
symptoms scores of BNSS and SOFAS in FEP participants.
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Note: SOFAS = Social and Occupational Functioning Assessment Scale; EXP = emotional expressivity; MAP =
motivation and pleasure; red =blunted affect; blue = alogia; green = anhedonia; yellow = distress; purple
associability; brown = avolition.

A) Scatterplot of the partial correlation controlling for age and sex between the total EXP score and SOFAS score
with r =-0.096, p = 0.522. B) Scatterplot of the partial correlation controlling for age and sex between blunted affect
(r =-0.085, p = 0.570), alogia (r = 0.092, p = 0.537) and SOFAS scores. C) Scatterplot of the partial correlation
controlling for age and sex between the total MAP score and SOFAS score with r = -0.230, p = 0.119. D) Scatterplot
of the partial correlation controlling for age and sex between anhedonia (-0.060, p = 0.689), distress (r =-0.273, p =
0.063), associability (r = -0.263, p = 0.074), avolition (r = -0.336, r = 0.021) and SOFAS scores.
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2.3. Betweenness centrality: correlations with clinical variables
We performed partial correlations with age and sex as covariates to find correlations between BCs
of brain hubs or hippocampal subfields, NS, and overall functioning (Figure 7 and Table S2).
Functional outcomes were significantly and positively correlated with BCs of the left calcarine
(VIS), the left fusiform (DAN), the left superior temporal gyrus (SOM), the left inferior temporal
gyrus (LIM), the left posterior cingulate cortex (FPN), the right supramarginal gyrus (FPN), the
right transversal temporal gyrus (VAN), and the right SR/SL/SM (hippocampus). Functioning was
negatively associated with the right lateral frontal pars triangularis (FPN), and the right
parahippocampal gyrus (LIM).

For NS, EXP from the BNSS showed a negative and significant correlation with the left middle
temporal gyrus (DMN) driven by alogia. MAP was significantly and negatively correlated with
the left middle temporal gyrus (DMN), the right supramarginal gyrus (FPN), the left CA4/DG
(hippocampus), and the right subiculum (hippocampus). Avolition was significantly and
negatively associated with the left calcarine (VIS), the left fusiform gyrus (DAN), the left middle
temporal gyrus (DMN), the right transversal temporal gyrus (VAN), the left CA4/DG
(hippocampus), the left CA2/3 (hippocampus) and the right fornix (hippocampus). Significant and
negative correlations were observed between distress and the left superior temporal gyrus (SOM),
anhedonia and the right middle temporal gyrus (DMN) and subiculum (hippocampus), as well as
associability and the left middle temporal gyrus (DMN) and the right subiculum (hippocampus).

None of the mentioned correlations survived FDR correction at 0.05.
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Figure 7. Circle plot of the correlations, controlling for age and sex, between functioning,
negative symptoms, and structural connectivity in FEP.
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Note: SOFAS = Social and Occupational Functioning Scale; EXP = emotional expressivity; MAP = motivation and
pleasure; 1= Left medial orbitofrontal gyrus (LIM); 2= Left lateral orbitofrontal gyrus (LIM); 3= Left rostral middle
frontal gyrus (FPN); 4= Left lateral frontal pars orbitalis (DMN); 5= Left superior frontal gyrus (DMN); 6= Left
caudal middle frontal gyrus (DMN); 7= Left lateral frontal pars opercularis (DMN); 8= Left lateral frontal pars
triangularis (DMN); 9= Left paracentral gyrus (SOM); 10= Left precentral gyrus (SOM); 11= Left postcentral gyrus
(SOM); 12= Left superior parietal lobule (DAN); 13= Left inferior parietal lobule (DMN); 14= Left supramarginal
gyrus (VAN); 15= Left precuneus (DMN); 16= Left inferior occipital cortex (VIS); 17= Left calcarine (VIS); 18=
Left cuneus (VIS); 19= Left lingual gyrus (VIS); 20= Left fusiform gyrus (DAN); 21= Left transverse temporal gyrus
(SOM); 22= Left superior temporal gyrus (SOM); 23= Left middle temporal gyrus (DMN); 24= Left inferior temporal
gyrus (LIM); 25= Left parahippocampal gyrus (LIM); 26= Left entorhinal cortex (LIM); 27= Left rostral anterior
cingulate cortex (DMN); 28= Left caudal anterior cingulate cortex (VAN); 29= Left posterior cingulate cortex (FPN);
30= Left isthmus cingulate gyrus (DMN); 31= Left insula (VAN); 32= Right medial orbitofrontal gyrus (LIM); 33=
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Right lateral orbitofrontal gyrus (LIM); 34= Right rostral middle frontal gyrus (FPN); 35= Right lateral frontal pars
orbitalis (DMN); 36= Right superior frontal gyrus (DMN); 37= Right caudal middle frontal gyrus (FPN); 38= Right
lateral frontal pars opercularis (FPN); 39= Right lateral frontal pars triangularis (FPN); 40= Right paracentral gyrus
(SOM); 41= Right precentral gyrus (SOM); 42= Right postcentral gyrus (SOM); 43= Right superior parietal lobule
(DAN); 44= Right inferior parietal lobule (DMN); 45= Right supramarginal gyrus (FPN); 46= Right precuneus
(DMN); 47= Right inferior occipital cortex (VIS); 48= Right calcarine (VIS); 49= Right cuneus (VIS); 50= Right
lingual gyrus (VIS); 51= Right fusiform gyrus (VIS); 52= Right transverse temporal gyrus (SOM); 53= Right superior
temporal gyrus (SOM); 54= Right middle temporal gyrus (DMN); 55= Right inferior temporal gyrus (LIM); 56= Right
parahippocampal gyrus (LIM); 57= Right entorhinal cortex (LIM); 58= Right rostral anterior cingulate cortex (DMN);
59= Right caudal anterior cingulate cortex (VAN); 60= Right posterior cingulate cortex (FPN); 61= Right isthmus
cingulate gyrus (DMN); 62= Right insula (VAN); 63= Left hippocampal mammillary bodies; 64= Left hippocampal
fornix; 65= Left hippocampal fimbria; 66= Left hippocampal CAl; 67= Left hippocampal subiculum; 68= Left
hippocampal CA4/dentate gyrus;, 69= Left hippocampal CA2/CA3; 70= Left hippocampal stratum radiatum,
lacunosum, moleculare ; 71= Left hippocampal alveus; 72= Right hippocampal CA1l; 73= Right hippocampal
subiculum; 74= Right hippocampal CA4/dentate gyrus; 75= Right hippocampal CA2/CA3; 76= Right hippocampal
stratum radiatum, lacunosum, moleculare; 77= Right hippocampal fimbria; 78= Right hippocampal mammillary
bodies; 79= Right hippocampal fornix; 80= Right hippocampal alveus.

Associations illustrated are before correction for multiple comparisons. Grey links are non-significant associations.
Purple links illustrate negative associations while orange links are for positive correlations. The width of links is
proportional to the strength of the correlation.

2.4. Mediation models
We built mediation models to determine if there is an indirect association between BCs and
functioning mediated by NS, controlling for age and sex. A pre-requisite of mediation models is a
significant correlation between the mediator and the predictor as well as the mediator and the
outcomes variable. In this case, it included significant BCs-NS, and NS-functioning associations.
Based on results from 1.2, there is only a significant correlation between avolition and functional
outcomes while avolition was significantly associated with the left calcarine (VIS), the left
fusiform gyrus (DAN), the left middle temporal gyrus (DMN), the right transversal temporal gyrus
(VAN), the left CA4/DG (hippocampus), the CA2/3 (hippocampus) and the right fornix
(hippocampus). Therefore, we considered that avolition could be a proxy for our mediation model.
The results of the mediation model are illustrated in Figure 8. The left middle temporal gyrus
(DMN), the left CA4/DG, and the right fornix were the only structural BCs that predicted overall
functioning, mediated by avolition. The rest of the models had significant total correlations

between their BCs and overall functioning, but no significant indirect association through the NS.

44



Figure 8. Mediation models between BCs, avolition, and overall function controlling for age and sex.
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CHAPTER 5: DISCUSSION

The aim of this thesis was to determine brain markers of NS as proxies of functional outcomes in
FEP, applying a connectivity approach coupled with multimodal imaging BC measures. We
expected NS to mediate the association between resting-state functionally-derived or structurally-
derived BCs and functional deficits. We were able to construct mediation models in both
modalities. In the first-study, looking at resting-state functional imaging of whole-brain networks,
increased influence of most networks was associated with functional deficits. The high influence
of the right hippocampus was indirectly predictive of functional deficits assessed with both SOFAS
and GAF, an effect mediated by the SANS avolition/apathy. In the second study leveraging
structural imaging and emphasizing networks hubs as well as hippocampal subfields, a general
decrease of hub influence was observed across networks. The decrease of structural hub influence
in the left middle temporal gyrus (DMN), the left CA4/DG, and the right fornix predicted lower
functional outcomes on SOFAS mediated by the BNSS avolition. The results of each study will
be discussed separately below. Thereafter, we will dive deeper into general observations.

1. Study 1: Resting-state Functional Connectivity in First-Episode Psychosis

Functional connectivity, defined as the temporal dependence of anatomically distinct regions with
similar neuronal activity patterns measured by blood oxygen level-dependent (BOLD) signals, has
provided insights into how healthy and impaired brains integrate and act on information at a large
scale (Gur & Gur, 2010; Van den Heuvel & Hulshoff Pol, 2010). The goal of the first study was
to apply a network perspective to investigate associations between functional outcomes, NS, and
rs-fMRI BC in FEP. Our sample was clinically defined, as total scores of the SOFAS and GAF
illustrated impaired functioning based on conventions in the field, and matched controls on age

and sex, two variables shown to play a role in psychosis (Buck et al., 2020).
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We observed a significant difference between the rs-fMRI BCs of FEP for the VIS, SOM,
FPN, and DMN networks compared to BCs of controls. As expected, FEP had smaller BCs than
controls. These results confirm the general decrease in connectivity observed in SZ and FEP as
disrupted communication at large-scale results in functional impairments (Anderson & Cohen,
2013; del Fabro et al., 2021; Millan et al., 2014). However, rs-fMRI studies usually report
differences for hub regions within networks. Our current comparison does not allow for a finer
grain precision into regions to delineate the observed effects which is a limitation.

The LIM network showed larger BCs in FEP than in controls, but the effect was not significant.
In a predictive study identifying hub regions of SZ compared to controls, regions with the LIM
network and the hippocampus were found to be in the top ten hubs with the highest BCs (Cheng
et al.,, 2015). The reorganization of network activity in those two regions, and specifically
hyperactivity of the cortico-limbic connections, disrupt the emotional systems of the brain and
directly impact levels of functioning in patients (Modinos et al., 2015). The LIM network thus has
a different activity pattern supporting disruptions in functioning and NS as early as FEP which
emphasize the importance of investigating connectivity in these areas.

1.1. Networks and clinical variables
Leveraging whole-brain networks allowed for an overall investigation of associations between
brain connectivity and clinical variables. Increased BC measures, or hub influences, for all but the
VIS network, were associated with lower functioning scores on the GAF and SOFAS scales.
Functional outcomes comprise a variety of activities (e.g., social interactions, financial
dependence, job-related skills) and are expected to involve multiple networks. The literature
reports generalized disorganization involving altered hub influences in psychosis. A study with

early-stage SZ showed high BC measures in the VIS and FPN networks in addition to subcortical

47



regions (Hummer et al., 2020). Another study focusing on the DMN found weaker connectivity
between hubs such as the dorsal medial prefrontal cortex, the posterior cingulate cortex, and the
precuneus in SZ individuals compared to controls but stronger connectivity between the temporal
pole, medial motor cortex, and the anterior precuneus (Alonso-Solis et al., 2012). With abnormal
hub influence increasing and decreasing in brain regions within networks, an effect impacted by
antipsychotic treatment and severity of the disorder (Blessing et al., 2020; Chopra et al., 2021),
there is a direct impact on the daily social and occupational functioning of individuals. Our
observations show an increase in synchronous activity within networks to be associated with poor
functioning. We suggest that due to the high connectivity of hubs with each other, an abnormal
increase in brain activity would travel to other hubs compounding the disruption observed with
our large-scale lens. Additionally, we may be observing a summation effect impacting the direction
of the association and preventing the dissociation of more subtle finer grain hubs correlations.
With NS, a higher BC in the LIM network was associated significantly with a higher score on
avolition/apathy. Abnormal LIM processing has been associated with NS relating to emotional
flattening and social communication (White et al., 2008). The literature has provided a complex
role for the LIM network, densely connected with the DMN, FPN, and subcortical areas. Reduced
functional connectivity between the LIM network and other brain regions has been involved in
emotional processing dysregulation in SZ while increased connectivity has been observed in
regions usually not involved in emotional processing (Comte et al., 2018) which is observed in our
findings. We suggest that abnormal activity of the LIM network directly impacts other systems as
the memory and rewards circuitry which could underlie the association with avolition and apathy
as a lack of motivation would subtend from the disruptions of anticipatory pleasure or recall of

previous activities. Functional disruptions of the LIM network would also impact social contexts
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recognition directly reducing the motivation to be in such contexts. The association between the
LIM, avolition/apathy, and functional outcomes was subject to a mediation model which found no
significant indirect association.
1.2. Hippocampus and clinical variables
The right hippocampus was indirectly associated with functional outcomes through
avolition/apathy. This region converges the activity of many cortical networks, is important in
memory, and although not directly implicated in the rewards network, the right hippocampus is
active during rewards-related tasks but less stimulated in SZ patients (Mucci et al., 2015). Similar
to the LIM network, the decreased recall of pleasure directly reduces motivation in pertaining
activities resulting in functional deficits. The hippocampus has also shown direct structural
associations with social cognition (Khalil et al., 2022) supporting its crucial role in amotivation as
structure underlies brain function to some degree.
1.3. Limitations

The main limitation of this study pertains to the resolution issue referring to the lack of consensus
in a field when investigating a variable with several levels and sub-levels. If the scope of the study
is too broad, some associations are not uncovered due to a summation effect. If the scope of the
study is too specific, it is difficult to extract generalized trends (Uddin et al., 2019). For BCs, we
only used overall brain networks and the hippocampus to investigate functional connectivity. By
nature, BC will reveal the influence of hubs on a network. The limitations in interpreting our results
indicate that investigating brain regions within networks might be more appropriate to conclude
which hubs are responsible for the general trends observed at a network level. This approach was
utilized in a meta-analysis performed by the authors and yielded significant insights into which

brain regions within networks were significantly associated with cognition in SZ (Khalil et al.,
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2022). However, the scope of the thesis did not allow for a finer grain functional study as the
investigation of networks hubs and hippocampal subfields were kept for the second study
leveraging structural connectivity at ultra-high field resolution. Another limitation includes the
absence of NS and functioning evaluations for controls which does not allow an appropriate
comparison of groups especially for functional outcomes.

2. Study 2: Structural Connectivity in First-Episode Psychosis

Although constructing brain networks usually leverages functional activity, structural covariance
is a method used to build a structural connectome from morphometric measures assuming that
areas with similar architecture will be correlated and form a structural network (Alexander-Bloch
et al., 2013; Evans, 2013). The goal of this chapter was to provide a fine grain peek into the
influence of hubs, structural BC, associated with NS, and functional deficits. Leveraging high-
resolution 7T neuroimaging allowed for a better delineation of networks hubs and hippocampal
subfields while addressing the limitations of the first study. Our FEP and controls samples were
matched on age, sex, and education level. FEP individuals had a significantly lower mean
functioning score confirming that our sample was clinically defined and supporting the presence
of significant functional impairments as early as in early psychosis (Conus, Cotton,
Schimmelmann, McGorry, & Lambert, 2007; Crespo-Facorro et al., 2021).

For most hubs, the structural BC of FEP individuals was larger than those of controls, an effect
significant for the left calcarine (VIS), left isthmus of the cingulate gyrus (DMN), right precentral
gyrus (SOM), and right postcentral gyrus (SOM). In other words, the myelin composition of these
hubs was increasingly similar to that of others in the networks in patients. We believe this effect
to be mediated by a reduced diversity in neuronal composition in psychosis. Reduced connections,

grey matter volume, and other morphometric hallmarks of a healthy brain would result in a
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homogenous brain composition driving NS and functional deficits. Another proposition ties with
the first study presented in this thesis. Reduced functional synchronous activity is observed in FEP
compared to controls, and that is coupled with a structural reduction in volume reported in the
literature. To compensate, neural integration of information is theorized to take alternative routes,
resulting in an abnormal activity that is less synchronous in these “new routes” compared to
controls but also resulting in the appearance of new structural regions with more control over
information flow, aligning with the findings in the second study.

Concerning the hippocampus, the left subiculum was the only subregion with a significant
difference between controls and FEP patients. The study by Makowski et al. (2020) showed a
lower participation coefficient, a centrality measure assessing the distribution of a node in a
network, in the CA1 and alveus bilaterally, the left subiculum the left fornix, and the right fimbria.
Our results align with Makowski et al. (2020). The left subiculum is an important hub in FEP that
has a reduced number of connections with nodes in other modules compared to its own module
leading to an increased influence of the left subiculum as a hub in the left hippocampal module. It
is a sensitive subfield that should be considered an early predictor of psychosis.

2.1. Networks and clinical variables
Functional deficits were significantly associated with the reduced influence of most hubs within
networks. Less information passing through those nodes would support the literature in a general
dysconnectivity hypothesis involving multiple networks and resulting in different clinical
symptoms and functional deficits. These findings could be explained with the theory proposed
above for group differences. The appearance of new structural hubs, more influential than in

controls, but with an overall reduced influence within networks could underlie psychosis. Rs-fMRI

51



studies have indeed shown evidence of abnormal hubs appearance in psychosis (Bassett, Nelson,
Mueller, Camchong, & Lim, 2012).

Some of the strongest associations between low BC and clinical hallmarks included reduced
BC of the left fusiform gyrus (DAN) associated with functional deficits and increased avolition.
The left fusiform gyrus is known for its function in facial recognition, a crucial dimension of social
engagements. The literature reports a reduced volume of the fusiform gyrus in SZ (Kuo & Pogue-
Geile, 2019) associated with severe deficits in emotional recognition (Jung et al., 2021) and
difficulties in understanding social cues. The reduced importance of the left fusiform as a hub of
the DAN is expected to strain social functioning in FEP and reduce motivation for social activities.

Reduced BC of the left superior temporal gyrus was significantly correlated with reduced
overall functioning and increased distress in patients. Mainly responsible for auditory processing,
disruptions in this region have been associated with hallucinations (Bandeira, Barouh, Bandeira,
& Quarantini, 2021). Similarly, the right transversal temporal gyrus (VAN), also important in
auditory processing, and the left calcarine (VIS), involved in higher-order visual processing,
showed reduced influence in their respective networks. Hallucinations, auditory and visual, have
been strongly correlated in the literature with distress and impaired normal life (Tsang et al., 2021).
Impaired functioning by hallucinations, although a positive symptom, indirectly reduces the
motivation and engagement for future activities of individuals with FEP and could underlie a more
general role of amotivation in psychosis independently of its NS categorization.

The left middle temporal gyrus (DMN) has been characterized in the literature for its functions
in auditory higher-order processing, relevant in social situations, and in semantic recall through
intensive connections with the hippocampal-amygdala complex, hallmarks of memory formation

and emotional processing (Hu et al., 2013; Kuroki et al., 2006). Worse EXP associated with
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reduced influence of the left middle temporal gyrus on the DMN is expected. When constructing
mediation models, we found that the reduced influence of the middle temporal gyrus on the DMN
indirectly predicted functional outcomes through increased avolition. Although the DMN was not
a significant mediation model in the first chapter, the investigation of the middle temporal gyrus
as an individual hub allowed us to uncover its importance in FEP. This area has shown early signs
of abnormality related to psychosis and could serve as an endophenotype (Hu et al., 2013).

Contrary to the general tendency, the right parahippocampal gyrus (LIM) showed increased
influence associated with functional deficits. The right parahippocampal gyrus is densely
connected to the hippocampus and serves as a gateway for memory formation and emotional
processing. As early as clinical high-risk of SZ, patients show functional dysconnectivity between
the right parahippocampal and other cortical regions as the temporal and somatomotor regions (Du
et al., 2018). Structurally, the right parahippocampus has a reduced cortical thickness in SZ, a
characteristic that allows patients identification (Liang et al., 2019). It is plausible that reduced
connections between the right parahippocampus and cortical regions lead to its hub influence
within the network and underlie disruptions in encoding and retrieving memory.

2.2. Hippocampus and clinical variables
A study by Makowski et al. (2020) investigated specifically the association between the
hippocampus subfields, verbal memory, and NS. In the study, centrality is assessed with the
participation coefficient, a measure of the distribution of a node’s edges within its module. It was
found that worse NS were associated with a general increase in intra-hippocampal connections
compared to hippocampal-networks connections. In other words, decreased hippocampal

centrality, and dysconnectivity of the hippocampus from other cortical networks were correlated
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with NS, an effect mediated by verbal memory. Output sub-regions of the hippocampus, the
subiculum, CA1, alveus, fimbria, and fornix, seemed to drive the observed reduced centrality.

In our study, reduced influence of the left CA4/DG and right subiculum were directly
associated with worse MAP scores. Increased avolition was associated with reduced hub influence
of the left CA4/DG, the left CA2/3, and the right fornix. Anhedonia and associability were
negatively correlated with the right subiculum. These results align with the Makowski et al. (2020)
study associating reduced centrality of hippocampal output sub-regions (i.e., subiculum, CA1, and
fornix) with NS. The CA4/DG and CA2/3 two memory-related processing regions in the
hippocampus (Molitor, Sherrill, Morton, Miller, & Preston, 2021) were not unexpectedly
associated with NS. Indeed, reduced motivation is associated with working and verbal memory
impairments in SZ (Amodio et al., 2017; Brébion, Bressan, Pilowsky, & David, 2009). The
reduced influence of the left CA4/DG and right fornix indirectly predicts functional deficits, an
effect mediated by increased avolition in FEP.

2.3. Limitations
We were not able to determine how significant our results are compared to controls. Performing a
partial correlation between functional scores on SOFAS and BC measures would allow us to
delineate specific hub differences between FEP and controls. Furthermore, the use of structural
connectivity combined with functionally-derived Yeo et al. (2011) networks is still controversial.
More research is needed to determine whether the structural and functional connectomes have
overlapping similarities. Finally, the sample size is significantly larger for the FEP than for

controls which influences our interpretations of group differences for structural hub influence.
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3. Overall Discussion

3.1. Avolition: the negative symptom above all others
Avolition is a reduced motivation and desire to initiate and participate in goal-directed activities
such as work, studies, hobbies, and social commitments (Foussias & Remington, 2010; Sauvé,
Brodeur, Shah, & Lepage, 2019). This amotivation reduces engagement in social and occupational
activities, directly and indirectly influencing functional outcomes, through the awareness of
individuals’ restrictions in functioning and frustration with impairments other symptoms bring to
their lives (Strauss & Gold, 2016). Although other NS have all shown significant associations with
overall functioning in SZ (Foussias & Remington, 2010; Sauvé et al., 2019), studies have shown
a stronger and independent association between the avolition/apathy specifically and overall
outcomes (Faerden et al., 2009; Kiang, Christensen, Remington, & Kapur, 2003). In FEP, avolition
has been sufficient in identifying individuals’ functional deficits in the next year (Hovington,
Bodnar, Joober, Malla, & Lepage, 2012). The importance of avolition above all other NS is
emphasized in our findings in two different studies and with two different NS scales. It is the
symptom that has the most associations with functional deficits, drives correlations of the MAP
domain with BC measures, and acts as a mediator between BC and functional outcomes. Thus, we
put forward the idea that investigating NS at a symptom level in FEP seems to be the most holistic
and sensitive manner to delineate associations with other hallmarks of the disorder.

Our findings also reinforce a model proposed earlier in the field where avolition is assumed
to denote a lack of a general drive or a blunted sense of wanting (Foussias & Remington, 2010).
In a social setting, avolition would be manifested as a reduced motivation for goal-directed
activities that include speech. On an individual basis, the lack of drive would be associated with

the EXP domain (Foussias et al., 2014; Foussias & Remington, 2010; Sauvé et al., 2019). Although
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specific associations have been made with brain structures like the hippocampus, known for its
connections with emotionally-relevant structures like the amygdala (Duan et al., 2021), the EXP
domain has not been a hallmark of NS (Hovington et al., 2012). It is suggested that SZ patients
have impairments in the outward expression of emotions and not the internal experience of the
emotion (Foussias & Remington, 2010; Sauvé et al., 2019). As such, patients do not lack the
hedonic “consummatory” response, the pleasure that people anticipate from future events, but the
“anticipatory” response, the pleasure that people have at the thought of a future event (Strauss,
Wilbur, Warren, August, & Gold, 2011). The reduced “anticipatory” pleasure of patients reduces
the willingness and motivation to pursue goal-directed social and occupational activities thus
correlating with avolition (Foussias & Remington, 2010; Sauvé et al., 2019). We suggest that
interventions in FEP should therefore be directed towards re-establishing the motivation or drive
of individuals. To date, only one intervention, the Positive Emotion Program for SZ has shown an
increased and maintained level of positive emotions that positively impacts motivation and
pleasure (Favrod et al., 2015). We believe that future studies should direct their attention to
understanding avolition specifically as an early sensitive symptom of psychosis and treating this
NS before it rapidly worsens functional outcomes.
3.2. Functional vs structural: do they overlap?

The field has been trying to answer the question if functional and structural imaging findings
overlap for a long time (Alexander-Bloch et al., 2013; Bassett et al., 2008; Hu et al., 2017;
Passingham et al., 2002; Uddin et al., 2019). We investigated both structural and functional
centrality with BC, a measure of hub influence on a network. However, there are different
interpretations for BC measures depending on the modality (Rubinov & Sporns, 2010). With

resting-state functional centrality, BC assesses the influence of a hub region as measured by the
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co-activation of other regions in the network at rest. The nodes with the higher BCs are the ones
that have the most synchronized activity with other areas, making these nodes hub regions
controlling the information passing in a network. The edges between nodes are the efficiency of
information transfer (Bullmore & Sporns, 2009; Cheng et al., 2015; Rubinov & Sporns, 2010).
With qT1 structural centrality, BC assesses the influence of a hub region as measured by the
structural covariance of myelin content of the node. The nodes with the higher BCs are the ones
that have the most myelin content similarities with other nodes which usually reflects more
connections. The edges between represent the information transferred (Bullmore & Sporns, 2009;
Makowski et al., 2020; Rubinov & Sporns, 2010). The use of BC as a measure of centrality is a
strategy that has its limitations. BC relies on the assumption that the paths are always the shortest
to a node (Rubinov & Sporns, 2010). However, this might not always be true which impacts the
interpretation of the importance of a node in efficient information flow within a network (Bullmore
& Sporns, 2009; Cheng et al., 2015; Rubinov & Sporns, 2010). Additionally, the different
precision levels in the two studies (networks vs hubs) complicates the question of overlap.
Nonetheless, our findings provide a nuanced answer. The most influential networks, and hubs
within networks, overlap in both studies and those include the DMN, DAN, FPN, and SOM. These
networks are the ones with the most connectivity reported in the literature and confirm the large-
scale dysconnectivity underlying SZ. But the direction of their influence and associations is
inversed. We suggest that reduced hub centrality or importance in connectivity on a structural level
in those networks as seen in the second study might impact how the brain remediates to this loss
by increasing the activity of other nodes to compensate leading to our observations in the first
study. Evidence for localized compensation of structural reduction or loss by functional

overactivation has been reported in the brain during aging (Di, Rypma, & Biswal, 2014).
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Future studies should supplement BC with additional measures of centrality such as node
efficiency (i.e., the closer nodes are the more efficient the information flow) or participation
coefficient (i.e., distribution of a node’s edges within and between networks) which might improve
the connectivity profile built. Additionally, by investigating at the same level of precision, within
networks hubs, both modalities will build more comprehensive multimodal comparison models.
Finally, we have to take into consideration that our sample is composed of patients with a FEP
who have inherent heterogeneous structural, functional, and clinical abnormalities not always
generalizable.

3.3. The creativity network: a circuitry for avolition
A recent study by Ren et al. (2020) shows an important role of the middle temporal gyrus and the
hippocampus in the formation of new associations and creative concepts as they connect together.
Creativity, requiring both novelty and usefulness, is suggested to result from the destruction of a
familiar concept category and the creation of a new one (Luft, Zioga, Thompson, Banissy, &
Bhattacharya, 2018). The hippocampus, responsible for episodic memory is involved in assessing
the usefulness criterion of any new concept, and its dense associations with the medial temporal
areas are suggested to underlie the generation of new alternatives to be assessed on usefulness
(Ren et al., 2020). The connectivity with the middle temporal gyrus, important in different
information processing circuits, has been found to be important for the creation of the new category
and its integration in other processing modalities (i.e., semantic, problem-solving), strengthening
the creative category by breaking the old concept category (Ren et al., 2020).

Although several studies have found overlap between genetic markers of creativity and
psychotic disorders (Reddy, Ukrani, Indla, & Ukrani, 2018), the observed reduced structural BC

in both the middle temporal gyrus and the hippocampus in FEP coupled with this proposed
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creativity circuitry allow us to suggest an underlying circuit for avolition. An initially reduced
ability to form new useful categories and associations, leading to less engagement with tasks at
hand, a feeling of “being stuck” or incapable, ultimately results in avolition. This hypothesis would
also explain early cognitive impairments observed in SZ as the inability to creatively problem-
solve or efficiently form new memories. The connectivity between the middle temporal gyrus and
the hippocampus circuitry should be the goal of future studies to understand the neurobiology
underlying avolition and to potentially build a powerful FEP predictive model leveraging clinical

and imaging markers.
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FINAL CONCLUSION

Determining markers of functional outcomes is crucial in FEP as it allows better tailoring of early
interventions, by targeting multiple factors influencing outcomes, and ultimately improving
recovery. Clinically, avolition is a sensitive and independent NS predicting functional deficits as
early as FEP and should be the target of interventions ultimately improving many inter-connected
symptoms and functional deficits. Our work also shines a light on the resolution issue in NS
suggesting a symptom-level precision and not a total scale score approach in FEP. Resting-state
functional imaging allowed for a large-scale study showing the important influence of most of the
Yeo et al. (2011) networks (DMN, DAN, FPN, LIM, SOM, VAN) and the hippocampus in
functional deficits. The high functional influence of the right hippocampus was indirectly
correlated with lower functional outcomes mediated by avolition. Structural imaging leveraged
hub-level investigation of BC and found that reduced connectivity was associated with functional
deficits and NS. Reduced structural influence of the left middle temporal gyrus on the DMN was
a significant predictor of functional outcomes mediated by avolition. Output hippocampal
subfields, the left CA4/DG and the right fornix, were also significant predictors of functional
outcomes in FEP through avolition. Combining imaging modalities provided a nuanced
interpretation for the overlap of the results but the mismatch of precision was a limitation and
future studies should focus on investigating connectivity with supplemented measures of
centrality. Finally, the middle temporal gyrus and the hippocampus underlie an endophenotypic

circuit of psychosis that could explain several clinical hallmarks of the disorder.
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SUPPLEMENTARY MATERIAL

Table S1. Partial correlations controlling for age and sex between overall functioning scores, negative symptoms, and functional BC
measures for FEP patients.

Affective Avolition/ Anhedonia/

Blunting Alogia Apathy Associability Total SANS  SOFAS GAF
LH -0.283 -0.184 0.047 -0.234 -0.152 -0.199 -0.253
RH 0.057 -0.156 0.338 0.145 0.212 -0.246 -0.088
VIS 0.117 -0.074 0.12 0.258 0.268 -0.208 -0.275
SOM -0.107 -0.066 -0.037 -0.076 -0.075 -0.192 -0.455
DAN -0.089 -0.194 0.264 0.061 0.092 -0.529 -0.606
VAN 0.17 -0.124 0.269 0.095 0.243 -0.39 -0.499
LIM 0.089 -0.13 0.327 0.212 0.208 -0.376 -0.567
FPN -0.058 -0.03 0.268 0.163 0.141 -0.355 -0.589
DMN 0.097 -0.067 0.233 0.223 0.212 -0.387 -0.562

SOFAS -0.206 0.086 -0.748 -0.295 -0.511
GAF 0.003 0.018 -0.406 -0.103 -0.278
Note: LH = left hippocampus; RH = right hippocampus; VIS = visual network; SOM = somatomotor network; DAN = dorsal attentional network; VAN = ventral

attentional network; LIM = limbic network; FPN = frontoparietal control network; DMN = default mode network; SOFAS = Social and Occupational Functioning
Assessment Scale; GAF = Global Assessment of Functioning. Significant difference.
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Table S2. Partial correlations controlling for age and sex between overall functioning scores, negatives symptoms, and structural BC
measures for FEP patients.

Anhedonia Distress Associability Avolition  Blunted Affect Alogia EXP MAP SOFAS

Left medial orbitofrontal gyrus (LIM) -0.284 -0.006 -0.181 -0.142 -0.164 -0.197 -0.193 -0.228 0.022
Left lateral orbitofrontal gyrus (LIM) -0.032 0.002 -0.044 -0.132 -0.063 0.122 0.014 -0.066 -0.028
Left rostral middle frontal gyrus (FPN) -0.041 0.126 0.161 -0.043 -0.066 0.056 -0.017 0.025 0.068
Left lateral frontal pars orbitalis (DMN) -0.087 0.074 -0.086 -0.065 -0.158 -0.036 -0.118 -0.074 0.113
Left superior frontal gyrus (DMN) -0.114 -0.067 -0.156 -0.18 -0.215 -0.034 -0.153 -0.157 -0.007
Left caudal middle frontal gyrus (DMN) -0.269 -0.084 -0.192 -0.238 -0.202 -0.131 -0.188 -0.261 0.151
Left lateral frontal pars opercularis (DMN) 0.008 -0.071 0.021 -0.15 -0.064 0.106 0.006 -0.044 0.232
Left lateral frontal pars triangularis (DMN) 0.007 -0.056 0.033 -0.013 -0.08 -0.058 -0.077 0.001 -0.012
Left paracentral gyrus (SOM) 0.039 0.102 0.05 -0.074 -0.097 -0.04 -0.08 0.023 -0.175
Left precentral gyrus (SOM) -0.134 -0.02 -0.042 -0.262 -0.017 -0.045 -0.031 -0.156 -0.161
Left postcentral gyrus (SOM) -0.074 0.101 0.029 -0.133 -0.039 -0.099 -0.069 -0.055 -0.015
Left superior parietal lobule (DAN) 0.113 0.057 0.028 -0.191 0.018 0.022 0.021 0.014 0.085
Left inferior parietal lobule (DMN) -0.016 -0.088 0.002 -0.029 -0.005 -0.123 -0.058 -0.027 0.069
Left supramarginal gyrus (VAN) -0.098 0.123 0.093 -0.084 -0.088 -0.046 -0.077 -0.033 0.052
Left precuneus (DMN) -0.198 0.112 -0.104 -0.155 -0.177 -0.156 -0.183 -0.155 -0.142
Left inferior occipital cortex (VIS) -0.119 -0.071 -0.138 -0.265 -0.025 0.01 -0.012 -0.18 0.26

Left calcarine (VIS) -0.073 -0.255 -0.119 -0.314 0.147 -0.035 0.079 -0.19 0.494
Left cuneus (VIS) -0.159 -0.121 -0.095 -0.226 0.098 0.255 0.177 -0.184 0.004
Left lingual gyrus (VIS) -0.045 -0.167 -0.006 -0.096 0.053 0.001 0.035 -0.073 0.148
Left fusiform gyrus (DAN) -0.172 -0.267 -0.226 -0.324 -0.023 -0.05 -0.037 -0.271 0.488
Left transverse temporal gyrus (SOM) -0.073 -0.089 -0.067 -0.19 0.05 0.129 0.089 -0.12 0.174
Left superior temporal gyrus (SOM) -0.099 -0.332 -0.139 -0.273 0.041 -0.122 -0.028 -0.206 0.303
Left middle temporal gyrus (DMN) -0.173 -0.244 -0.334 -0.337 -0.241 -0.308 -0.291 -0.301 0.091
Left inferior temporal gyrus (LIM) 0.089 -0.17 -0.072 -0.207 -0.078 -0.039 -0.067 -0.057 0.303
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Left parahippocampal gyrus (LIM) -0.039 0.016 -0.12 -0.153 0.071 0.083 0.083 -0.093 -0.157
Left entorhinal cortex (LIM) -0.062 -0.072 -0.073 -0.243 0.066 0.165 0.116 -0.129 0.084
Left rostral anterior cingulate cortex (DMN) 0.061 0.198 -0.022 -0.023 -0.038 -0.058 -0.05 0.042 -0.126
Left caudal anterior cingulate cortex (VAN) -0.11 -0.026 -0.096 -0.09 -0.08 0.144 0.013 -0.108 0.096
Left posterior cingulate cortex (FPN) -0.116 -0.035 -0.06 -0.049 -0.064 0.039 -0.024 -0.091 0.29

Left isthmus cingulate gyrus (DMN) -0.196 0.125 -0.05 -0.089 -0.19 -0.136 -0.183 -0.119 0.256
Left insula (VAN) -0.076 0.139 0.05 -0.004 -0.086 -0.025 -0.066 -0.008 0.103
Right medial orbitofrontal gyrus (LIM) -0.05 0.174 -0.039 -0.057 -0.042 0.033 -0.012 -0.03 -0.107
Right lateral orbitofrontal gyrus (LIM) -0.05 0.007 0.053 0.031 -0.05 0.021 -0.023 -0.001 0.154
Right rostral middle frontal gyrus (FPN) -0.237 -0.028 -0.05 -0.104 -0.135 -0.12 -0.14 -0.163 0.194
Right lateral frontal pars orbitalis (DMN) -0.098 0.104 0.054 -0.057 -0.086 0.045 -0.035 -0.038 0.119
Right superior frontal gyrus (DMN) -0.056 0.181 0.008 -0.169 -0.008 0.116 0.046 -0.052 -0.002
Right caudal middle frontal gyrus (FPN) -0.016 0.109 0.062 0.092 0.087 0.152 0.123 0.049 0.176
Right lateral frontal pars opercularis (FPN) -0.086 -0.04 -0.081 -0.12 -0.203 -0.095 -0.173 -0.103 0.035
Right lateral frontal pars triangularis (FPN) 0.032 0.095 0.077 0.071 -0.004 0.048 0.019 0.068 -0.304
Right paracentral gyrus (SOM) -0.009 0.134 0.161 0.108 -0.045 0.059 -0.003 0.086 -0.071
Right precentral gyrus (SOM) -0.04 0.11 0.112 0.193 0.051 0.187 0.116 0.08 0.04

Right postcentral gyrus (SOM) -0.282 -0.113 -0.125 -0.215 -0.069 0.104 0.002 -0.247 0.045
Right superior parietal lobule (DAN) -0.03 0.052 -0.098 -0.197 -0.069 0.068 -0.014 -0.092 0.147
Right inferior parietal lobule (DMN) -0.096 0.009 -0.1 -0.194 0.026 -0.181 -0.064 -0.128 0.271
Right supramarginal gyrus (FPN) -0.277 -0.126 -0.281 -0.278 -0.186 -0.08 -0.155 -0.306 0.291
Right precuneus (DMN) -0.224 0.004 -0.148 -0.069 -0.174 -0.196 -0.199 -0.168 0.067
Right inferior occipital cortex (VIS) -0.025 0.064 0.107 -0.112 0.115 -0.135 0.014 -0.009 0.194
Right calcarine (VIS) -0.089 -0.039 0.017 -0.157 0.093 -0.048 0.039 -0.09 0.234
Right cuneus (VIS) -0.086 0.097 -0.017 -0.254 0.042 -0.03 0.013 -0.109 0.054
Right lingual gyrus (VIS) 0.182 0.043 0.125 -0.215 0.104 0.272 0.188 0.064 0.173
Right fusiform gyrus (VIS) -0.198 -0.009 -0.124 -0.246 -0.073 -0.087 -0.085 -0.202 -0.04
Right transverse temporal gyrus (SOM) 0.007 -0.005 -0.049 -0.308 -0.113 -0.138 -0.134 -0.1 0.331
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Right superior temporal gyrus (SOM) -0.171 -0.063 -0.049 -0.201 -0.082 -0.117 -0.105 -0.163 0.073
Right middle temporal gyrus (DMN) -0.299 -0.071 -0.212 -0.222 -0.215 -0.255 -0.252 -0.275 0.128
Right inferior temporal gyrus (LIM) 0.092 -0.126 0.105 -0.217 0.151 0.048 0.118 -0.007 0.261
Right parahippocampal gyrus (LIM) 0.013 0.132 0.082 -0.119 0.047 0.124 0.085 0.01 -0.328
Right entorhinal cortex (LIM) -0.024 0.126 0.097 0.078 -0.07 0.071 -0.014 0.052 -0.101
Right rostral anterior cingulate cortex (DMN) 0.002 -0.073 0.141 -0.064 0.068 0.055 0.069 0.01 0.025
Right caudal anterior cingulate cortex (VAN) -0.056 0.038 0.008 0.001 -0.119 0.024 -0.066 -0.02 -0.045
Right posterior cingulate cortex (FPN) -0.015 0.135 0.077 0.059 -0.113 0.026 -0.061 0.047 0.19

Right isthmus cingulate gyrus (DMN) -0.033 0.178 0.064 0.105 -0.045 -0.06 -0.055 0.054 0.171
Right insula (VAN) -0.04 0.1 0.149 0.005 0.009 -0.062 -0.022 0.033 0.149
Left hippocampal mammillary bodies -0.167 -0.017 -0.019 -0.09 -0.138 0.046 -0.068 -0.115 0.052
Left hippocampal fornix -0.215 0.002 -0.143 -0.113 -0.078 -0.132 -0.109 -0.175 0.02

Left hippocampal fimbria -0.136 0.181 -0.071 -0.02 0.039 0.022 0.035 -0.068 -0.065
Left hippocampal CA1 -0.153 -0.077 -0.244 -0.107 -0.123 -0.101 -0.123 -0.18 -0.032
Left hippocampal subiculum -0.183 0.041 -0.076 -0.06 -0.018 0.035 0.004 -0.121 0.075
Left hippocampal CA4/dentate gyrus -0.28 -0.034 -0.276 -0.365 -0.148 -0.111 -0.144 -0.32 0.27

Left hippocampal CA2/CA3 0.117 -0.001 0.174 0.295 0.218 0.227 0.241 0.189 -0.014
Left hippocampal SR/SL/SM 0.065 -0.071 0.017 0.157 0.147 0.174 0.172 0.073 0.155
Left hippocampal alveus -0.009 -0.16 -0.02 0.092 -0.004 0.008 0.001 -0.003 -0.007
Right hippocampal CA1 -0.094 -0.202 -0.189 -0.022 -0.041 0.07 0.004 -0.127 0.186
Right hippocampal subiculum -0.326 -0.226 -0.308 -0.267 -0.258 -0.212 -0.26 -0.346 0.15

Right hippocampal CA4/dentate gyrus -0.264 -0.108 -0.144 -0.123 -0.257 -0.109 -0.214 -0.216 0.206
Right hippocampal CA2/CA3 -0.218 -0.143 -0.201 -0.121 -0.131 -0.078 -0.119 -0.212 0.189
Right hippocampal SR/SL/SM -0.158 -0.127 -0.183 -0.201 -0.052 -0.067 -0.063 -0.199 0.333
Right hippocampal fimbria -0.001 0.273 0.047 -0.09 0.1 -0.227 -0.037 0.019 0.164
Right hippocampal mammillary bodies -0.092 -0.181 -0.222 -0.206 0.032 -0.009 0.017 -0.186 0.272
Right hippocampal fornix -0.136 0.018 -0.225 -0.323 -0.179 -0.12 -0.168 -0.218 0.206
Right hippocampal alveus -0.22 0.07 -0.101 -0.188 -0.018 -0.077 -0.046 -0.18 0.215
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SOFAS

-0.06 -0.273 -0.263 -0.336 -0.085 -0.092 -0.096 -0.230 -

Note: EXP = emotional expressivity; MAP = motivation and pleasure; SOFAS = Social and Occupational Functioning Assessment Scale. Significant difference.
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ARTICLE INFO ABSTRACT

Keywords:
Brain networks

Schizophrenia is characterized by cognitive impairments and widespread structural brain abnormalities. Brain
structure-cognition associations have been extensively studied in schizophrenia, typically involving individual
cognitive domains or brain regions of interest. Findings in overlapping and diffuse brain regions may point to
structural alterations in large-scale brain networks. We performed a systematic review and meta-analysis
examining whether brain structure-cognition associations can be explained in terms of biologically meaningful
brain networks. Of 7,261 screened articles, 88 were included in a series of meta-analyses assessing publication
bias, heterogeneity, and study quality. Significant associations were found between overall brain structure and
eight MATRICS-inspired cognitive domains. Brain structure mapped onto the seven Yeo functionally defined
networks and extraneous structures (amygdala, hippocampus, and cerebellum) typically showed associations
with conceptually related cognitive domains, with higher-level domains (e.g., executive function, social cogni-
tion) associated with more networks. These findings synthesize the extensive literature on brain structure and
cognition in schizophrenia from a contemporary network neuroscience perspective and suggest that brain
structure-cognition associations in schizophrenia may follow functional network architecture.

Volume

Cognitive domains
Speed of processing
Attention

Memory

Executive function
Social cognition

1. Introduction

Schizophrenia is a debilitating psychiatric disorder affecting
approximately 20 million individuals worldwide (James et al., 2018).
Schizophrenia is primarily characterized by positive (e.g., hallucina-
tions, delusions) and negative (e.g., reduced motivation, flattened
affect) symptoms; however, another core feature of schizophrenia in-
volves impaired cognitive abilities (Kahn and Keefe, 2013; Kahn et al.,
2015). Cognitive impairments are observed in the majority of in-
dividuals diagnosed with schizophrenia and are present across a wide

range of domains (attention, memory, executive function; Heinrichs and
Zakzanis, 1998; Schaefer et al., 2013). To characterize the cognitive
domains impacted by schizophrenia and encourage novel treatments,
the Measurement and Treatment Research to Improve Cognition in
Schizophrenia (MATRICS) categorized cognitive measures into seven
neurocognitive domains: speed of processing, attention/vigilance,
working memory, verbal learning and memory, visual learning and
memory, reasoning and problem solving, and social cognition (Marder,
2006; Nuechterlein et al., 2008). Cognitive impairments emerge early in
the illness, typically preceding and even outlasting many of the clinical

Abbreviations: AC;, Gwet’s agreement coefficient; ATT, attention and vigilance; BANKSTS, banks of the superior temporal sulcus; CI, confidence interval; DAN,
dorsal attentional network; DMN, default mode network; FDR, false-discovery rate; FPN, frontoparietal network; IFG, inferior frontal gyrus; LIM, limbic network;
MATRICS, Measurement and Treatment Research to Improve Cognition in Schizophrenia; MRI, magnetic resonance imaging; R&EF, reasoning and executive
function; RO, region of interest; SC, social cognition; SP, speed of processing; VAN, ventral attentional network; VF, verbal fluency; VIS, visual network; VisM, visual

learning and memory; VM, verbal learning and memory; WM, working memory.
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symptoms since cognitive deficits are often not remediated with phar-
macological treatment (Kitchen et al., 2012; Lepage et al., 2014). In
high-risk groups, cognitive deficits also predict the onset of psychosis —
independently of other comorbidities — making it an important risk
factor for schizophrenia (Seidman et al., 2016). Cognitive performance
has also been found to be a strong predictor of poor functional outcomes
in schizophrenia compared to other clinical symptoms (Lepage et al.,
2014). This persistence of cognitive impairments in schizophrenia, from
the prodrome to first episode to enduring schizophrenia, may be re-
flected in structural brain alterations.

Structural imaging studies of patients with schizophrenia have
consistently shown a widespread decrease in cortical gray matter vol-
ume compared to healthy controls, especially in frontal and medial
temporal areas (Shenton et al., 2001; van Erp et al., 2018) as well as in
subcortical structures including the hippocampus and amygdala (van
Erp et al., 2016). Research focusing on surface area and cortical thick-
ness, which together constitute brain volume, has found extensive
cortical thinning and reduced surface area across the cortical mantle in
schizophrenia (van Erp et al., 2018). Given the pervasive brain and
cognitive alterations in schizophrenia, a large literature has examined
whether structural brain abnormalities (e.g., decreased volume, cortical
thinning, reduced surface area) are associated with cognitive deficits in
schizophrenia, culminating in several reviews and targeted
meta-analyses (Antoniades et al., 2018; Antonova et al., 2004; Cres-
po-Facorro et al., 2007; Fujiwara et al., 2015; Gur et al., 1997; Kelly
et al., 2019; Ventura et al., 2009).

Briefly, deficits in speed of processing have been correlated with a
reduced temporal lobe volume and increased ventricular size (Antonova
et al., 2004). Attentional impairments were correlated with structural
alterations (e.g., decreased volume and grey matter density, cortical
thinning) within the frontal and temporal lobes (Kelly et al., 2019) as
well as with widespread reduced volume of subcortical regions (Anto-
nova et al.,, 2004). Decreased working memory was correlated with
reduced frontal and temporal lobe volumes and cortical thickness
(Antoniades et al., 2018; Crespo-Facorro et al., 2007) while verbal
learning and memory deficits were correlated with hippocampal volume
loss (Antonova et al., 2004; Kelly et al., 2019). Impaired visual learning
and memory correlated with hippocampal volume loss and with lower
frontal and primary visual occipital volumes (Antonova et al., 2004;
Kelly et al., 2019). Deficits in reasoning and problem solving, including
higher-order executive functions, were also associated with a reduced
frontal lobe volume, more specifically the dorsolateral prefrontal cortex
(Antonova et al., 2004; Gur et al., 1997). Finally, impaired social
cognition was linked to several structural deficits in the amygdala,
prefrontal cortex, temporal and parietal lobes including reduced
grey-matter and white-matter volumes (Fujiwara et al., 2015). Notably,
while these reviews and meta-analyses show clear associations between
brain  structure and cognition in  schizophrenia, brain
structure-cognition findings from individual studies are equivocal.

Network neuroscience may provide a framework within which to
better understand these complex findings. Previous selective reviews
highlight brain structure-cognition associations within overlapping
brain regions in schizophrenia, which may point to fundamental struc-
tural alterations within large-scale brain networks. It is becoming
increasingly recognized that symptoms of schizophrenia are likely sub-
tended by disruptions of integrated networks of brain regions rather
than to damage in specific areas (Glover et al., 2012; Pettersson-Yeo
et al., 2011). The extensive morphometric changes in schizophrenia,
combined with the overlap of several regions associated with complex
cognitive functions, reinforces the need to shift from a regional to
network perspective in structural neuroimaging studies (Bassett and
Sporns, 2017; Park and Friston, 2013; Uddin et al., 2019).

One well-known functional network parcellation is that of Yeo and
colleagues (2011), who identified 7 and 17 cortical brain networks from
resting-state functional connectivity. The canonical 7 networks were
named based on their function as identified in the literature and include:
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the default mode network (DMN) active during rest as the default setting
of the brain; the dorsal attention network (DAN) for externally directed
attention to tasks; the frontoparietal control network (FPN) for goal-
directed executive control; the limbic network (LIM) processing emo-
tions and affect; the somatic network (SOM) responsible for motor
movements and somatic sensations; the ventral attention network (VAN)
for attention to salient stimuli and involuntary actions; and visual
network (VIS) responsible for vision and direction in space.
Connectivity-based brain parcellations such as this one are typically
derived from functional or diffusion-weighted magnetic resonance im-
aging (MRI; Eickhoff et al., 2018) and further investigation is needed to
determine whether anatomically-derived networks (e.g., structural
covariance; Evans, 2013) follow the same topography as functional
networks. However, examination of structural alterations (e.g., volume
reductions) within functional networks, such as those by Yeo and col-
leagues (Yeo et al., 2011), can help characterize complex structural
abnormalities in schizophrenia (Shafiei et al., 2020) and associations
between brain structure and symptoms in schizophrenia (Kirschner
et al., 2020). Notably, Kirschner et al. (2020) observed associations
between the default mode and visual networks with a domain
comprising cognitive deficits and negative symptoms, two stable hall-
marks of schizophrenia, findings which shed light on potential
structure-function associations in schizophrenia and its relation to
clinical dimensions of the disease. Thus, reframing the
structure-cognition literature in schizophrenia from the perspective of
functional brain architecture may shed light on the complexity of brain
structure-cognition associations in schizophrenia.

1.1. Rationale and objectives

Despite extensive research on morphological markers of cognitive
deficits in schizophrenia, a comprehensive quantitative synthesis of the
literature has yet to be performed. Thus, we systematically reviewed the
structural MRI literature to date on brain structure-cognition associa-
tions in schizophrenia and performed a series of meta-analyses to syn-
thesize the literature on associations between brain structure (e.g.,
volume, cortical thickness, surface area) and MATRICS-inspired cogni-
tive domains (speed of processing, attention/vigilance, working mem-
ory, verbal and visual learning and memory, reasoning and executive
function, social cognition, and verbal fluency) in schizophrenia. Whole-
brain meta-analyses were first conducted to confirm associations be-
tween a given domain and overall brain structure in schizophrenia as
well as assess risk of bias and study quality. Then, we examined specific
network-cognitive domain associations by mapping structural findings
onto functional network topography using the seven networks defined
by Yeo et al. (2011) to investigate network-cognition associations. We
expected that situating brain structure-cognition associations within
functional network topography would provide a better understanding of
the complex interrelations between cognitive domains and brain struc-
ture reported in the literature.

2. Methods
2.1. Protocol and registration

This study protocol was pre-registered on PROSPERO: https://www.
crd.york.ac.uk/prospero/ (CRD42020206152). The PRISMA guidelines
for systematic reviews and meta-analyses were followed (Moher et al.,
2009). The PRISMA checklist for the current study is provided in the
supplementary material.

2.2. Information sources and search strategy
A comprehensive literature search was conducted using OVID

(MEDLINE, PsycInfo, Health and Psychosocial Instruments, and
EMBASE) and EBSCO (CINAHL) databases on August 3rd, 2020. The
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following keywords were used: (schizophreni* OR psychosis) AND
(cogniti* OR attention OR vigilance OR speed of processing OR pro-
cessing speed OR reasoning OR problem solving OR executive function
OR verbal memory OR verbal learning OR visual memory OR visual
learning OR working memory) AND (brain structure* OR morphometr*
OR volume OR cortical thickness OR surface area). Reference lists of
selected articles were also examined for additional studies. Evidence
sources were limited to peer-reviewed articles, and we excluded book
chapters, conference abstracts, and poster presentations manually.

2.3. Eligibility criteria

Retrieved articles were screened according to the following inclusion
criteria: (a) peer-reviewed article; (b) reported on individuals with a
diagnosis of schizophrenia-spectrum disorder (schizophrenia, schizo-
affective, and schizophreniform disorders), and (c) included direct as-
sociations between cognition and brain structure (e.g., volume,
thickness, surface area) using structural magnetic resonance imaging
(T1-weighted or T2-weighted MRI). Both French and English peer-
reviewed articles were included. Studies including only individuals
presenting a diagnosis of a non-primary psychotic disorder (e.g., bipolar
disorder with psychosis, delusional disorder, major depression with
psychotic features, Alzheimer’s/dementia with psychosis), or child-
onset schizophrenia, first-episode psychosis, or who were at-risk for
developing psychosis were excluded. Studies reporting combined results
of schizophrenia-spectrum patients and healthy controls were excluded
but those combining schizophrenia and first-episode psychosis, or a non-
primary psychotic disorder were included if the proportion of
schizophrenia-spectrum patients was larger than half the sample. We
also excluded studies that grouped several cognitive tests, morphometric
measures, or multiple neuroimaging modalities in their assessment of
structure-cognition associations as they could not be separated for our
meta-analyses. Finally, authors of studies that did not report sufficient
data for the meta-analysis were contacted to obtain additional
information.

2.4. Selection of sources of evidence

Articles retrieved from OVID and EBSCO were combined in EndNote
software (The EndNote Team, 2013) and duplicates were removed
automatically by comparing the Author, Year, Title, and Journal fields.
Duplicates based on smaller combinations of these fields were then
checked manually. The remaining unique articles were randomly or-
dered and assigned to one of three independent raters (MK, KML, VM) to
assess titles and abstracts based on the article selection criteria. All three
raters screened the same 200 articles (100 at the beginning and 100 at
the end of the selection process) to assess inter- and intra- rater reli-
ability (Belur et al., 2018). The ratings of each set of 100 articles were
compared between raters and statistical agreement between was
computed with the Gwet agreement coefficient (AC;). AC; was used to
control for the Kappa paradox, when low agreement between raters is
due to highly similar raters (Gwet, 2008; Wongpakaran et al., 2013).
Intra-rater reliability was assessed by computing the percentage of
agreement between an article’s final consensus rating and the rater’s
score (Belur et al., 2018). Discrepancies and questionable articles were
resolved by a consensus between raters.

2.5. Data extraction

Full texts of the selected articles were retrieved, and data were
extracted using a pre-developed form by two independent reviewers
(MK, PH). Quality control of full extractions was done for approximately
45 % of articles by an independent reviewer (CL). Two additional in-
dependent reviewers (DRC, KML) reviewed the cognitive domain and
network categorizations of all reported findings. The extracted infor-
mation included demographic details (sample size, diagnosis, sex ratio,
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and age of patients and controls, if applicable), structural MRI metric (e.
g., volume, cortical thickness, surface area), structural MRI brain
coverage (e.g., vertex, regions of interest (ROIs), whole brain), cognitive
measures (cognitive test, cognitive score), and the direct link between
the structural and cognitive measures (analysis technique, the value of
effect, statistic type and significance).

Cognitive tests were categorized into eight domains including the
seven MATRICS domains (Nuechterlein et al., 2008): speed of processing
(SP), attention and vigilance (ATT), working memory (WM), verbal
learning and memory (VM), visual learning and memory (VisM),
reasoning and problem solving, and social cognition (SC). Verbal
fluency (VF) was added as an eighth domain, as its role within speed of
processing has been questioned (Nuechterlein et al., 2004). Further-
more, the MATRICS domain reasoning and problem solving was
renamed reasoning and executive functions (R&EF) to include tasks
measuring executive functioning that were not typically part of the
MATRICS categorization, as done previously (Lavigne et al., 2020; Van
Rheenen and Rossell, 2014). We included all tests described as cognitive
assessments in identified studies and categorized them by cognitive
domain based on consensus in the field and intended use in the study
(see Table S1). For example, SP included the trail-making test A and
symbol coding tests, ATT was assessed with the Stroop test or Contin-
uous Performance Tests, WM included digit or memory span tasks, VM
included the California Verbal Learning Test and Hopkins Verbal
Learning Test, VisM was assessed with facial and visual retention tasks,
R&EF grouped trail-making test B and Wisconsin Card Sorting Test, SC
had the Degraded Facial Affect Recognition Task as well as theory of
mind assessments and VF included letter and category naming tests.
Finally, for tasks in which a higher score indicated lower performance
(e.g., Trail-making Test, Wisconsin Card Sorting Task perseverative er-
rors), the sign of the correlation was reversed.

2.6. Quality assessment of individual studies

In order to assess the quality of included studies, we developed a
rating system inspired by the newly implemented scales of quality
assessment of arterial spin labeling functional MRI studies (Sukumar
et al., 2020) based on recommendations in the field (Alsop et al., 2015).
Thus, we extracted five parameters (segmentation/atlas, multiple com-
parison correction, covariates, nonsignificant results, and scanner
strength) each of which were rated on a scale of 0-1 and then the total of
the 5 ratings was used to assess article quality. We extracted the type of
segmentation or brain atlas/coordinates used (e.g., ROI-based co-
ordinates, manual, semi-automatic, automatic; 0 = not reported, 1 =
reported) which is necessary to anatomically-define brain areas and
ensure replicability. We also extracted whether the article included
correction for multiple comparisons (0 = not reported, 1 = reported)
which is important to control for the overall significance level in the case
of multiple tests (Poldrack et al., 2017). When extracting covariates, if
age and sex were controlled for, the article was rated 1 and if either one
was controlled for, the article was rated 0.5. Controlling for age and sex
as covariates is essential due to their well-established association with
brain structure and cognition beyond disease-related factors (Gennatas
et al., 2017). We also indicated if studies reported nonsignificant results
(0 = not reported, 1 = reported) since this impacts publication bias
(Miiller et al., 2018). Finally, we extracted the scanner strength. If the
scanner strength was larger than 1.5 T, the article was rated 1, other-
wise, it was rated 0. All studies that had a total of 3 or more on the
previous criteria were labeled high in quality while studies below 3 were
labeled low in quality.

2.7. Meta-analysis
We used the Comprehensive Meta-Analysis (CMA) software (version

2.2.021, Biostat, Englewood, NJ) to perform our meta-analyses. We
chose Fisher’s Z to present our results since the primary outcome
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involved correlations between brain regions and cognitive domains.
Fisher’s Z transformations were calculated for each study from the re-
ported statistical effect (i.e., Pearson’s correlation, Spearman’s rho, t-
tests or p-values) and sample size. Meta-analyses were conducted using a
random effects model, which assumes that the true effect size of each of
the studies varies and is not due to sampling variance only (Hall and
Rosenthal, 2018). Additionally, the software weights studies based on
their sample size which is important to control for effects driven by
studies with a small number of patients that may be heterogenous.

We first performed eight overall meta-analyses of the correlations
between each cognitive domain and all brain structure findings (refer to
supplementary Fig. S1 for the meta-analyses schematic process). We
assessed publication bias and heterogeneity of studies at this overall
level. We then performed 10 subgroup analyses for each cognitive
domain to further characterize these overall effects in terms of the seven
Yeo et al. (2011) brain networks and three additional brain regions (i.e.,
hippocampus, amygdala, cerebellum) that emerged consistently in our
systematic review. We controlled for multiple comparisons using the
false discovery rate (FDR), a robust control for loss of power in studies
with high throughput (Benjamini and Hochberg, 1995) for all of the ten
subgroup analyses in each of the eight domains. We set the FDR to 0.05
which is the alpha used in the eight general meta-analyses.

2.7.1. Whole brain & cognitive domains

The overall meta-analyses on correlations between all reported
structures and each of the cognitive domains included all the structural
metrics (i.e., volume, cortical thickness, surface area). We aggregated all
structures and morphometric measures associated in the literature for
each of the eight cognitive domains and ran overall analyses to observe
general trends and inform our follow-up network analyses.

2.7.1.1. Risk of bias across studies. We assessed risk of bias across
studies for each of the eight overall meta-analyses. Publication bias,
defined as the impact that results have on the publication of a study
(Easterbrook et al., 1991), was assessed with two quantitative tests:
Egger’s asymmetry test and the fail-safe N of Rosenthal. Given the large
number of studies in each of the eight meta-analyses (see Section 3.3),
qualitative assessments (e.g., visual inspection of funnel plots) were not
used. Egger’s asymmetry test, a rank test, examines the significance of
the correlation between effect sizes and their corresponding sampling
variances and a significant result is likely evidence of publication bias
(Egger et al., 1997). The fail-safe N of Rosenthal refers to the number of
additional ‘negative’ studies that would be needed to increase the p
value for a given meta-analysis to above 0.05 (Rosenthal, 1979). Usu-
ally, if the fail-safe N is larger than five times the number of studies
included in the analysis plus ten then there is little evidence of publi-
cation bias (Fragkos et al., 2014).

We also assessed heterogeneity, the variation in outcomes between
studies, with two quantitative tests: Cochran’s Q and the I? Index. For
Cochran’s Q, a p-value less than 0.1 indicates heterogeneity (Cochran,
1950). Cochran’s Q is a commonly used method but has low power when
the number of studies is small and excessive power when the number of
studies becomes large (Pereira et al., 2010). This posed a problem for our
meta-analysis due to the variation in the number of studies for each
domain. Thus, we supplemented our heterogeneity assessment with the
12 statistic, which is not impacted by the number of studies in the
meta-analysis (Pereira et al., 2010). The 12 statistic describes the per-
centage of variation across studies that is due to heterogeneity rather
than chance with general effect size cut-offs of 25 % (small), 50 %
(medium) and 75 % (large; Higgins and Thompson, 2002).

2.7.1.2. Quality assessment. Following the overall meta-analyses, we
also performed two subgroup analyses for each of the eight domains by
filtering for the quality of the studies (low/high quality based on ratings
described in Section 2.6). We then performed, using the CMA software, a
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z-test comparing the mean difference between the two subgroups to
determine whether there was a significant difference between low- and
high-quality studies.

2.8. Network-mapped subgroup analyses

We performed a series of subgroup analyses to study the specific
associations between brain networks and cognition. To do so, we first
classified brain regions from studies using the Desikan Killiany-Tourville
atlas (Klein and Tourville, 2012) parcellation method, as done in
Makowski et al. (2020), into the seven Yeo et al. (2011) networks: DMN,
DAN, FPN, LIM, SOM, VAN and VIS. For other studies, we overlaid the
Yeo atlas of the seven networks with the structural atlases reported
(Broadman, AAL) to classify regions using MRIcron. If coordinates were
provided, we were able to attribute a finding directly to a specific
network. Consensus between authors was reached for the questionable
classifications of brain regions. Studies which reported findings on
larger brain areas (i.e., frontal lobe, temporal lobe) or unclassified
structures (e.g., subcortical structures, white matter, ventricles, cere-
bellum, corpus callosum), were excluded from the network subgroup
analyses. Given the importance of some of these regions in cognition and
their prevalence in the identified literature (i.e., amygdala, hippocam-
pus, cerebellum), these were assessed separately (see below) rather than
excluded entirely. See Table S2 for a detailed description of the brain
structures, and if applicable, their attributed network.

In CMA, we used the name of the network as a subgroup variable,
laterality of the region as a differentiating variable and the name of the
cognitive test as an outcome to perform seven sub-group analyses for
each of the eight domains. To investigate the precise regions of the
networks contributing to the correlation with cognition, we also ran
more precise subgroup analyses with the name of the brain structures as
a subgroup variable filtering for the brain structures with a significant
network-domain association based on the previous subgroup analyses.

2.9. Other structures analyses

Specific structures (amygdala, hippocampus, overall cerebellum)
were investigated with separate subgroup analyses as they have shown
structural changes and cognitive correlations in the literature (Kosh-
iyama et al., 2018). Other potentially relevant structures (i.e., thalamus,
nucleus accumbens) were not included due to limited studies in the
literature review. Finally, although the cerebellum has a common
network parcellation to the Yeo et al. (2011) cerebral atlas (Buckner
et al., 2011), studies generally reported overall correlations with the
cerebellum, and we could not include it in the network analyses. Thus,
we investigated these regions’ correlations with cognition in three
subgroup analyses for each of the eight domains.

3. Results
3.1. Study selection

The flowchart for article selection is displayed in Fig. 1. The database
search identified 7,259 articles and two additional articles were iden-
tified by co-authors. After the removal of 4,931 duplicates, books, and
conference abstracts, the remaining 2,330 titles and abstracts were
randomly assigned to one of three raters. There were 199 articles flagged
for full-text screening with the addition of 13 articles from reference
lists. Although we included 115 articles in our systematic review (see
Table S3), 27 were not included in the meta-analysis as they either
represented review articles, did not report relevant values of effect and
authors could not be reached, or used analysis techniques that were
incompatible with our software (e.g., multivariate analysis). Thus, 88
original research articles were included in our meta-analyses. See
Table S3 for a summary of studies included in the review and meta-
analyses.
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Fig. 1. Flow chart of the article selection process following PRISMA guidelines.

3.2. Raters’ reliability

The results of AC; for the inter-rater reliability tests were high for
both timepoints: IRR1 = 0.87 (SE = 0.03, 95 % CI = [0.80—0.93], p <
0.001) and IRR2 = 0.88 (SE = 0.03, 95 % CI = [0.82—0.95], p < 0.001).
Additionally, the percentage of agreement between IRR1 (Rater 1: 92 %;
Rater 2: 89 %; Rater 3: 92 %) and IRR2 was high (Rater 1: 95 %; Rater 2:
91 %; Rater 3: 95 %) and increased for all raters.

3.3. Whole brain & cognitive domains meta-analyses

We performed a meta-analysis for each of the eight cognitive do-
mains to determine if they were correlated with overall brain structures,
including all structural metrics. We found a significant summary Fisher’s
z for all domains, ranging from 0.087 (VF) to 0.669 (SC; see Fig. 2;
Figs. S2-S11 for individual forest plots). The presence of a significant
association between a given cognitive domain and overall brain struc-
ture allowed us to justify further investigations with network topog-
raphy. To further explore the exceptionally strong association observed
with SC relative to the other domains, we divided this domain into two
sub-categories, emotion processing and theory of mind, based on the
type of task reported in the article. Subgroup analyses, followed by a z-
test to compare the difference of means, showed significant correlations
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between brain structures and both emotional processing (Fisher’s z =
0.569, 95 % CI [0.258, 0.880]) and theory of mind (Fisher’s z = 0.726,
95 % CI [0.610; 0.842]), with no significant differences between the two
sub-domains (p > 0.05; see Fig. 2; Figs. S10-S11 for individual plots).
Finally, when performing the overall meta-analyses, we found that for
all cognitive domains, volume was the most reported metric for brain
structures ranging between 78 % (SP) to 95 % (VM) of all included ar-
ticles in the domains.

3.3.1. Risk of bias

We assessed publication bias with Egger’s Asymmetry and Fail-Safe
N of Rosenthal tests (see Table 1). Egger’s Asymmetry test indicated
potential publication bias (p < 0.05) for R&EF, SC, and VF; however, no
evidence of bias was observed with the fail-safe N of Rosenthal, which
was above the cut-off (five times the number of studies included in the
analysis plus ten) for all cognitive domains. Furthermore, the Cochran’s
Q test for all domains had a p-value below 0.1 indicating heterogeneity
between studies (Potvin, 2020). Similarly, the 12 index signalled mod-
erate to high heterogeneity between studies for all cognitive domains (I
range = 52.97 for SP to 96.80 for SC), except VF, which showed
low-to-moderate heterogeneity (1% = 46.00).
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Fig. 2. Overall correlation between each cognitive domain and overall brain structures including all structural metrics. Subgroup analyses between low- and high-
quality studies are also presented for each cognitive domain. The number of studies (S), correlations (C) and patients (N) are indicated for each of correlations. Error

bars reflect 95% confidence intervals (CI).

Table 1
Results of publication bias tests and heterogeneity for each cognitive domain.
Egger’s (p- Fail-Safe N cut-off Q (p-value) 2
value) N
SP 0.604 (0.092) 3,442 100 231.75 (0.000) 52.966
ATT —0.506 (0.219) 655 60 209.57 (0.000) 60.395
WM 0.095 (0.759) 4,659 160 464.507 63.187
(0.000)
VM 0.202 (0.463) 4,016 210 733.52 (0.000) 65.236
VISM 0.469 (0.134) 4,014 150 406.896 62.153
(0.000)
R&EF 2.545 (0.000) 6,788 225 1671.59 73.558
(0.000)
SC 5.116 (0.000) 1,654 65 3655.88 96.800
(0.000)
VF 1.381 (0.011) 415 75 131.488 46.003
(0.000)

ATT: attention and vigilance; R&EF: reasoning and executive function; SC: social
cognition; SP: speed of processing; VF: verbal fluency; VisM: visual learning and
memory; VM: verbal learning and memory; WM: working memory.

* N cut-off = (number of studies x 5) + 10.

3.3.2. Quality assessment

The ratings of the included studies are displayed in the supplemen-
tary material (Table S4). Subgroup analyses followed by a test of the
differences in means showed that, for ATT, low-quality studies were
significantly more correlated with brain structures than those of high-
quality (Zpig = -4.55, p < 0.05). For R&EF (Zpjg = 4.62, p < 0.05), SC
(Zpigg = 2.71, p < 0.05) and WM (Zpjgs = 4.74, p < 0.05) high-quality
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studies showed a significantly larger correlation with brain structures
than those of low quality. SP (Zpig¢ = -0.581, p > 0.70), VF (Zpiff =
-0.443, p > 0.05), VisM (Zp;g = 0.365, p > 0.05) and VM (Zpj¢s = 0, p >
0.05) did not show evidence of significant difference between the cor-
relations of low- and high-quality studies. The overall forest plot (Fig. 2)
provides the Fisher’s z correlation of each quality subgroup for com-
parison with the overall results of the overall meta-analyses for each
domain.

3.4. Network subgroup analyses

Using brain network topography (Fig. 3), we found significant
(connections displayed in color) and non-significant (connections dis-
played in greyscale) correlations between specific networks and cogni-
tive domains in schizophrenia. Fig. 3 also highlights associations not
investigated in the literature (no connections). Additionally, we were
able to observe which brain structures within each network contributed
to a significant correlation with a given cognitive domain (Fig. 4). The
effect values of all the correlations between networks and domains as
well as the brain structures and the domains are listed in Table S5 and
visualized in the circle plots in Fig. S12.

SP was significantly associated with three networks: DMN (Fisher’s z
= 0.508, 95 % CI: [0.280; 0.737]), DAN (z = 0.576, [0.212; 0.940]) and
FPN (z = 0.337, [0.106; 0.568]). For the DMN, the inferior temporal
gyrus (z = 0.704, [0.346, 1.062]) was the brain structure mostly
strongly correlated with the domain. For the DAN, it was the inferior
frontal gyrus (IFG), pars opercularis (z = 0.576, [0.212, 0.940]) and for
the FPN, it was the middle cingulate gyrus (z = 1.131, [0.658, 1.605]).
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Fig. 3. Lower middle panel: circle plot of the significant FDR-corrected correlations between the seven brain networks and the eight cognitive domains. The thickness
of the link is proportional to the correlation strength (Table S5). Surrounding panels (bottom left to bottom right): significant (in colour) and non-significant (grey)
summary correlations for each cognitive domain. Unexplored associations are represented as absent links between a domain and network. DMN: default-model
network, DAN: dorsal attention network, FPN: frontoparietal network, LIM: limbic network, SOM: somatosensory network, VAN: ventral attention network, VIS:

visual network.

The ATT cognitive domain was found to be significantly correlated
only with the SOM network (z = 0.358, [0.205; 0.511]) due to Heschl’s
gyrus which had the strongest significant correlation for this domain (z
= 0.551, [0.351, 0.751]).

WM was associated significantly with three networks: DAN (z =
0.221, [0.048; 0.394]), SOM (z = 0.436, [0.276; 0.595]) and VAN (z =
0.443, [0.183; 0.702]). These network correlations were driven by the
IFG pars opercularis (z = 0.221, [0.048, 0.394]) for the DAN, by the
superior temporal gyrus (z = 0.436, [0.276, 0.595]) for the SOM
network and by the superior frontal gyrus (z = 0.572, [0.202, 0.943]) for
the VAN.

VM was correlated significantly with FPN (z 0.440, [0.290;
0.590]) and VAN (z = 0.622, [0.253; 0.992]). It also correlated most
strongly with the middle (z = 0.576, [0.182, 0.970]) and the superior (z
= 0.576, [0.310, 0.843]) frontal gyri categorized in the FPN and VAN,
respectively.

VisM was significantly associated with FPN (z = 0.322, [0.202;
0.443]) and VIS (z = 0.291, [0.072; 0.509]) networks. These network
correlations were driven by IFG (z = 0.465, [0.286, 0.645]) for the FPN
and by fusiform gyrus (z = 0.291, [0.072, 0.509]) for the VIS.

R&EF was significantly associated with all seven brain networks.
These network correlations were driven by the anterior cingulate gyrus
(z = 0.694, [0.556, 0.832]) for the DMN (z = 0.620, [0.542; 0.699]), by
the IFG, pars opercularis (z = 0.729, [0.593, 0.864]) for the DAN (z =
0.729, [0.593; 0.864]), by the middle frontal gyrus (z = 0.741, [0.517,
0.966]) for the FPN (z = 0.411, [0.298; 0.523]), by the orbitofrontal
cortex (z = 0.423, [0.269, 0.577]) for the LIM network (z = 0.365,
[0.216; 0.513]), by the claustrum (z = 0.769, [0.351, 1.186]) for the
SOM network (z = 0.537, [0.384; 0.690]), by the BANKSTS (z = 0.775,
[0.569, 0.982]) for the VAN (z = 0.604, [0.511; 0.6971), and by the
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inferior occipital gyrus (z = 0.803, [0.385, 1.221]) for the VIS network
(z = 0.592, [0.448; 0.734]).

The SC domain was also significantly associated with all the brain
networks. These network correlations were driven by the posterior
cingulate gyrus (z = 1.722, [0.134, 3.309]) for the DMN (z = 0.804,
[0.356; 1.253]), the superior parietal lobule (z = 0.929, [0.467, 1.391])
for the DAN (z = 0.929, [0.467; 1.391]), the IFG, pars triangularis (z =
0.640, [0.056, 1.224]) for the FPN (z = 0.411, [0.237; 0.585]), the
parahippocampal gyrus (z = 2.215, [0.585, 3.845]) for the LIM network
(z = 1.892, [0.547; 3.236]), the superior temporal gyrus (z = 0.963,
[0.637, 1.290]) for the SOM network (z = 0.784, [0.545; 1.024]), the
middle cingulate gyrus (z = 1.131, [0.658, 1.605]) for the VAN (z =
0.315, [0.214; 0.415]), and the middle occipital gyrus (z = 0.914,
[0.648, 1.181]) for the VIS network (z = 0.914, [0.648; 1.181]).

Finally, the VF domain was only correlated significantly with DMN (z
= 0.447, [0.088; 0.806]) mostly driven by the strong association with
the inferior temporal gyrus (z = 0.678, [0.172, 1.184]).

3.5. Structures subgroup analyses

Selected structures commonly emerging in the literature review
included the amygdala, the cerebellum, and the hippocampus (Fig. 5).
SP was significantly associated with the hippocampus (z 0.130,
[0.080, 0.180]) and the amygdala (z = 0.204, [0.141, 0.267]) while ATT
was only significantly associated with the cerebellum (z = 0.109,
[0.030, 0.188]). WM was found to be significantly correlated with all
three structures (amygdala: z = 0.136, [0.081, 0.191]; cerebellum: z =
0.800, [0.141, 1.078]; hippocampus: z = 0.159, [0.115, 0.202]). VM
was found to be associated significantly with the hippocampus (z =
0.234, [0.181, 0.287]) and VisM was found to be correlated
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R&EF

significantly with the cerebellum (z = 1.042, [0.816, 1.268]) and the
hippocampus (z = 0.141, [0.063, 0.219]). The R&EF domain was
significantly correlated with the hippocampus (z = 0.190, [0.111,
0.268]) and the amygdala (z = 0.169, [0.075, 0.263]). SC was signifi-
cantly associated with the hippocampus (z = 1.263, [0.801, 1.725]) and
the amygdala (z = 0.596, [0.351, 0.841]) . Finally, VF was significantly
associated with the cerebellum (z = 0.201, [0.135, 0.267]).

4. Discussion

The aim of this study was to comprehensively synthesize the litera-
ture to date on associations between brain structure and cognition in
schizophrenia as well as map structural findings correlated with cogni-
tion onto functional network topography using the seven networks
defined by Yeo et al. (2011) to examine whether these could be better
understood from a network perspective. We identified 115 articles
investigating brain-cognition associations in schizophrenia, 88 of which
were included in our meta-analyses. Overall, we found that all cognitive
domains were generally associated with brain structure in schizo-
phrenia. Brain network subgroup analyses provided deeper insight into
these associations from a structure-function perspective and point to
potential hub regions associated with distinct cognitive functions.
Notably, we observed that higher-level cognitive processes (e.g.,
reasoning and executive function, social cognition) tend to be associated
with a greater number of networks compared to other cognitive do-
mains. We also identified specific network-cognition associations lack-
ing in the literature that would be expected based on the network’s
functional characteristics. Thus, leveraging functional network topog-
raphy allowed us to better characterize brain structure-cognition asso-
ciations in schizophrenia, suggesting that brain structural correlates of
cognition may follow network architecture.
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Fig. 4. Circle plot of the FDR significant cor-
relations between the brain regions categorized
in the seven brain networks and the eight
cognitive domains. The thickness of the link is
proportional to the correlation strength. The
colors of the brain regions correspond to the
respective network. The legend and the values
of the effect are in Table S5. Non-significant
correlations are shown in Fig. S12. ATT: atten-
tion and vigilance, DMN: default-model
network, DAN: dorsal attention network, FPN:
frontoparietal network, LIM: limbic network,
R&EF: reasoning and executive function, SC:
social cognition, SOM: somatosensory network,
SP: speed of processing, VAN: ventral attention
network, VF: verbal fluency, VIS: visual
network, VisM: visual memory, VM: verbal
memory, WM: working memory.

1: angular gyrus; 2: anterior cingulate gyrus; 3:
IFG, pars orbitalis; 4: inferior parietal lobule; 5:
inferior temporal gyrus; 6: lateral aspect; 7:
middle temporal gyrus; 8: posterior cingulate
gyrus; 9: precuneus; 10: temporal pole; 11: IFG,
pars opercularis; 12: superior parietal lobule;
13: dorsolateral prefrontal cortex; 14: inferior
frontal gyrus; 15: IFG, pars triangularis; 17:
middle frontal gyrus; 18: entorhinal cortex; 19:
gyrus rectus; 20: orbitofrontal cortex; 21: par-
ahippocampal cortex; 22: claustrum; 23:
Heschl’s gyrus; 24: planum temporale; 25:
precentral gyrus; 26: superior temporal gyrus;
27: supplementary motor area; 28: BANKSTS;
30: middle cingulate gyrus; 31: superior frontal
gyrus; 32: temporoparietal junction; 33: cal-
carine cortex.

4.1. Whole brain & cognitive domains meta-analyses

The overall set of meta-analyses yielded significant correlations be-
tween brain structure and all eight cognitive domains. The strongest
overall brain-cognition associations were with SP, VM, VisM, R&EF and
SC. These domains are also those with the most associated studies, which
might reflect research trends in the field or more knowledge on struc-
tural regions associated with them than other domains. We detected
publication bias for three domains (R&EF, SC, and VF). We thus
acknowledge that this partiality in the literature might impact our re-
sults for these domains. Additionally, heterogeneity was present for all
eight domains, which was expected due to the variability of methodol-
ogies across studies and our inclusion of multiple metrics and brain re-
gions. Interestingly, VF was the only domain to show low heterogeneity,
which might be partially due to this domain being primarily measured
by two cognitive tests with little variation in scoring (letter and category
fluency). The use of the random effects model in all meta-analyses to
estimate the correlation between brain structure and cognitive domains
was employed to remediate this and other potential sources of variation
between studies (Lipsey and Wilson, 2001).

We also assessed the quality of the studies included in each of the
eight meta-analyses and expected that the results of high-quality studies
would differ significantly from those of low-quality. This was the case
for ATT, R&EF, SC, and WM, suggesting that methodological differences
relating to brain segmentation/atlas, multiple comparisons, covariates,
nonsignificant results, and scanner strength have a strong impact on the
overall correlation with brain structure for at least these domains. Sur-
prisingly, larger effects were observed for low- relative to high-quality
studies for ATT, which warrants further investigation. The remaining
domains (SP, VM, VisM, and VF) did not show a significant difference
between low- and high-quality studies, which could indicate that brain
structure associations with these domains are less affected by these
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Fig. 5. Circle plot of the correlations between three structures not categorized in networks and the eight cognitive domains. The thickness of the link is proportional
to the correlation strength (Table S6). The grey links are nonsignificant with FDR. ATT: attention and vigilance, R&EF: reasoning and executive function, SC: social
cognition, SP: speed of processing, VF: verbal fluency, VisM: visual memory, VM: verbal memory, WM: working memory.

criteria, that there is a certain homogeneity in the way these domains
have been assessed to date, or perhaps that the strength of the effects
eclipses the confounding impact of the quality criteria. The subsequent
network subgroup analyses aimed to address the additive effects of the
overall analysis, which could hide more subtle correlations, and provide
a targeted view of brain structure-cognition associations in
schizophrenia.

4.2. Cognition and networks

Leveraging functional brain network architecture provided new in-
sights concerning network-cognition associations in schizophrenia,
revealing significant correlations between all cognitive domains and at
least one brain network. Follow-up analyses allowed us to pinpoint
within-network regions contributing most strongly to these network-
cognition associations. Overall, we observed that associations between
brain structure and cognition can be understood in terms of brain
network architecture and key brain regions, which are interpreted by
cognitive domain below.

4.2.1. Speed of processing

This domain was significantly associated with structural alterations
in three networks: the DMN correlation was driven by inferior temporal
gyrus, the DAN by IFG, pars opercularis, and the FPN by middle
cingulate gyrus. These results are consistent with recent functional and
effective connectivity findings indicating that digit symbol coding (the
task most commonly employed within this domain) involves in-
teractions between frontoparietal and inferior temporal/frontal systems
involved in goal- and stimulus-directed behaviour (Silva et al., 2019).

45

While the emergence of the DMN in the current study was unexpected,
this network’s effect was driven primarily by the inferior temporal
gyrus, which has been designated a number-form area comprising a
"symbolic number processing network" along with several other regions
observed herein (e.g., inferior frontal gyrus; Yeo et al., 2017). The cur-
rent findings suggest that these associations with speed of processing in
healthy individuals may extend to schizophrenia and that structural
alterations within these regions contribute to speed of processing defi-
cits in schizophrenia. Concerning other structures, SP was significantly
correlated with both the amygdala and the hippocampus involved in
learning and memory (Andersen et al., 2006). This is in line with
behavioral research indicating links between memory and processing
speed in schizophrenia as well as the potential use of memory-related
strategies to perform SP tasks (Brébion et al., 1998; Knowles et al.,
2015). Finally, this domain did not show significant differences between
low- and high- quality studies in the overall meta-analysis which could
be due to high heterogeneity in neuroimaging methodology between
studies. Previous meta-analyses pointed to the high variability in effect
sizes of studies with coding tasks compared to other tasks of SP (Knowles
et al., 2010).

4.2.2. Attention and vigilance

ATT was only significantly correlated with the SOM network, driven
by Heschl’s gyrus. The planum temporale, close to the temporo-parietal
junction and part of the SOM network, was also significantly correlated
with ATT supporting previous reviews’ findings (Antonova et al., 2004;
Lesh et al., 2011). This is likely due to several studies using auditory
continuous performance tests to assess attention. We also expected DAN
and VAN to significantly correlate with this domain, but surprisingly,
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associations between ATT and regions within these attentional networks
were rarely assessed in the literature. On one hand, the DAN showed a
non-significant correlation, possibly due to the fact that only two asso-
ciations with one specific brain region (IFG pars opercularis) were
examined in the literature. On the other hand, studies did not report any
correlations with brain regions categorized within the VAN. Thus, more
research is necessary to determine whether structural associations with
attention and vigilance in schizophrenia are limited to primary sensory
regions or are also reflected in attention-related networks.

We also observed a significant correlation between this domain and
the cerebellum, recently known for its integrative cognitive functions
(Schmahmann, 2019). Indeed, theories of cerebellar dysfunction in
schizophrenia point to impaired coordinated integration of stimuli, also
known as cognitive dysmetria (Andreasen et al., 1998; Schmahmann,
2019). Finally, this domain contained the lowest number of studies and a
high heterogeneity which points to an important gap in the literature
and may indicate high variability in the tasks used to assess attention,
which has been previously noted to lead to opposing results (Hoonakker
et al., 2017).

4.2.3. Working memory

This domain was significantly associated with three networks: the
DAN driven by the IFG opercularis, the SOM driven by the superior
temporal gyrus, and the VAN by the superior frontal gyrus. This emer-
gence of attentional networks (DAN, VAN) is not unexpected given that
most tasks assessing WM require goal- and stimulus-directed processing
(Moreau and Champagne-Lavau, 2014; Nuechterlein et al., 2004).
Contribution of the superior temporal gyrus, part of the SOM, may
reflect the auditory nature of several WM tasks (e.g., traditional digit
span). No other network survived FDR correction although FPN and LIM
were both found to have high numbers of correlations in the literature
(21 and 14 respectively). Functional studies have pointed to an associ-
ation between the FPN, more specifically the dorsolateral prefrontal
cortex, and the DMN with WM in schizophrenia (Godwin et al., 2017;
Kelly et al., 2019). The lack of association with the FPN is striking,
particularly given the importance of the dorsolateral prefrontal cortex in
WM via region of interest studies. Notably, the superior frontal gyrus,
which did emerge as driving the association between the DAN and WM,
overlaps anatomically with the dorsolateral prefrontal cortex. Other
possibilities include the DLPFC association with WM being primarily of a
functional nature or being obscured due to WM task variability. The lack
of structural studies examining brain regions categorized in the DMN
(none found in our review) indicates directions for future research.
Another expected correlation of WM that we found was with the cere-
bellum, thought to be one of the important regions of working memory
(Vandervert et al., 2007). Finally, due to its function in learning and
memory (Andersen et al., 2006), it was also expected that the hippo-
campus would be significantly correlated with WM, which was sup-
ported by our findings.

4.2.4. Verbal learning and memory

VM was significantly associated with two networks, the FPN driven
by the dorsolateral and middle frontal gyrus, and the VAN driven by the
superior frontal gyrus. These findings support previous evidence indi-
cating an association between VM and thinning of the frontal cortex in
schizophrenia patients (Antonova et al., 2004; Guimond et al., 2016) as
well as a reduced volume of prefrontal regions (Antonova et al., 2004).
As expected due to its importance in memory, the hippocampus was also
significantly associated with VM as shown previously (Antoniades et al.,
2018; Guimond et al., 2016). However, the amygdala, usually involved
in the emotional tagging of memories, did not significantly correlate
with VM. This was not due to a lack of research investigating the asso-
ciation but is consistent with the general absence of emotional content in
the tasks typically used to assess VM. Finally, the LIM, which includes
parahippocampus and entorhinal cortex (input and output regions for
the hippocampus, respectively; Foster et al. (2019)) was correlated with
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VM but did not retain significance following FDR correction. This may
point to subnetworks or modules of LIM preferentially related to VM.

4.2.5. Visual learning and memory

VisM was significantly associated with the FPN, due to a strong
correlation with the dorsolateral prefrontal cortex, and the VIS network,
driven by a significant association with the fusiform gyrus. We expected
the VisM-VIS association since this network is specific to visual pro-
cessing and has been observed previously (Antonova et al., 2004; Kelly
et al., 2019). The particular association between the fusiform gyrus,
known for its involvement in facial recognition (Weiner and Zilles,
2016), and VisM may be due to studies assessing VisM with facial
recognition tasks. Previous reviews also pointed to the prefrontal cortex
as a processing and integration area for visual information (Antonova
et al.,, 2004; Kelly et al., 2019), which is supported by the current
findings. Four other networks were investigated in this domain but were
nonsignificant. Although this effect can be explained by a small number
of correlations for three of the networks (DMN, SOM, VAN), it is not the
case for the LIM network which included 17 associations in the litera-
ture. Thus, it could be that the tasks assessing VisM have no emotional or
reward component that would impact memory encoding or retrieval.
This could also be the case for the nonsignificant association with the
amygdala. In contrast, the cerebellum, implicated in facial recognition
(Andreasen and Pierson, 2008), and the hippocampus, involved in
memory, was significantly associated with VisM.

4.2.6. Reasoning and executive function

This domain, which is considered a higher-level domain encom-
passing several cognitive processes (e.g., SP, ATT; Nuechterlein et al.,
2004), was significantly associated with all seven networks. Some of the
strongest contributing regions to these findings included anterior
cingulate cortex (DMN), IFG pars opercularis (DAN), middle frontal
gyrus (FPN), orbitofrontal cortex (LIM), claustrum (SOM), BANKSTS
(VAN), and inferior occipital lobe (VIS). The widespread brain regions
associated with the domain likely reflects the many different processes
engaged during reasoning and executive function tasks and the inter-
relation of this domain with other cognition domains, as has been noted
in previous reviews (Antonova et al., 2004; Riisch et al., 2008). Contrary
to the previous domains, evidence of publication bias was found for
R&EF at the overall level which had very few reported nonsignificant
correlations. R&EF was also found to be significantly correlated with the
hippocampus and the amygdala, centres of memory and emotional
processing. As mentioned, this domain is multidimensional and was thus
expected to recruit those subcortical regions (Riisch et al., 2008).
However, the cerebellum did not pass FDR correction which was sur-
prising. Indeed, we would expect that as an integrative hub of cognitive
processes, the cerebellum would be engaged during problem solving and
executive functions which utilize multiple domains. Indeed, the “error
detection” and cognitive coordination functions of the cerebellum are
thought to be important for R&EF (Schmahmann, 2019).

4.2.7. Social cognition

Like R&EF, SC was also associated with all networks, confirming
previous studies about these two domains potentially sharing neural
correlates due to their higher-order nature (Moreau and
Champagne-Lavau, 2014). However, the regions driving these network
associations differed between the two cognitive domains. One pertinent
example is the LIM, for which reasoning and executive function was
associated with orbitofrontal cortex, while social cognition was associ-
ated with the parahippocampal gyrus, a region known for its encoding
and retrieval function in memory and its proximity to the hippocampus
(Diederen et al., 2010). Other SC-network correlations were driven by
posterior cingulate gyrus (DMN), superior parietal lobule (DAN), IFG
pars triangularis (FPN), superior temporal gyrus (SOM), middle cingu-
late gyrus (VAN), and middle occipital gyrus (VIS). These findings may
point to distinct subnetworks subserving REAS&EF and SC in
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schizophrenia.

The extensive structural abnormalities observed are consistent with
previous reviews and studies identifying multiple subdomains of SC and
related structures (Buck et al., 2016; Fujiwara et al., 2015; Green et al.,
2015). SC also contained the strongest correlation with overall brain
regions relative to the other domains. Clear divisions of tasks assessing
SC allowed us to divide the domain into emotion processing and theory
of mind, which are among the most frequently studied in schizophrenia
(Savla et al., 2013), finding that both domains contributed to these
overall findings. These strong correlations may be additional evidence of
the publication bias found in this domain. Concerning other structures,
the amygdala, responsible for emotional processing, and the hippo-
campus, involved in the memory component of some tasks, were
significantly correlated with SC. The high heterogeneity of this domain
is also evidenced by the significant difference between the low- and
high- quality studies.

4.2.8. Verbal fluency

VF was associated only with the DMN driven by the inferior temporal
gyrus, which is known for its function in auditory and speech processing
(Takahashi et al., 2011). Verbal fluency measures are frequently related
to or combined within SP and ATT (Nuechterlein et al., 2004; Ojeda
et al., 2010), and SP also showed an association with the DMN and
particularly the inferior temporal gyrus; however, overlapping associa-
tions between these domains in other networks could not be determined
due to few associations reported in the literature. The hippocampus was
non- significant, but the cerebellum showed a significant association
with VF. As mentioned, the cerebellum is involved in speed of processing
and integration of information. It would be expected to have a strong
correlation with VF especially since previous studies have found that VF
is related to SP in healthy controls (Ojeda et al., 2010). Publication bias
present in this domain as well as non-significant differences between
low- and high- quality studies could be evidence that there are a lot of
similarities in methodologies between included studies.

4.3. Strengths & limitations

The current meta-analysis brings together the vast literature on brain
structure and cognition in schizophrenia in an effort to provide a reliable
reference for the field and inform on gaps in the literature. We assessed
the risk of bias for studies in the literature for each of the eight domains
as well as the quality of the studies based on several criteria relevant to
the field. The use of the random effects model and the quality assessment
also remediated the high heterogeneity found in domains. Additionally,
leveraging networks to investigate structure-cognition associations is an
approach that brings the previous literature up to the current state of the
field and provides interesting future research directions. Visualizing
both the networks and the associated brain regions provides a multidi-
mensional understanding of the associations between brain structure
and cognition.

However, there were some limitations to this study. First, meta-
analyses are prone to diluted summary effects when combining multi-
ple studies with different methodologies. Though our overall meta-
analyses combined all identified brain regions and metrics per
domain, the emergence of significant effects across all domains speaks to
the strength of the observed associations in schizophrenia. In addition,
our network subgroup analyses aimed to address this heterogeneity in a
way that incorporates biologically meaningful brain architecture. Sec-
ond, we performed a large number of subgroup analyses to pinpoint
brain structure-cognition associations across domains and networks. To
remediate this, we included corrections for multiple comparisons and
report only corrected results. Also, due to the nature of the network
analyses we wanted to perform, we excluded general regions (i.e., lobes)
or other structures (i.e., ventricles, thalamus, nucleus accumbens),
which may hold relevant associations with cognitive domains. We may
also consider additional criteria that could distinguish low- and high-
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quality studies. For example, previous domain-specific meta-analyses
found that covariates including medication duration, IQ and the dura-
tion of memory recall based on different tests and the tasks themselves
may impact results (Antoniades et al., 2018; Knowles et al., 2010). These
and other potential factors were not consistently assessed in the litera-
ture and could not be included in the current study. Moreover, cognitive
tests measuring complex functions (e.g., reasoning and executive func-
tion) also recruit other cognitive processes (e.g., attention, speed of
processing) to some degree. We categorized measures by their primary
cognitive domain in this meta-analysis; however, future studies should
consider using more "pure' measures of cognitive domains (e.g.,
Trail-Making Test B-A) to better isolate brain structure and function
underlying lower- and higher-order cognitive domains. Finally, there
was a substantial bias in the morphological metrics reported by studies.
There is a very large literature on volume changes in relation to cogni-
tion in schizophrenia but relatively few investigations about other
metrics including cortical thickness, surface area and density. The
partiality of the literature limits our understanding of the neurobiolog-
ical underpinnings of cognitive deficits in schizophrenia and should be
explored in future research.

4.4. Conclusion

The current findings suggest strong associations between the most
commonly assessed cognitive domains and overall brain structure in
schizophrenia and provide insight into network associations and po-
tential hub regions within those networks contributing to specific
cognitive domains. We found that the number of networks associated
with a given domain was often indicative of the complexity of that
domain. We also identified multiple associations between the amygdala,
the hippocampus, and the cerebellum with cognition in schizophrenia.
The use of functional networks as a map for topographical studies
yielded novel results and shed light on gaps in the literature concerning
certain brain structures and biases that should be considered for some
domains. We looked at structure mapped onto functional networks but
investigating connectivity and between-network associations could be
equally, if not more, important given the overlap between cognitive
domains and associated brain networks. Moreover, the question of
whether structurally defined brain networks (e.g., via morphometric
graph measures) map onto functional networks warrants further inves-
tigation. Additionally, future studies should focus on determining which
of cortical thickness or surface area drives the volumetric changes
robustly reported in the literature. More research in this area is also
necessary with first-episode psychosis or at-risk populations in order to
determine whether these structural and network associations with
cognition are present in early stages of psychosis, which would provide a
deeper understanding of the neurodevelopmental aspects of the
disorder.
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