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Across all stages of schizophrenia and related psychoses, impairments in episodic memory 
predict poor outcomes. Previous research has posited the hippocampus as a key brain 
region for understanding both negative symptoms and episodic memory. Our team 
proposed that hippocampal dysconnectivity impairs episodic memory, which in turn 
negatively affects social cognitive abilities and enhances the presence of negative 
symptoms (e.g., asociality, apathy), affecting functional outcome. While we were able to 
provide preliminary evidence for such a temporal progression, an investigation of this 
model considering a structural and functional assessment of hippocampal connectivity 
and controlling for important moderating factors including sex and illness chronicity is 
currently lacking. To validate this model, we will generate a multisite dataset consisting of 
300 individuals with schizophrenia spectrum disorder or bipolar I disorder with psychosis 
and 150 non-clinical controls, to determine multimodal hippocampal connectivity, 
memory impairments, functional outcome, and potential mediating/moderating factors 
(e.g., social cognition, negative symptoms). The machine learning algorithm Subtype and 
Stage Inference will be applied to unravel data-driven disease phenotypes with temporal 
progression patterns and enable individual-level predictions. To promote open science 
principles, the resulting dataset and analytic code will be made publicly available. This 
study combines both data-driven and hypothesis-driven approaches to provide a novel 
mechanistic account of how memory impairments impact functioning in individuals with 
psychotic disorders. It also follows a translational framework aiming to reduce 
heterogeneity in biomarker discovery and promote precision psychiatry. The resulting 
open dataset and code will advance open science in psychiatric illness. Our open resources 
will pave the way for large-scale initiatives in psychosis and mental health research, 
supporting international collaborations and new analytical perspectives. 
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INTRODUCTION 

Belonging under the umbrella of severe mental illness, psy
chotic disorders typically manifest during adolescence or 
early adulthood and their course often involves symptom 
recurrence or relapse.1‑8 Psychotic disorders refer to dis
orders belonging to the schizophrenia spectrum as well as 
other severe illnesses (such as bipolar disorder) which can 
also show psychotic symptoms despite being distinct ill
nesses in the DSM-5.9 These disorders are heritable con
ditions with genetic overlap10,11 and could be considered 
along a nosological continuum.12 Across psychotic ill
nesses, the intensity of psychotic symptoms contributes 
to significant social and occupational functional impair
ment,7,8,13,14 rendering schizophrenia amongst the top 15 
causes of disability worldwide15 and representing a signif
icant burden for individuals, families, and communities.16,
17 Current first-line treatments are largely effective in con
trolling acute episodes of positive psychotic symptoms; 
however they are less effective for negative symptoms18‑21 

which are associated with cognitive deficits, particularly 
episodic memory.22‑24 Cognitive deficits and negative 
symptoms both predict poorer functioning.25,26 Gaining a 
better understanding of episodic memory impairments 
might thus provide insight into the underpinnings of such 
poor functional outcomes in psychotic illness. 

EPISODIC MEMORY IN PSYCHOSIS 

Positive and negative symptoms are the diagnostic hall
mark of schizophrenia9; yet a majority of patients also ex
perience cognitive impairment, particularly prominent in 
the domain of episodic memory.27‑31 Verbal memory is a 
specific type of episodic memory involving language infor
mation and shows amongst the highest rates of impair
ment in schizophrenia (d = 1.17).27,31 It is also noticeable 
in individuals at clinical high-risk and with first-episode 
schizophrenia, even when considering intelligence, execu
tive functioning, and working memory.28‑34 Verbal memory 
has transdiagnostic relevance and is also significantly im
paired in bipolar I disorder (d = 1.05).27 Clinically, poorer 
memory performance is strongly predictive of transition to 
psychosis, even when accounting for general cognitive abil
ity and medication.28,35 Relatives of persons with schiz
ophrenia also show memory impairments, indicating that 
memory impairments may be a heritable precursor for psy
chosis, and changes in episodic memory may coincide with 
the emergence of psychosis.36 Our previous work further 
showed that verbal episodic memory predicts early remis
sion following a first episode of psychosis (FEP) with as
sociation between memory capacity and clinical outcome 
also holding over time.37,38 Findings in FEP span the entire 
psychosis spectrum and can thus be considered particularly 
meaningful for the development of psychotic disorders. 
Baseline verbal episodic memory and persistent negative 
symptoms were the strongest predictors of social and occu
pational functioning after two years of care39,40 and both 
factors predicted future employment status.41 Memory ca
pacity often remains stable following a FEP,42 but there is 

evidence for selective worsening of verbal episodic memory 
after a 10-year period43‑46; these dynamic changes may ex
plain why memory has such a central association with func
tioning47,48 and quality of life.49,50 

Episodic memory is an important dimension of cognitive 
impairment and functional outcome in psychotic illness. 
Non-invasive measures of brain structure and function, 
through neuroimaging, have provided important insights 
into the neural correlates of memory such as the hippocam
pus. Decreased hippocampal volume in schizophrenia51‑55 

has been linked with memory performance56 but the hip
pocampus does not act in isolation; its role in memory is 
likely driven by connectivity with other regions, such as 
dorsolateral prefrontal cortex,57 parietal areas58,59 and the 
medial temporal lobe.60 Below, we describe key contribut
ing factors to the relationship between memory impair
ments and functioning, including hippocampal circuitry, 
relational memory, social cognition, and negative symp
toms. 

KEY COMPONENTS OF OUR MODEL AND THEIR 
CONNECTIONS 

THE HIPPOCAMPUS AND ITS ASSOCIATED CIRCUITRY 

The hippocampus and associated circuitry have long been 
implicated in the emergence of psychosis.53,61 Evidence 
from Misic et al. establishes the hippocampus as a key con
vergence zone for cortical regions.62 A better understand
ing of hippocampal-cortical dysconnectivity in psychosis 
may shed light on the highly robust finding of hippocam
pal structural abnormalities in schizophrenia spectrum and 
bipolar disorder.63‑65 Dense hippocampal connections to 
other cortical regions suggest a role for the hippocampus in 
the manifestation of functionally important cognitive and 
clinical symptoms, namely memory deficits and negative 
symptoms. Recent advances in magnetic resonance imag
ing (MRI) acquisition and analysis, including graph the
oretical techniques to summarize brain connectivity,66,67 

have allowed for quantitative in vivo measurement of the 
brain,68,69 offering an unprecedented opportunity to in
vestigate individual hippocampal components that may be 
dysfunctional in schizophrenia. We recently demonstrated 
how alterations in hippocampal centrality (a graph measure 
denoting hippocampal-cortical connectivity) relate to 
episodic memory and negative symptoms in FEP.70 This 
work revealed for the first time that hippocampal-cortical 
connectivity, particularly through myelin-rich hippocampal 
output regions, is reduced in people with FEP and that its 
relationship with negative symptoms is mediated by verbal 
memory over time. 

RELATIONAL MEMORY AND THE HIPPOCAMPAL SYSTEM 

Relational memory also belongs in the category of episodic 
memory and describes the memory of a specific relation
ship between two items.71 Deficits in relational memory 
can be observed across the psychosis spectrum (including 
affective psychoses),72‑83 based on which we suggested re
lational memory as a potential biomarker for psychosis.84 
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Anatomical and functional MRI studies show that episodic 
memory, and especially relational memory, correlate with 
activity in the hippocampal system and prefrontal cortical 
regions which appear to work in tandem to form contextual 
bonds between distinct memory items.85‑97 As proposed by 
Eichenbaum, the particular role of the hippocampus in this 
process lies in flexibly updating and integrating informa
tion and context.85 In individuals with psychosis, including 
schizophrenia, abnormal activity can be observed in hip
pocampal and cortical regions during relational memory 
tasks.60,97‑100 

SOCIAL COGNITION, RELATIONAL MEMORY, AND THE 
HIPPOCAMPAL SYSTEM IN SCHIZOPHRENIA 

Social cognition comprises the cognitive processes needed 
to successfully navigate social interactions, and includes 
the domains of emotion processing, social perception, at
tributional bias, social knowledge and theory of mind 
(ToM).101 ToM is considered a mentalizing ability and de
scribes the inference of others’ beliefs and mental states, 
as well as the interpretation of their social behaviour.102 

Mentalizing deficits show large effect sizes in recent onset 
psychosis, early-course bipolar disorder and across schizo
phrenia spectrum disorders.103‑108 ToM shows a strong re
lationship to functioning relative to other domains,108‑110 

with interventions targeting ToM leading to improved func
tional outcome in schizophrenia.111 ToM tasks requiring 
the attribution of intentions, such as the Hinting task,102 

are also strongly related to episodic memory.112 Relational 
memory abilities are proposed to not just bind objects to 
form contextual memories but to also determine how we 
process, perceive and integrate social cues.113 Montagrin 
et al.114 relate this idea back to the hippocampus and as
sociate the hippocampal ability to flexibly update contex
tual cues to the ability to navigate through social dynamics. 
Eichenbaum’s updated relational memory theory proposes 
that the hippocampus creates a ‘memory space’ creating 
an association between events and items,115 rendering the 
hippocampal system central for cognitive processes and so
cial interactions.116,117 Understanding the relationship be
tween the hippocampus, relational memory and social cog
nition could thus be particularly informative for 
investigating the underpinning of poor functional out
comes of psychosis. 

THE ROLE OF NEGATIVE SYMPTOMS 

Negative symptoms include the diminished ability to ex
hibit emotion (blunted affect), reduced speech (alogia), 
pleasure (anhedonia), and motivation (avolition), and so
cial withdrawal (asociality).9 These prevalent symptoms 
appear early in the illness process and can increase with 
time.118‑120 They strongly relate to poor functioning25 and 
have been reported in at-risk populations, FEP, and en
during schizophrenia.118‑120 Beyond the diagnostic role of 
negative symptoms in schizophrenia-spectrum disorder, 
negative symptoms are evident across the psychosis spec
trum including bipolar disorders.121,122 In a large Aus
tralian cohort (n=1469) comparing patients living with 

schizophrenia, schizoaffective disorder, and bipolar disor
der, all groups had negative symptoms. Patients living with 
schizophrenia had the most severe symptomatology, while 
patients living with schizoaffective disorder and bipolar 
disorder still had similar severity of negative symptoms.123 

Diagnostic comparisons of the core negative symptom do
mains showed that schizophrenia and bipolar disorder dif
fered only on blunted affect and alogia items. Bipolar disor
der patients with a history of psychosis did not differ from 
those without a history of psychosis on negative symptom 
severity,121 and the severity of avolition/apathy in bipo
lar disorder was comparable to that of schizophrenia pa
tients.124‑126 While mechanisms underlying negative 
symptoms, such as depressive symptoms or brain activ
ity,124 may differ between bipolar and schizophrenia spec
trum disorder, the transdiagnostic nature of negative symp
toms is thus well-established. 

A TESTABLE NEUROCOGNITIVE MODEL 

Our previous work in FEP clearly identified associations be
tween persistent negative symptoms, verbal episodic mem
ory127,128 and hippocampal structure.70,129,130 These find
ings echo the work of others reporting an association 
between hippocampal volume, memory131 and negative 
symptom severity132‑135 yet very few conceptual models 
currently account for this association. One of these models 
from Harvey et al. posits related etiologies but no specific 
underlying mechanism.136 Tying in the social cognitive im
pairments discussed above, ToM in schizophrenia is not 
only related to functional outcome, but also to negative 
symptoms and verbal episodic memory.112,137‑142 Schafer 
& Schiller propose an association between the hippocam
pus and social impairments in clinical populations, sug
gesting the hippocampus is involved in general relational 
processes.143 The hippocampus may thus organize social 
information into relational maps to guide social decision-
making. As such some social impairments may be sec
ondary to psychotic symptoms while others may be rooted 
in faulty hippocampal-based representations of social 
maps. It has further been proposed that the shared neural 
substrates between social cognition and negative symp
toms may involve frontal-temporal circuitry.144 

Based on this cumulative body of work, we propose a 
testable neurocognitive model of psychosis (spanning the 
schizophrenia and bipolar disorder spectrum) from hip
pocampal centrality to functional outcome (see Figure 1 
below). This model builds upon our previous work and is 
rooted in hippocampal centrality based on findings (i) 
showing that reduced hippocampal centrality predicts neg
ative symptoms as mediated by memory in FEP (R2 = 0.26, 
Figure 1, dashed lines).70 In schizophrenia spectrum dis
orders, (ii) the relationship between memory and negative 
symptoms is further mediated by social cognition (R2 = 
0.07, solid black lines),145 while (iii) memory also predicts 
functional outcome in FEP through negative symptoms (R2 

= 0.14, dotted lines).146 Based on these mediation analyses, 
we hypothesize a temporal development from decreased 
structural and functional hippocampal dysconnectivity (as
sessed through centrality) leading to relational memory im
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Figure 1. A neurocognitive model of psychosis.      
Conceptual model explaining hippocampal centrality (X) and functional outcome (Y) through relational memory (mediator [M]1), social cognition (assessed as theory of mind and 
emotion recognition) (M2), and negative symptoms (M3), including coefficients from our previous publications. Dashed lines describe the coefficients reported by Makowski et al.70 

which represent the relationship between hippocampal centrality, memory and negative symptoms. To then bridge the relationship between memory and negative symptoms further, 
black solid lines represent the coefficients derived by Raucher-Chéné et al.145 establishing the moderating role of social cognition. The dotted lines refer to Buck et al.146 describing 
the role of sex differences in how memory predicts functioning as mediated by negative symptoms. Taken together, these studies allow us to hypothesize the displayed temporal de
velopment from hippocampal centrality toward functional outcome. 

pairments and, in turn, social cognition impairments. 
These impairments pave the way for the emergence of neg
ative symptoms, which ultimately worsen functioning. 
While functional outcome is the ultimate stage of this 

model, our goal is to systematically evaluate the contribu
tions of hippocampal centrality to functioning through re
lational memory, social cognition, and negative symptoms, 
while taking into account potential moderating factors. It 
is also inspired from Rubin et al.,117 who theorized that 
successful social behaviour depends upon constant encod
ing, updating, and flexible manipulation of relational mem
ory representations via the hippocampus. Our model unites 
and extends theories of the hippocampal system and no
tably integrates cortical connectivity, since complex infor
mation processing relies on the coordinated performance of 
multiple brain regions or networks. We set out to test the 
overall model, for which each component was derived from 
our prior findings, for the first time. 

A SUBTYPING APPROACH INTEGRATING CLINICAL 
STAGES 

DATA-DRIVEN AND CLINICAL STAGING 

From our prospective model, we propose to develop a trans
lational approach with potential clinical applications. We 
will use an unsupervised machine learning technique called 
Subtype and Stage Inference (SuStaIn) to disentangle tem
poral and phenotypic heterogeneity and identify subgroups 
with common patterns of inferred disease progression 
across neurobiological, clinical, and cognitive features.147 

SuStaIn builds upon and combines ideas from clustering 
and disease progression modelling, which makes it possible 
to identify subgroups from cross-sectional data with com
mon patterns of disease progression as well as assign new 
subjects to a subgroup based on these features. This 
method holds potential for precision psychiatry, as it indi
cates which symptoms an individual has already developed, 
and which future progression is to be expected. Based on 
event-likelihood modeling, SuStaIn can use cross-sectional 

data to predict events which are seen in the majority of the 
sample to occur earlier in the disease progression, whereas 
events which are seen in only a few individuals will oc
cur later. Combining neurobiological and clinical data pro
vides even further insight into the underlying disease biol
ogy and a mechanism for in vivo fine-grained stratification 
beginning at early disease stages. In this context, SuStaIn is 
thus providing a data-driven approach towards the staging 
of mental illness, adding to literature on traditional clinical 
staging models as initially proposed by McGorry et al.148 

Clinical staging models can map the development, pro
gression, and extension of mental illness over time, and 
may prove to be heuristically and practically useful in clin
ical practice, particularly for biomarker research.149 With 
respect to the psychosis continuum (see150 for more de
tails), we can define multiple stages from at-risk states 
to the first episode of psychosis to recurrence of multiple 
episodes to severe, persistent, and unremitted illness. 
When considering that the collection of longitudinal imag
ing data often proves challenging in clinical populations, 
applying machine learning in cross-sectional data can be of 
clinical value. Sampling across populations of first-episode 
as well as enduring psychosis allows for data-driven results 
to be translated to meaningful clinical stages. 

APPLICATIONS OF SUSTAIN TO DATE 

Originating in the field of neurodegenerative illness, SuS
taIn has been successfully used in multiple neurodegen
erative disorders including Alzheimer’s disease,147,151,152 

fronto-temporal dementia,153 Parkinson’s disease154 and 
multiple sclerosis.155 One of the strengths of SuStaIn is 
its capacity to work with purely cross-sectional data be
cause it requires no information about change over time in 
a given individual, but instead infers staging from bio/clini
cal marker severity via a disease progression model. Result
ing subtypes have been validated with longitudinal data.147 

Moving into the field of psychiatry, two independent inves
tigations recently applied SuStaIn to model the develop
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ment of cortical and subcortical volume reductions156,157 in 
psychosis, identifying one subtype where reductions in hip
pocampal volume lead to cortical atrophy. While this com
bined work from the fields of neurodegenerative illness and 
psychosis has focused on the progression of neuroimaging-
based measures, work by Oxtoby et al.154 simultaneously 
integrated behavioural and neuroimaging (i.e., multiscale) 
data for the first time. On this foundation, we recently 
provided the first multiscale implementation of SuStaIn in 
the field of psychiatry,158 by investigating a neurocogni
tive model of psychosis spanning morphometry-based hip
pocampal connectivity, episodic memory, social cognition 
(emotion recognition), negative symptoms and functional 
outcome. Across patients with affective and non-affective 
psychosis, we identified two subtypes of psychosis in addi
tion to a group of patients with little impairment. In the 
first morphometric subtype, we observed a development 
from reduced memory toward poorer social cognition, in
creased negative symptoms, lower functional outcome and 
then reduced morphometry-based hippocampal connectiv
ity, while reduced hippocampal connectivity led the dis
ease progression in a second (smaller) subtype. This work 
has since then been extended in the modality of resting 
state functional MRI in FEP.159 Figure 2 shows the progres
sion patterns in the morphometric and resting-state func
tional models, revealing similar progression patterns across 
modalities. As both analyses partially used the same sam
ple, this figure further shows how FEP participants with im
paired morphometric connectivity might also showed im
paired resting-state functional connectivity, as well as how 
many individuals without morphometric dysconnectivity 
might show resting-state functional connectivity. Impor
tantly, these results visualized that morphometry-based 
and rs-functional connectivity have an additive effect in ex
plaining the observed disease progression according to our 
model. Both studies considered reductions of hippocampal 
connectivity towards cortical regions vs. reductions within 
the hippocampus itself as the foundation of this model. 
To thus build on these findings and potentially identify 
one overarching measure of hippocampal dysconnectivity 
in psychosis, the relationship between graph-theoretical 
measures and cognition (i.e., participation coefficient67 

and relational memory networks) needs to be investigated 
further. Through such an approach, SuStaIn might result in 
one single subtype of psychosis, with increasing certainty 
and applicable to a broader range of patients. 

NEED FOR A NEW STUDY 

Our body of work over the past two decades and that of 
others has consistently supported links between the hip
pocampus, relational memory, social cognition, negative 
symptoms, and functional outcome in psychosis. Our re
cent mediation findings have contextualized this work and 
allowed us to develop an integrative model, which we pre
liminarily tested through novel machine learning ap
proaches; yet there are several needs which must be ad
dressed through a new study. First, there remains the need 
to validate this model using a large, well characterized sam
ple for improved consistency and reliability and to accom

modate advanced analyses. Although the current literature 
on functional outcome in schizophrenia and bipolar disor
der is substantial, there are no studies that have examined 
a potential brain mechanism that can account for the re
lationship from cognitive impairments to functioning, ex
cept for our own implementation of SuStaIn, which was 
limited by sample size. Second, the proposed imaging pro
tocol leverages recent developments in high-resolution and 
quantitative MRI to generate a rich set of multimodal imag
ing data from a well-characterized sample with clinical and 
cognitive data. Task-based functional MRI (fMRI) will iden
tify relational memory networks, considering the neural 
substrates of relational memory as the foundation of the 
model for the first time. Third, we propose a translational 
component by applying a novel machine learning technique 
(SuStaIn) to subtype participants and determine stages of 
progression using cross-sectional data. With this model, it 
will be possible to predict individual-level membership into 
potential subgroups and trajectories and outline the rele
vance of multimodal hippocampal dysconnectivity and re
lational memory impairments in evoking poor functioning 
in psychosis. This could be used to reduce heterogeneity in 
intervention studies and/or help identify those who would 
benefit from specific interventions. Our model might also 
prove applicable to other psychiatric conditions in which 
hippocampal centrality, memory, and functioning deficits 
can be observed (e.g., depression160,161). 

NEED FOR OPEN SCIENCE PRACTICES 

Finally, this study will help establish an ethical framework 
for Open Science to encourage other researchers in the field 
to contribute to and use this unique database. The term 
Open Science (OS) has many definitions in terms of im
plementation. We aim to develop the necessary framework 
to share scientific data and resources while protecting par
ticipants’ rights. OS is a key strategy to maximize impact 
in the field, promote forward-thinking, encourage collabo
rative endeavors, and facilitate discovery. The Tanenbaum 
Open Science Institute (TOSI) of the Montreal Neurologi
cal Institute is a major leader in the development of such 
a framework.162 The Douglas Research Centre in Montreal, 
Canada, the primary research site for the proposed study, 
has implemented an OS strategy in collaboration with 
TOSI.163 A key objective is to capture the data generated by 
all of our research activities and to ensure that this data is 
used to improve approaches to mental health care locally, 
across Canada, and globally. Our initiative will have a last
ing impact on the field with the generation of high-quality 
OS schizophrenia datasets.164‑166 

AIMS & HYPOTHESES 

Using a multi-site, cross-sectional study, we propose to col
lect data from 300 people with schizophrenia spectrum and 
bipolar I disorder varying in clinical stages and from 150 
non-clinical controls to address two distinct aims. First, we 
aim to refine and validate our model of relational memory 
impairments in psychosis by applying partial least squares 
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Figure 2. Preliminary subtypes of psychosis.     
These results show two subtypes of psychosis from the morphometric (upper panel) and resting-state functional (lower panel) models, with red squares indicating the deterioration for each marker. Disease progression is displayed from left to right through data-driven 
stages. Both models reveal a subtype starting with deteriorations in hippocampal connectivity first, while such dysconnectivity observed in later stages in the second subtype. As the same subsample was used for both analyses, it is further displayed into which subtypes 
individuals are sorted and how individuals with (blue) and without (yellow) early morphometric dysconnectivity might show resting-state functional dysconnectivity. The number of people visualized in each subtype is illustrative. 
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(PLS) to identify multivariate patterns of brain-behaviour 
associations and by incorporating these into a mediation 
model using a bootstrapping approach. Here, we hypoth
esize to (a) identify latent variables showing significant 
associations between decreased structural and functional 
hippocampal centrality, poorer relational memory and so
cial cognition, and decreased functioning, including more 
severe negative symptoms and poorer outcome. In addition, 
we hypothesize that (b) a bootstrapping mediation ap
proach to validate our model will reveal a significant in
direct effect from decreased multimodal hippocampal cen
trality to impaired relational memory to poorer social 
cognition to more severe negative symptoms to poorer 
functional outcome. As secondary hypotheses, we expect 
that (i) impairments in people with psychosis relative to 
non-clinical controls on relational memory, social cogni
tion, and hippocampal centrality will be confirmed, and 
that (ii) male sex, greater chronicity, greater cannabis use, 
and higher medication dosage (antipsychotics and others) 
will emerge as reliable predictors in the PLS analysis and 
male sex and longer chronicity will act as moderators in the 
mediation model. 
Secondly, we aim to translate this mediation model into 

a subject-level predictive model by applying a novel ma
chine learning approach to identify subgroups of partici
pants based on patterns of disease progression. Here, we 
hypothesize to (a) identify a subgroup of patients showing 
a disease trajectory consistent with our mediation model 
(hippocampal centrality – memory – social cognition – 
negative symptoms – functional outcome) as a primary 
subtype based on both brain imaging and behavioural data. 
As a secondary hypothesis, we (b) expect to identify a 
smaller subgroup(s) of participants who show a distinct 
pattern of disease progression, potentially including con
trol participants and cognitive and functionally unimpaired 
patients. Lastly, we aim to contribute to open science by 
establishing an ethical framework for Open Science, where 
data sharing can be facilitated and international collabora
tions in the field of psychosis are encouraged and fostered. 

METHODS 

PARTICIPANTS 

Three hundred individuals with schizophrenia spectrum 
and bipolar I disorder with psychosis will be recruited 
across the three study sites (Montreal, Vancouver, and Ot
tawa). Visits will be conducted in English and French. For 
inclusion and exclusion criteria see Table 1. One hundred 
fifty non-clinical participants will be recruited from various 
websites, such as Kijiji and Reddit, in the same ratio per 
site. Controls will be similar to psychosis participants on 
age, sex and parental education. See Table 2 for inclusion 
and exclusion criteria of controls. 

ETHICAL CONSIDERATIONS 

Ethical approval has been granted by the research ethics 
board across all three sites. For the Montreal site, the Dou

glas Research Centre approved the study under protocol 
2023-763 on April 23rd, 2023. For the Vancouver site, the 
UBC Behavioural Research Ethics Board approved the study 
under protocol H23-03376 on March 26th, 2024. For the 
Ottawa site, the study was approved under protocol 
REB2023020 on May 8th, 2024. The study will be conducted 
in compliance with the declaration of Helsinki, and written 
informed consent will be obtained from all participants 
prior to the study. 

PROCEDURE 

SCREENING 

Participants will be contacted via phone during which a 
screening form will be completed. The screening will 
specifically focus on eligibility criteria by assessing clinical 
stability over the past 3 months, including the systematic 
assessment of suicidality, recent hospitalization and any 
changes to neuroleptic medication. We will further screen 
for the status of their general health, recreational drug use 
and the possibility of not using prior to the visit, physical 
disability, weight, height and waist circumference, and the 
potential of feeling claustrophobic in an MRI. They will be 
offered a mock scan visit, if they desire. 

VISIT 1 

During the first visit, participants will be asked to sign 
the consent form. The first visit will then start with the 
sociodemographic interview and questions on medication 
and adherence. The next assessment will target the di
agnostic assessment through the Mini-International Neu
ropsychiatric Interview (MINI).167 The MINI will be admin
istered in two parts, with the second part covering family 
history of mental illness which will only be administered 
in controls. The next assessment will be for substance use 
through the Chemical Use, Abuse, Dependence (CUAD) 
Scale,168 followed by the assessment of premorbid IQ 
through subscales of the Wechsler Abbreviated Scale of In
telligence.169 Afterwards, participants will undergo a hy
brid interview assessing positive, negative, and manic 
symptoms through the Positive and Negative Syndrome 
Scale (PANSS-6) (patients only),170 Young Mania Rating 
Scale (YMRS),171 and the Brief Negative Symptom Scale 
(BNSS).172 The last part of the hybrid interview is the as
sessment of functioning through the Personal and Social 
Performance (PSP) Scale.173 After a 5-10 minute break, the 
session will continue with the assessment of premorbid ad
justment through the Premorbid Adjustment Scale (PAS)174 

and neurocognitive assessments through the Cambridge 
Neuropsychological Test Automated Battery (CANTAB).175 

Afterwards, the Ambiguous Intentions and Hostility Ques
tionnaire (AIHQ-B)176 and the Edinburgh Handedness In
ventory177 will be administered, followed by the pen and 
paper assessment of verbal fluency,178 and the NAART179 

for premorbid IQ. 
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Table 1. Inclusion and Exclusion Criteria for Patients.       

Inclusion Exclusion 

Lifetime diagnosis of schizophrenia spectrum disorder or 
bipolar I disorder with psychosis as assessed by the MINI 

Lifetime diagnosis of bipolar II disorder as assessed by the MINI 

Age 18-60 Current substance use disorder (except nicotine, alcohol, caffeine 
and cannabis) as assessed by the MINI 

Estimated IQ > 70 based on WASI (subscales: vocabulary 
and matrix reasoning measure) 

Significant medical or neurological condition (including head injury 
with 5 minutes loss of consciousness) that can affect cognition 

Fluency in English or French Metallic objects in the body (e.g., pace maker) and pregnancy which 
are contraindicated for 
MRI scanning 

Stable medication for the past 3 months 

Physically healthy (absence of serious medical problems 
such as uncontrolled diabetes, thyroid disorder etc.) 

Table 2. Inclusion and Exclusion Criteria for Non-Clinical Controls.        

Inclusion Exclusion 

Not on psychotropic medication Current clinical diagnosis as assessed by the MINI and past diagnosis 
in case of ongoing medication 

Age 18-60 Current substance use disorder (except nicotine, alcohol, caffeine 
and cannabis) as assessed by the MINI 

Estimated IQ > 70 based on WASI (subscales: vocabulary 
and matrix reasoning measure) 

First order family history of a psychotic disorder or family history of 
hereditary neurological disorders 

Fluency in English or French Significant medical or neurological condition (including head injury 
with 5 minutes loss of consciousness) that can affect cognition 

Physically healthy (absence of serious medical problems 
such as uncontrolled diabetes, thyroid disorder etc.) 

Metallic objects in the body (e.g., pace maker) and pregnancy which 
are contraindicated for 
MRI scanning 

VISIT 2 

The second visit will commence with the Hopkins Verbal 
Learning Test – immediate recall,180 the Symbol Coding 
Test169 and the Trail Making Test.181 Emotion recognition 
will then be assessed through the Penn Emotion Recogni
tion Task (ER40-B),182 followed by the assessment of de
pressive symptoms through the Beck’s Depression Inven
tory – II.183 The next step is the Hopkins Verbal Learning 
Test – delayed recall and recognition,180 followed by the as
sessment of theory of mind through the Hinting Task.102 

Then, the MRI scan will take place, including the Relational 
and Item-Specific Encoding (RiSE) Task in the scanner.100 

Notably, all the same questionnaires and tasks will be ad
ministered in patients and controls. Afterwards, partici
pants will be thanked for their participation and will receive 
monetary compensation after each visit. 

CLINICAL AND BEHAVIOURAL MEASURES 

SOCIODEMOGRAPHIC INTERVIEW 

Our sociodemographic interview combined with a system
atic chart review will provide systematic information on 
multiple dimensions including duration of illness, age of 
onset, and duration of untreated psychosis, factors known 
to influence memory performance in schizophrenia.46,184 

We will also collect information on sex and gender,185 age, 
physical health, handedness, parental education, level of 
education, premorbid IQ and socioeconomic status. Pre
morbid IQ will be assessed by the means of a reading task 
(NAART179) and estimated IQ based on the Wechsler Ab
breviated Scale of Intelligence (WASI subscales: vocabulary 
and matrix reasoning measure169). We will further assess 
dosage and adherence of primary medication over the past 
month. If possible, length of time since medication was 
first prescribed will be acquired through medical chart re
view.186,187 

MINI-INTERNATIONAL NEUROPSYCHIATRIC INTERVIEW 
(MINI)167 

The full MINI, adapted to DSM-5 criteria, will be adminis
tered with a research assistant on site. The administration 
of the MINI will allow us to confirm a lifetime diagnosis of 
schizophrenia spectrum or bipolar I disorders (see inclusion 
criteria) in patients and the absence of such lifetime diag
noses in controls. The MINI will further be used to address 
the exclusion criterion of current substance use disorder in 
patients and non-clinical controls. The MINI has good psy
chometric properties, with an interrater reliability of >0.75 
on all subscales.167 
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PREMORBID ADJUSTMENT SCALE (PAS)174 

The PAS is a measure of premorbid social and occupational 
functioning and will be used as a potential covariate in 
our analysis to account for the confounding effect of pre
morbid adjustment on current functional outcomes. The 
PAS used in our study will assess premorbid functioning on 
the two subscales of functioning in childhood (up to age 
11) and in early adolescence (12-15 years). Per subscale, 
the PAS assesses sociability and withdrawal, peer relation
ships, scholastic performance and adaptation to school on 
a scale from 0 (excellent performance) to 6 (severe impair
ments). Scores are summed per subscale and divided by the 
total possible number of scores on the subscale. An over
all PAS score is then calculated by averaging the subscale 
scores. The PAS has been shown to have good reliability, 
with an interrater reliability of 0.74.174 

POSITIVE AND NEGATIVE SYMPTOM SCALE 
(PANSS-6)170 

We will use the PANSS-6 to assess psychotic symptoms us
ing the recently developed SNAPSI interview,188 now val
idated in French Canadian in collaboration with the au
thors.189 The PANSS-6 consists of 6 items in total, 3 
assessing positive symptoms and 3 assessing negative 
symptoms, which are all measured on a 7-point Likert scale 
ranging from 1 (absent) to 7 (severe). The scale will be ad
ministered by a trained rater and has been shown to have 
an interrater reliability of 0.74.190 

BECK’S DEPRESSION INVENTORY – II183 

The BDI-II is a self-report measure of depression covering 
symptoms as experienced throughout the past two weeks. It 
contains 21 items in total which are assessed on a 4-point 
Likert scale ranging from 0 (absent) to 3 (severe). In our 
study, the BDI-II is used to assess depressive symptoms in 
our sample as well as for the potential of including depres
sion as a confounding factor in our analyses. The BDI-II has 
good psychometric properties183 with an internal consis
tency of Cronbach’s alpha = 0.87 at pretreatment.191 

YOUNG MANIA RATING SCALE (YMRS)171 

The YMRS is a self-report scale consisting of 11 items and 
assesses manic symptoms over the time span of the past 
two days. Items are scored on a 5-point Likert scale ranging 
from 0 (normal) to 4 (severe). The YMRS has good psycho
metric properties, with an interrater reliability of 0.93.171 

THE CHEMICAL USE, ABUSE, DEPENDENCE (CUAD) 
SCALE168 

The CUAD is a measure of drug use, abuse and dependence 
and will potentially be used to covary for effects of drug 
dependence (especially cannabis use) in our analyses. The 
CUAD will be administered throughout a semi-structured 
interview and consists of 10 items in total. It measures fre
quency of drug use on a 5-point Likert scale ranging from 1 

(less than 1x month) to 5 (daily) and duration of drug use on 
a 3-point Likert scale ranging from 1 (less than 1 month) to 3 
(longer than 6 months). Mode of administration and amount 
are assessed as well. The scale has been shown to have good 
psychometric properties, with acceptable criterion validity 
and an interrater reliability of 0.82.168 

NEUROCOGNITIVE MEASURES 

CAMBRIDGE NEUROPSYCHOLOGICAL TEST AUTOMATED 
BATTERY (CANTAB)175 

The CANTAB is a validated measure of neurocognition in 
the field of psychosis192 and will be used to measure the 
domains of attention, working memory, visual learning & 
memory, and reasoning & problem solving. In addition to 
the test battery, pen and paper measures for the domains 
of processing speed and verbal learning & memory will be 
administered. See Table 3 for a summary of all neurocog
nitive domains that will be assessed, their respective mea
sures and their duration of administration. 

RELATIONAL MEMORY AND SOCIAL COGNITION 
MEASURES 

THE RELATIONAL AND ITEM-SPECIFIC ENCODING (RISE) 
TASK100 

The RiSE task is a validated encoding task involving item 
and relational encoding conditions. During item encoding, 
pairs of images are presented for 4 seconds each followed by 
a 3-8 jittered inter-trial interval. Participants are required 
to press a button to indicate if any object shown on the im
age is a living object. During relational encoding, pairs of 
images are presented for 4 seconds each and participants 
are required to press a button to indicate if one of the ob
jects can fit inside the other in real life. Item and relational 
memory are tested sequentially with a recognition task, in 
which novel objects as well as the item- or relationally-en
coded objects are presented one at a time (item test) or in 
pairs (relational test). Participants are then asked to indi
cate if each object is ‘old’ (item test) or if the pairs were 
presented together originally (relational test). 
Participants will be asked to engage in a practice run 

outside of the scanner. This practice run will begin with 
the practice of 5 pairs of item encoding followed by 5 pairs 
of relational encoding. To practice recognition, participants 
will see 10 pairs related to item recognition, and 10 pairs 
related to relational recognition. For the encoding task in
side the scanner (see Figure 3a), participants will go 
through 4 blocks of 9 pairs each, with blocks of item and 
relational encoding alternating. In block 1 and 2, 5 pairs 
will be positive for the living/inside condition while 4 pairs 
will belong to the non-living/not inside condition, and vice 
versa in block 3 and 4. Participants will be asked to respond 
with their right index finger for “yes” and their middle fin
ger for “no”. The recognition task in the scanner (see Fig
ure 3b) will consist of three blocks. The first two blocks 
cover item recognition, 45 single items will be shown. 15 
items will be images that were shown during item encoding 
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Table 3. Neurocognitive Assessments.   

Domain Measure Duration 

Speed of processing P&P symbol coding 
P&P TMT A 
P&P Verbal fluency 

1.5 min 
1 min 
1 min 

Attention CANTAB RVP 9 min 

Working memory CANTAB SWM 5 min 

Verbal learning & memory P&P HVLT 5-10 min + delay 

Visual learning & memory CANTAB PAL 8-12 min 

Reasoning & problem-solving CANTAB SOC 
TMT B (B-A) 

10 min 
2 min 

Social cognition BB-SCOPE 16 min 

Note. BB-SCOPE = Brief battery of the social cognition psychometric evaluation study, HVLT = Hopkins verbal learning test, P&P = pen and paper, PAL = paired associates learning, 
RVP = rapid visual information processing, SOC = stockings of Cambridge, SWM = spatial working memory, TMT = trail-making test. 

(item target), 15 items will be images that were shown dur
ing relational encoding (relational target), and 15 items 
will be unrelated images. During relational recognition, 30 
pairs of items will be shown, 15 are a collection of re
arranged images that were not initially shown together, and 
15 pairs which were shown together before. The task will 
take place in a 3T MRI scanner and will last approximately 
25 minutes. The link to the task has been made publicly 
available: https://doi.org/10.17605/OSF.IO/ZEJ5W 

ADAPTED BRIEF BATTERY OF THE SOCIAL COGNITION 
PSYCHOMETRIC EVALUATION (BBSCOPE)193 

The BB-SCOPE is a global measure of social cognition and 
assesses the domains of emotion processing, attributional 
bias and theory of mind. This battery consists of the brief 
version of the Bell Lysaker Emotion Recognition Task 
(BLERT-B)194 to address emotion recognition, the brief ver
sion of the Ambiguous Intentions and Hostility Question
naire (AIHQ-B)176 to assess attributional style, and the full 
version of the Hinting Task102 to assess theory of mind. 
The Hinting Task includes 10 stories which describe dia
logues between two people and all end with one person giv
ing a social cue to the other person. Participants are then 
asked to socially interpret what the intention of the per
son was and what the cue really meant in this context. 
As the BLERT-B is not available in French, we will adapt 
the BB-SCOPE and use the second most suitable measure 
for emotion recognition instead, the brief version of the 
Penn Emotion Recognition Task (ER40-B).182 Throughout 
the BB-SCOPE, participants can gain up to 16 points on 
the AIHQ-B, 40 points on the ER40-B and 20 points on the 
Hinting Task. The proportion of correct responses is mul
tiplied by 33.33 per subscale, resulting in a total score be
tween 0 and 100. Scores below 60 are considered to indicate 
impaired social cognition. Overall, the original BB-SCOPE 
has been shown to have acceptable psychometric proper
ties.193 Through the inclusion of the full Hinting Task in 
the BB-SCOPE, distinct scores of theory of mind can also be 
evaluated. 

NEGATIVE SYMPTOM AND FUNCTIONING ASSESSMENT 

THE BRIEF NEGATIVE SYMPTOM SCALE (BNSS)172 

The BNSS follows the NIMH MATRICS Consensus and as
sesses the severity of negative symptoms along the dimen
sions of blunted affect, alogia, asociality, anhedonia, and 
avolition for the duration of the past week. The BNSS was 
designed for clinical trials and other research use and is 
composed of 13 items which are measured on a 7-point Lik
ert scale ranging from 0 (absent) to 6 (severe). The scale will 
be administered by a trained rater through a semi-struc
tured interview. The BNSS has strong internal consistency 
with Cronbach’s alpha = 0.93.172 Importantly, the BNSS will 
also be administered in non-clinical controls to generate 
required data for our machine learning-related aims. 

THE PERSONAL AND SOCIAL PERFORMANCE (PSP) 
SCALE173 

The PSP assesses functioning along the four dimensions 
of socially useful activities, personal and social relation
ships, self-care and disturbing and aggressive behaviours. 
After each of these four dimensions is scored on an an
chored Likert-type scale, trained raters select a 10-point 
range within a 100-point scale. This scale with recent im
provement in scoring195 has shown excellent psychometric 
properties (see Chiu et al.196). Like the BNSS, the PSP will 
also be administered in the control group. 

MRI PROTOCOL 

STRUCTURAL AND FUNCTIONAL MRI 

Participants will undergo MRI scanning on a 3T MRI scan
ner at each site (Douglas: Siemens Trio; Royal: Siemens Bi
ograph mMR; UBC: Philips Elition). Some differences be
tween sites were unavoidable due to scanner differences. 
We are reporting the imaging parameters of the primary 
site (Douglas Research Centre). Participants will first un
dergo a localizer scan (duration = 17s, voxel size = 0.5 x 
0.5 x 0.7mm, field of view (FOV) = 250mm, repetition time 
(TR) = 7.5ms, echo time (TE) = 3.69ms, flip angle = 20°). 
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Figure 3. fMRI task description.    
This figure shows the encoding and recognition phases of the fMRI task. Figure 3a shows the structure of the encoding task, taking place in 4 blocks and alternating between item-specific 
and relational encoding. Participants have to indicate whether items are living or can fit into each other. Figure 3b represents the recognition trial, with two blocks for item recognition 
and one block for relational recognition. Participants have to indicate whether items were seen or shown together before. 
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Then, the field maps for the encoding of the RiSE Task will 
be acquired (duration = 1m43s, voxel size = 2.5mm3, FOV = 
225mm, TR = 555ms, TE1 = 4.92ms, TE2 = 7.38ms, flip an
gle = 60°), followed by the encoding task (duration = 5m43s, 
voxel size = 3mm3, FOV = 222mm, TR = 1000ms, TE = 31ms, 
flip angle = 60°), which has been shown to robustly activate 
the hippocampus and surrounding areas (see “Relational 
memory and social cognition measures” for a detailed de
scription of the RiSE100 design). Anatomical MRI will con
sist of an MP2RAGE sequence (duration: 4m23s, voxel size 
= 1mm3, FOV = 256mm, TR = 5000ms, TE = 2.88ms, flip an
gle 1&2 = 4°), which produces a quantitative T1 (qT1) map, 
serving as a proxy measure of myelin content, as well as a 
standard T1-weighted-like image. We will further acquire a 
high-resolution T2-weighted image to capture detailed hip
pocampal subfield information (duration: 6m10s, voxel size 
= 0.7mm3, FOV = 224mm, TR = 2500ms, TE = 198ms). We 
will then acquire a brief resting-state functional acquisition 
(duration = 5m37s, voxel size = 3mm3, FOV = 222mm, TR = 
1000ms, TE = 31ms, flip angle = 60°) followed by the RiSE 
Recognition Task including two item recognition runs and 
one relational recognition run (durations: each item run = 
5m58s, relational run = 3m57s, all voxel size = 3mm3, FOV 
= 222mm, TR = 1000ms, TE = 31ms, flip angle = 60°). 

INCIDENTAL FINDINGS 

Incidental findings, either found by the MRI technician or 
a member of the research team conducting reviews/analysis 
of the MRI scan, will be submitted to a radiologist to review 
at each site. We will then contact the participant to let them 
know that a revision by a radiologist was done of their brain 
MRI and physician follow-up will be recommended if nec
essary. 

MULTISITE DATA HARMONIZATION 

CLINICAL ASSESSMENTS AND RATING CALIBRATION 

Each site includes a clinical psychologist who will be re
sponsible for the training of symptom raters and for quality 
of the administration of clinical interviews and clinician-
rated scales. Calibration across sites will be performed by 
having videotape interviews rated by all three clinical psy
chologists and symptom raters, and inter-rater reliability 
will be calculated using the intra-class correlation coeffi
cient. 

MRI ACQUISITION QUALITY ASSURANCE AND DATA 
HARMONIZATION 

We harmonized the scan protocols as closely as possible 
across sites with the imaging parameters reported above 
corresponding to the primary site (Douglas Research Cen
tre). For example, the MP2RAGE acquisition time differs 
across sites (between 4 and 8 min) due to advanced ac
celeration (compressed sensing) reducing acquisition time. 
In addition, the T2-weighted FOV varies from 224 mm to 
235mm. Some changes were also applied to all sites to en

sure consistency, such as the 3mm3 fMRI acquisition voxel 
size, as a higher resolution was not feasible at all sites. 
To address unavoidable scanner differences, we will em

ploy ComBat Harmonization,197 a neuroimaging correction 
tool that minimizes site differences while preserving bio
logical signal. This tool has been shown to increase sta
tistical power and generalizability in both structural197,198 

and functional199 multisite MRI data. We will also conduct 
analyses to better understand site differences as a means 
of elucidating both univariate and multivariate differences 
that can be expected. This will help estimate the minimum 
effect size necessary to estimate a true group difference.200 

MRI PROCESSING 

STRUCTURAL AND FUNCTIONAL PARCELLATION 

Structural hippocampal subfields will be derived through 
the MAGeT-segmentation procedure68 which will provide 
labels of hippocampal subfields for the T2-weighted MRI 
and will be registered to qT1 volumes (Figure 4a, grey ar
row).70 MAGeT provides specific labels for the subfields 
cornu ammonis (CA) 1, CA2/3, CA4/dentate gyrus, subicu
lum, molecular layer, and for the white matter structures 
alveus, fimbria, fornix, mammillary bodies, thus resulting 
in 18 measures of hippocampal subfields in total.69,201 Cor
tical surface qT1 maps will be sampled from T1-weighted 
surfaces with CIVET202 (Figure 4a, orange arrow). qT1 sur
face maps and fMRIprep203 processed fMRI data will be 
parcellated via the Brainnetome Atlas204 (Figure 4a, blue 
arrows), resulting in 210 cortical measures and four hip
pocampal subfields (two per hemisphere). To then derive 
the relationship between hippocampal measures and the 
structural (qT1) cortical measures, we will first calculate 
group-level structural covariance matrices through Pearson 
correlations. To calculate subject-specific structural covari
ance matrices, we will then employ a jackknife procedure 
which uses a leave-one-out approach to identify individual 
contributions to the group-level covariance struc
ture.205‑207 As functional data is already processed on a 
subject-specific level, the jackknife procedure is not re
quired and correlations are provided (Figure 4a, green ar
row). Following these pre-processing steps, we will have a 
228x228 correlational matrix showing the structural covari
ance between cortical and hippocampal regions, as well as 
a 214x214 correlational matrix showing the functional co
variance between cortical and hippocampal regions. 

DEFINING RELATIONAL MEMORY NETWORKS 

Coordinated spatial patterns of BOLD signal elicited by the 
RiSE task will be retrieved by constrained principal com
ponent analysis for fMRI (fMRI-CPCA).208‑210 fMRI-CPCA 
employs multivariate multiple regression and PCA, con
straining fMRI activation that related to task timing prior 
to PCA (Figure 4b). The spatial patterns for each dimension 
can be classified into pre-existing templates, and the BOLD 
signal changes associated with each can be interpreted for 
a functional interpretation of the spatial pattern.211 This 

From episodic memory to functioning in schizophrenia and related psychoses: A neurocognitive model

Aperture Neuro 12



means that fMRI-CPCA allows for the identification of task-
predicted brain activity (via regression) in addition to pat
terns of coordinated activation (i.e., networks). This pro
cessing step will thus provide us with a data-driven way of 
defining cortical brain regions working together during our 
relational memory task in addition to the hippocampal net
work. These networks then build the foundation for deriv
ing hippocampal centrality. 

CALCULATING HIPPOCAMPAL CENTRALITY 

Centrality is a graph-theoretical measure capturing con
nectivity relative to brain modules or networks. Centrality 
can thus capture the degree of connectivity of hippocampal 
regions to cortical regions during the memory task. Based 
on the fMRI-CPCA results, cortical regions will be classified 
into relational memory networks (Figure 4b, blue outline) 
and hippocampal regions will be sorted into a separate 
module (Figure 4b, green outline). The specific measure of 
centrality employed will be the participation coefficient66,
67 (Figure 4b, equation). The participation coefficient looks 
at the connectivity of each region within their own module 
relative to outside of the module, providing potentially re
duced hippocampal-cortical network connectivity in clini
cal populations. With regard to the hippocampus, we will 
thus have 18 structural measures of hippocampal centrality 
and 4 measures of functional hippocampal centrality. 

STATISTICAL ANALYSES 

IDENTIFYING MULTIVARIATE PATTERNS OF 
HIPPOCAMPAL CENTRALITY AND BEHAVIOUR 

We will first compare both patients and controls on main 
variables of interest: multimodal centrality, relational 
memory, social cognition, negative symptoms and func
tional outcome. Then focusing on patients, we will assess 
patterns of covariance between hippocampal centrality and 
behaviour with PLS.212‑214 PLS identifies latent variables 
representing maximally covarying brain (multimodal hip
pocampal centrality) and behavioural (e.g., memory, symp
toms, functioning, etc.) data (Figure 4c). We will leverage 
this multivariate technique to identify specific hippocam
pal subfields associated with the variables in our model, 
which will then inform which subfields we include in our in
put measure of hippocampal centrality for SuStaIn. In this 
PLS, we will also include potential moderators (i.e., sex, du
ration of illness, medication) which will be implemented 
in later analysis steps if significant. Reliability and signifi
cance of latent variables will be assessed with 1000 permu
tations and bootstrapping, a resampling method.215 This 
allows for estimation of the population parameter by re
peatedly randomly resampling the data (e.g., 1000 times) 
and provides a confidence interval for the effect of interest. 
This will result in a ‘new’ and slightly different cohort of 
patients being randomly generated through sampling with 
replacement (each patient may be sampled multiple times). 
This process will be repeated 1000 times to form 1000 re
sampled cohorts (which each include all patients). In each 

of these resampled cohorts, the relevant statistical mea
sures will be computed, and these results will be pooled 
to determine internal validation performance. We have re
cently used PLS to identify brain-cognition associations in 
psychosis216,217 and hippocampal-cognition associations 
in non-clinical groups.214 As PLS analyses are data-driven, 
the resulting relationships between the input variables and 
latent variables are dynamic. Hypothesis 1a) will be sup
ported if we identify a latent variable which is significantly 
related to all variables of our model and will not be sup
ported if we find no significant pattern showing associa
tions between our measures of interest. 

VALIDATING THE RELATIONAL MEMORY MEDIATION 
MODEL 

We will assess our mediation model in the patient data (Fig
ure 4d, solid lines) using the sem package in R,218 with hip
pocampal centrality as the predictor variable (X), relational 
memory as mediator 1 (M1), social cognition as mediator 
2 (M2), negative symptoms as mediator 3 (M3), and func
tional outcome as the outcome variable (Y). Multimodal 
hippocampal centrality (structural and functional) will be 
assessed separately. As the PLS might reveal distinct rela
tionships between hippocampal subfields and the behav
ioural/clinical variables, we will derive an averaged mea
sure of hippocampal centrality based on the significantly 
associated regions per modality. Significance of the indirect 
(mediation) effects are assessed with bootstrap confidence 
intervals and model summary statistics. As suggested by 
Hayes et al.,219,220 we will perform a validation using boot
strapping.215 Hypothesis 1b will be supported if the iden
tified associations are significant and not supported if the 
full indirect path from hippocampal dysconnectivity to 
functional outcome is non-significant. We will further as
sess the reverse model (functioning to negative symptoms 
to social cognition to relational memory to hippocampal 
centrality), which will allow us to identify sub-relationships 
through intermediate paths. 

CONTRIBUTION OF MODERATOR VARIABLES 

To examine potential moderators, we will perform a mod
erated-mediation analysis on the patient data (Figure 4d, 
solid and dotted lines) for each potential moderator defined 
from PLS separately. Site effects will also be assessed as a 
moderator variable. Moderated-mediation refers to an in
direct effect (e.g., the effect of predictor X on outcome Y 
through serial mediators M1, M2, and M3) that depends on 
the levels of a moderator variable (e.g., sex, site). The mod
erators selected for analyses stem from our previous work 
identifying sex as a contributing factor to the associations 
between verbal memory, negative symptoms, hippocampal 
volume, and clinical/functional outcome in psychosis.146,
217,221 Other factors, including duration of illness222 and 
age of onset184,223,224 have consistent negative effects on 
memory, whereas medications225 and cannabis use226 show 
equivocal results. Based on those results, we expect sex and 
duration of illness to act as moderators, but will also in
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vestigate additional variables (e.g., gender, age of onset, 
cannabis use) emerging from the prior PLS. 

SUBTYPING APPROACH USING SUSTAIN 

To assess the translational potential of our mediation 
model, we will employ SuStaIn147 in the full sample (pa
tient and control data), which combines clustering and dis
ease progression modeling into a unified framework and 
has been used extensively in neurodegenerative disorders. 
Building on an event-based disease progression model em
ploying non-parametric mixture modelling,227 recently up
dated to combine neuroimaging and clinical data in Parkin
son’s disease,154 we aim to employ z-score SuStaIn147 

which allows for the assessment of severity in addition to 
event-based abnormalities. Z-score SuStaIn requires con
trol data as the baseline for z-scoring and leverages the het
erogeneity of cross-sectional data to learn the sequence of 
abnormalities (earlier/later events) and their severity (in z-
score deviations from control norms) in a set of disease-
relevant features (as a simple example: brain alterations 
followed by cognitive deficits followed by impaired func
tioning) and the probability of this sequence in each in
dividual. The sequence of alterations is derived in a data-
driven fashion and not anchored in our proposed model. 
This approach holds the advantage that SuStaIn can iden
tify progression patterns in addition to our model, and will 
extend our mediation results with a temporal component, 
providing a data-driven lens to test whether results align 
with our hypothesized model.158 Incorporating our rela
tional memory model into SuStaIn will thus allow us to in
fer subtypes of disease progression through our neuroimag
ing (hippocampal centrality), cognitive (relational memory, 
social cognition), and clinical (negative symptoms, func
tional outcome) markers (Figure 4e). The best number of 
fitting subtypes will be identified through the Cross-Valida
tion Information Criterion (CVIC), a SuStaIn-specific mea
sure of model fit as well as log-likelihood estimates.147 

Hypotheses 2a and b will be supported if we identify a pro
gression pattern aligned with our model, and not supported 
if this is not the case. 

SEX AND GENDER-BASED ANALYSIS 

When recruiting patients, we will seek to achieve a sex 
distribution that is reflective of demographics in clinical 
practice. All participants (patients and controls) will be 
asked both their sex assigned at birth and their current 
gender identity and that data will be reported systemati
cally as suggested by Clayton and Tannenbaum.228 Gender 
will be operationalized as a categorical variable as recently 
proposed by Lindqvist et al.185 This approach provides a 
balance between taking existing gender diversity into ac
count while assigning participants into gender categoriza
tions suitable for statistical analyses. For our analyses, sex 
will be examined as a moderating factor, and we will ex
plore associations with gender identity to determine 
whether including this factor as a moderator is warranted. 

SAMPLE SIZE CALCULATION 

Sample size determination for basic group differences (t-
test) was calculated with GPower, using a one-tailed test 
with an expected medium effect size of d = .5, consistent 
with our previous findings70 and the literature. We esti
mated that 120 participants would be required to detect a 
medium effect at a power of .90. To determine the appro
priate sample size for our PLS and mediation analyses, we 
incorporated effect sizes from our previous mediation find
ings and preliminary data into two software packages, the 
Generative Modeling of Multivariate Relationships229 and 
Monte Carlo Power Analysis for Mediation Models.230 We 
estimated that the sample size required to detect a medium 
effect at a power of .90 would be 300 and 230 participants, 
respectively. In addition, to address generalizability of our 
findings, we will assess the accuracy of out-of-sample pre
diction of our models using k-fold cross-validation by split
ting the patient sample into train (n=225) and test (n=75) 
sets 100 (k) times and evaluating R,2 as done previously.231 

For SuStaIn, our sample compares well with those that have 
been used to test this approach in neurodegenerative co
horts.147,154 

OPEN SCIENCE 

The data will be stored and made accessible through the 
CRISP (Comprehensive Research into Schizophrenia and 
Psychopathology) databank of the Douglas Research Cen
tre. The neuroimaging data will be defaced with the tool 
‘pydeface’ and will be made available in nifti format follow
ing the Brain Imaging Data Structure (BIDS). In addition, 
all headers will be anonymized and no personally identi
fiable information (PII) (i.e., sex, age) will be included in 
the neuroimaging files. For the behavioural data, PII (i.e., 
birth date, decimals following age) will not be made avail
able, and PII collected throughout the semi-structured in
terviews (i.e., workplace) will be redacted as well. The over
all access to the databank is restricted, and researchers 
must request access to the databank on an individual basis, 
with data made available following review and approval by 
the databank committee. A requirement for data access is 
ethical approval for their research by their host institutes. 

LIMITATIONS 

We need to consider two main limitations of the proposed 
study. First, our proposed model of psychosis does not nec
essarily provide a comprehensive model of psychosis over
all. More precisely, we focus on cognitive components of 
psychosis, their potential foundation in the hippocampus, 
and their impact on negative symptoms and functioning. 
We acknowledge that this model does not consider positive 
symptoms or other neurodevelopmental factors contribut
ing to psychosis. Second, the machine learning approach is 
based on monotonous modeling of the illness. SuStaIn was 
first developed in neurodegenerative illness, where a con
sistent decline of considered variables is innate to the dis
ease. In this context, the algorithm was developed to model 
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Figure 4. Analysis workflow.   
Figure 4a visualizes how covariance-based connectivity will be derived through structural and functional MRI measures and parcellated in accordance with the Brainnetome Atlas.204 

Figure 4b shows how this connectivity will be defined for memory networks which are active during the functional MRI task. Figure 4c represents how PLS analysis will be used to de
termine multivariate patterns of hippocampal connectivity and behavioural measures, which will then be used in a moderated mediation analysis of our model (Figure 4d) and 
through the implementation of SuStaIn (Figure 4e). 

progression patterns under the assumptions that markers 
deteriorate but do not necessarily improve. This assump
tion is challenged by the episodic nature of mood and psy
chotic illness and, depending on the marker, might not be 

suitable to fully capture the progression of the illness. As 
our work is amongst the first to consider SuStaIn in a mul
tiscale context of mental illness, these findings will never
theless assist in defining patterns of illness severity across 
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the variables of our model in the sample, and contribute to 
the interpretation SuStaIn in psychosis and its current lim
itations in mental illness. As all code will be made publicly 
available, our framework will allow for external researchers 
to contribute to the algorithm to better meet the reality of 
disease dynamics in psychiatric illness. 

STRENGTHS & IMPACT 

We propose a model of psychosis, relating multimodal hip
pocampal dysconnectivity and relational memory as the 
foundation of poor functioning in psychosis for the first 
time. This hypothesis- and data-driven approach to inves
tigate and validate the model in a sample of 300 patients 
with psychosis and 150 non-clinical controls holds rele
vance across several domains. From a clinical perspective, 
this model outlines the central role of the hippocampus 
and relational memory deficits in predicting functional out
come in psychosis across stages of illness. To date, there 
are no studies to our knowledge which directly address the 
relationship between the brain (and hippocampal connec
tivity specifically), cognition and their influence on func
tioning. While we previously provided evidence for a sub
type of individuals with psychosis which shows reduced 
hippocampal connectivity prior to impaired episodic mem
ory and functioning,158 no mediation analyses controlling 
for potential moderators has ever been conducted. The val
idation of our model could thus assist in guiding the devel
opment of more holistic interventions for improving qual
ity of life. Novel treatment approaches, such as cognitive 
remediation, have proven successful in improving memory, 
functioning, and negative symptoms232 while targeting the 
brain.233 Our model thus paves the way for the implemen
tation of such treatments while also informing the devel
opment of novel and innovative memory interventions and 
provides alternate paths of treatment which can alleviate 
the burden of cognitive and negative symptoms of psy
chosis. 
Our sophisticated machine learning approach will assist 

such treatment efforts by providing metrics for individuals 
who are most likely to benefit from treatment at a specific 
point in their illness. Our approach offers potential for 
precision prognostication and guidance for implementing 
treatments, such as cognitive remediation, in a preventive 
capacity. In this context, our results will be central for 
evaluating the potential of data-driven staging approaches 
(such as SuStaIn) to be mapped onto traditional clinical 
staging models (such as McGorry et al.148). These clinical 
implications are extended through our innovative measures 
of multimodal hippocampal network connectivity. While 
often considered in solitude, our model considers the hip
pocampus in its role as a coordinator of cognitive and social 
behaviours in tandem with higher-order brain regions. By 
addressing this relationship across neuroimaging modali
ties, we may be able to capture the additive effect234 of 
hippocampal structure and function on the progression of 
psychosis. Lastly, our approach might yield a translational 
component by being applicable in mental disorders in 
which the hippocampus and memory are implicated, such 

as depression,160,161 allowing for the transdiagnostic as
sessment of biomarkers. 
A central component and strength of this protocol is 

promoting open science principles and making our dataset 
publicly available to other researchers in the field. To date, 
such deeply phenotyped clinical neuroimaging samples are 
often not openly available, rendering our efforts a major 
stepping stone towards implementing open science princi
ples in psychiatry. Such initiatives are key drivers of max
imizing impact in the field, promoting forward-thinking, 
and facilitating discovery. Lastly, we hope to promote re
search into the neural and cognitive underpinnings of psy
chosis on a global scale by allowing for large-scale collabo
rative endeavors. 

TIMELINE 

From our previous collective experience, we expect to as
sess 70-80 patients and 35-40 controls per year across the 
three sites over the 5-year period (accounting for an attri
tion rate of 10-15% which is typical for such cross-sectional 
studies). This project has been funded by Canadian Insti
tutes of Health Research (CIHR) and recruitment began at 
the Montreal site in summer 2024 and is currently ongoing 
at all sites. We have developed several strategies to max
imize participation in our studies and limit attrition. This 
includes the use of a mock MRI scanner to habituate partic
ipants to the scanning process. Maintaining quality in as
sessment and calibration across sites represents a potential 
challenge, but we will prioritize strategies that will enhance 
the quality of our data across sites (i.e., through harmo
nization procedures). 

KNOWLEDGE TRANSFER 

Our knowledge transfer plan will target academics and 
practitioners in the field of mental health. On the academic 
side, we aim to make our dataset available to all re
searchers. This will be accomplished by publicizing our 
database at schizophrenia and bipolar disorder (Schizo
phrenia International Research Society; International Soci
ety for Bipolar Disorders) and brain imaging (Organization 
for Human Brain Mapping) conferences. Further, working 
with the Open Science team at the Douglas Research Centre 
we will organize a series of academic events to bring ex
posure to our initiative. As we aim to make the dataset 
available within an ethical open science framework as well 
as all code used for analysis, we hope to allow for knowl
edge transfer to increase reproducibility and accessibility 
for large-scale analyses. On the clinical side, and as part 
of a funded initiative on the development of a learning 
platform for practitioners,235 we will develop a series of 
training modules on the importance of cognitive deficits 
in schizophrenia, and how they relate to psychopathology 
and brain structures. We will present information on cog
nitive remediation, which is effective in increasing memory 
and functioning, while decreasing negative symptoms.232 

Training modules will be made available to practitioners 
from our three institutions and more broadly as part of ac
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credited professional development activities. Moreover, we 
hope to define the scope within which data-driven stages 
could complement traditional clinical staging models,147 

and potentially add a predictive modeling component to 
these theoretical frameworks. Finally, this work can inform 
the development of innovative memory interventions as we 
have been spearheading in the last few years.236,237 
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