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SPECIAL ARTICLE

Functional magnetic resonance imaging in schizophrenia: current
evidence, methodological advances, limitations and future directions
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Functional neuroimaging emerged with great promise and has provided fundamental insights into the neurobiology of schizophrenia. However, it has
Jaced challenges and criticisms, most notably a lack of clinical translation. This paper provides a comprehensive review and critical summary of the liter-
ature on functional neuroimaging, in particular functional magnetic resonance imaging (fMRI), in schizophrenia. We begin by reviewing research on
JMRI biomarkers in schizophrenia and the clinical high risk phase through a historical lens, moving from case-control regional brain activation to global
connectivity and advanced analytical approaches, and more recent machine learning algorithms to identify predictive neuroimaging features. Findings
Jrom fMRI studies of negative symptoms as well as of neurocognitive and social cognitive deficits are then reviewed. Functional neural markers of these
symptoms and deficits may represent promising treatment targets in schizophrenia. Next, we summarize fMRI research related to antipsychotic med-
ication, psychotherapy and psychosocial interventions, and neurostimulation, including treatment response and resistance, therapeutic mechanisms,
and treatment targeting. We also review the utility of fMRI and data-driven approaches to dissect the heterogeneity of schizophrenia, moving beyond
case-control comparisons, as well as methodological considerations and advances, including consortia and precision fMRI. Lastly, limitations and future
directions of research in the field are discussed. Our comprehensive review suggests that, in order for fMRI to be clinically useful in the care of patients with
schizophrenia, research should address potentially actionable clinical decisions that are routine in schizophrenia treatment, such as which antipsychotic
should be prescribed or whether a given patient is likely to have persistent functional impairment. The potential clinical utility of fMRI is influenced
by and must be weighed against cost and accessibility factors. Future evaluations of the utility of fMRI in prognostic and treatment response studies
may consider including a health economics analysis.

Key words: Schizophrenia, functional magnetic resonance imaging, biomarkers, negative symptoms, functional outcomes, cognition, treatment
response, therapeutic mechanisms, precision medicine, clinical utility

(World Psychiatry 2024;23:26-51)

While functional neuroimaging in schizophrenia emerged in
the literature somewhat later than structural neuroimaging, its
promise was just as great or greater, as have been its challenges.
Fortunately for the field, and for people suffering from schizo-
phrenia, the maturational arc of this technique is in its ascendan-
cy, with a number of new developments that have accelerated our
understanding of brain function in this illness from the group to
the subgroup to the individual level.

The present paper aims to serve as a comprehensive review of
functional neuroimaging in the various phases of schizophrenia.
The focusis on functional magnetic resonance imaging (fMRI), both
resting state and task-based, rather than other types of functional
neuroimaging - e.g., positron emission tomography (PET), elec-
troencephalography (EEG), magnetoencephalography (MEG),
and arterial spin labeling (ASL). We provide a critical summary
of the literature on fMRI in schizophrenia, including diagnostic
markers, neural correlates of negative symptoms and cognitive
deficits, and markers of treatment resistance and therapeutic
response. The utility of f{MRI to understand therapeutic mecha-
nisms, guide precision treatment, and dissect patient heteroge-
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neity is also reviewed. Lastly, methodological considerations and
advances, limitations, and future directions of research in the field
are discussed.

Neuroimaging research in schizophrenia began with the ad-
vent of computed tomography (CT) and then MRI scans, which
demonstrated that there were structural differences in the brains
of people with that diagnosis, considered as a group, compared
to healthy controls’. These early investigations were followed by
functional neuroimaging studies using PET and then fMR], re-
vealing that brains of people with schizophrenia, again consid-
ered as a group, also functioned differently*”. Over time, the field
has shifted its focus from regional brain activation to more global
activation and connectivity. Despite a wealth of evidence for dif-
ferences in brain activation and connectivity between samples of
people with schizophrenia and samples of healthy controls, find-
ings are variable’. fMRI-based diagnostic markers remain elusive,
but recent work using machine learning approaches for diagnostic
prediction, or aimed at the identification of dimensional, transdi-
agnostic brain-based biomarkers, holds promise7'8.

Regarding the various phases of schizophrenia - clinical high
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risk (CHR), first episode and chronic - there has been an increas-
ing focus on the first episode and CHR phases. The field began
studying chronic patients in the late 1980s and 1990s, and then
added the study of first-episode patients some years afterward,
followed by the study of CHR individuals several years after that
910 Similar brain networks seem to be implicated across these
populations; however, there is often greater confidence with fewer
confounds in earlier illness phase subjects, while sample sizes and
statistical power are typically larger in later phase patient studies.
In recent years, collaborative multi-center research has been criti-
cal to advance our understanding of these different illness phases
! Larger sample sizes, achieved via “pooling” of data - e.g., via
the Enhancing Neuro Imaging Genetics through Meta Analysis
(ENIGMA) consortium'?*® - have helped increase statistical pow-
er, and clarified the robustness of findings previously achieved us-
ing smaller samples.

Given their strong associations with functional outcomes, the
neural correlates of negative symptoms and cognitive deficits have
been significant areas of investigation in schizophrenia'*'*. Poten-
tial neural markers of negative symptoms have been identified in
fMRI studies of early and chronic schizophrenia, but results sug-
gest that they may vary by symptom construct, and that inconsis-
tencies in the conceptual framework underlying the assessment
of negative symptoms may hamper progress'>'®. Regarding cog-
nitive impairments, task-based fMRI has been instrumental in al-
lowing for real-time assessments of brain function while patients
complete cognitive tasks in the scanner. Early work characterizing
small patient groups produced robust patterns of either height-
ened or reduced neural activation; however, recent work shows
that there may be heterogeneity among patients in terms of which
circuits or networks are engaged during tasks'”'?, just as there is
such variability among individuals without psychiatric illness'*%.
Different people may use different neural strategies to complete
the same cognitive tasks®'?®, Further, neural activation patterns
during cognitive processing may relate to cognitive performance
rather than diagnosis™.

The heterogeneity of schizophrenia is a critical clinical consid-
eration, which is highlighted throughout this review, acknowledg-
ing that no two patients are exactly alike. For much of the history
of neuroimaging investigation, schizophrenia has been treated
as a single construct using categorical, group-based approaches,
despite significant variability among positive and negative symp-
tom expression, neurocognitive and social cognitive performance,
treatment response, functioning, and many other facets of the ill-
ness*>?, There is a recognized need for dimensional approaches
across cases and controls, and for the transdiagnostic identifica-
tion of brain-behavior relationships®”?. Of late, the application of
multivariate and multimodal data-driven integration approaches
and machine learning models in large, consortia-based samples,
to identify brain-based biomarkers of diagnosis, symptom con-
structs, functional outcomes, treatment response and beyond, has
shown how clinical heterogeneity can be linked to biological het-
erogeneity, and provided some hope for potential clinical utility
of IMRI®.

Potentially greater success in relating neural activation to be-
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havioral constructs may be forthcoming through the identification
of subtypes or biotypes of illness that may have different outcome
trajectories and prognoses®. If these are established at the first
episode, they may guide decisions around treatment, particularly
those interventions which are expensive and resource intensive™.
fMRI markers may be particularly informative regarding treatment
resistance and response, understanding therapeutic mechanisms,
and guiding precision treatment.

Perhaps the greatest chance of successful clinical application
of fMRI is in guiding pharmacological and neurostimulation treat-
ment. With respect to treatment response, replicated resting state
findings identifying the neural circuitry correlates of non-response
to conventional antipsychotics could accelerate the use of clozap-
ine*, a life-saving medication for some, rather than subjecting pa-
tients to multiple unnecessary antipsychotic trials. In addition, an
understanding of therapeutic mechanisms using pre/post designs
in clinical trials can better inform clinicians of potential benefits
and harms of particular treatments, and provide the opportunity for
improvement in therapeutic development. Finally, an understand-
ing of individual differences can be useful for therapeutic targeting,
e.g., using neurostimulation approaches in a personalized manner
based on an individual’s functional connectivity profile*>*,

Methodological considerations and advances are also discussed
in this paper, covering developments in experimental design, data
acquisition, and pre-processing and analytical choices. Notably,
significant developments in scanner hardware have allowed for
higher resolution acquisitions in shorter periods of time, improved
motion correction, and harmonization across sites to support multi-
center consortia-based research, an essential advance that has led
to more replicable findings for the field****. In conjunction, preci-
sion medicine-based approaches that are now being applied to
fMRI, such as deep phenotyping via longer resting state {MRI
scans, may more definitively characterize individual variation
in brain activity and reliable functional connectivity features, to
support individualized biomarker identification and targeting of
neurostimulation treatments®*’.

Availability and advances in reproducible neuroimaging soft-
ware pipelines, facilitated by code sharing and open science ini-
tiatives, have also allowed for more standardized fMRI analyses
across labs***°. Data pre-processing and analytical decisions
substantially affect neuroimaging results and conclusions*, em-
phasizing the importance of such developments for reproduc-
ibility of findings. Advances in network theory and the use of
multivariate analyses have also allowed for interpretation of the
brain’s function as a set of networks, and provided insight into col-
linearity across brain regions and behavioral tasks, mitigating the
multiple comparison problem*'**. Additionally, tools for moving
analyses from volume- to surface-based approaches have better
aligned with our knowledge of brain anatomy and allowed for the
assessment of individualized brain topography and connectivity
profiles™*,

While fMRI is providing valuable insights into the pathophysi-
ology of schizophrenia, the limitations of the field are many. Tech-
nical limitations and physiological constraints of fMRI, sources
of noise and artefacts, the multiplicity of analytical choices, small
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sample sizes, the heterogeneity of the illness, and sampling bias
related to illness severity or comorbidities have all contributed to
reproducibility and generalizability issues*®. The relationship be-
tween cost of fMRI and clinical utility, and the accessibility of the
technology for those who live in more remote areas, are important
factors as well. The field is also facing challenges regarding the
conceptual framework underlying much of the fMRI research to
date, for example with a shift from categorical to dimensional and
individualized approaches*"*,

Despite these limitations, the field is far ahead of where it was
even a decade ago. Recent publications have brought {MRI repro-
ducibility and generalizability issues to the forefront once more™.
However, major advances in methodology and standardization,
including via the Human Connectome Project, multi-center col-
laborations which dramatically increase sample sizes to better deal
with type 1 and 2 error, reproducible methodologies, and progress
in data-driven and precision-based approaches, have given rise to
anew age of fMRI research in schizophrenia'>*****, The increas-
ing use of fMRI in clinical trials has also been an important devel-
opment, with many potential future directions in terms of guiding
treatment approaches. Relatively new understanding of the value
of within-person sampling to generate more robust findings at the
individual level may also change our thinking about how we use
this technology”".

This paper comprehensively reviews findings in each of these
areas relevant to fMRI in schizophrenia, critically considering both
important advances and limitations. Overall, it serves to summa-
rize where the field of fMRI in schizophrenia has been, where it is
at present, and its future potential.

DIAGNOSTIC MARKERS
Case vs. control regional and whole brain activation

The application of fMRI for examining brain-based abnormali-
ties in schizophrenia was preceded by approximately two decades
of work with functional neuroimaging methods such as xenon
inhalation and PET. These latter studies laid the foundation for
methods and scientific themes that were carried forward to fMRI
investigations. Similarly, ideas from cognitive neuroscience, which
intertwined with xenon inhalation/PET and EEG, heralded the
advent of fMRI. Contextualizing the emergence of fMRI studies
of schizophrenia in the mid-1990s requires discussion of findings
from and methodologic challenges inherent to those other neuro-
imaging modalities.

In one of the first functional imaging studies of schizophrenia,
Ingvar and Franzén used "**xenon inhalation to document de-
creased blood flow to frontal brain regions®. In the late 1970s and
early 1980s, this idea was carried forward with cerebral blood flow
and glucose metabolism studies at rest, but especially using cogni-
tive paradigms such as the Wisconsin Card Sorting Test to examine
changes in cerebral blood flow during a cognitive challenge®*™,
These early studies led to the conceptualization of schizophrenia
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as an illness characterized by regionally specific frontal hypoac-
tivation, primarily in the dorsolateral prefrontal cortex (DLPFC)
during task engagement, but also in the anterior cingulate cortex
during attentional control**,

While these studies aimed to establish pathophysiologic mark-
ers of schizophrenia, others subtyped the illness based on findings
including activation of Broca’s area and subcortical structures dur-
ing hallucinations, and greater involvement of temporal lobe acti-
vation in the context of the presence of disorganization and formal
thought disorder®> %, Though not designed for establishing diag-
nostic markers, these early studies provided a scientific framework
for demarcating schizophrenia with neuroimaging measures.

The advancement of image processing methods, and analytic
approaches such as statistical parametric mapping, allowed stan-
dardized hypothesis testing of regionally specific neural dysfunc-
tion®®. These advances further helped fMRI to carry forward the
work of xenon inhalation/PET studies, but without the radiation
exposure. Early fMRI studies characterized diagnostic differences
in patients with schizophrenia relative to healthy controls across a
variety of cognitive states. This included further support for deficits
in DLPFC functioning during working memory, with specificity
for schizophrenia, building upon earlier observations of “hypo-
frontal” blood flow*”. Related fMRI studies of executive function-
ing reported decreased anterior cingulate cortex activation during
attentional monitoring®. Additional findings across other cogni-
tive domains and clinical contexts included decreased superior
temporal gyrus activation during auditory processing®, increased
temporal lobe activation during hallucinations®, abnormal limbic
activation during facial emotion processing®, and abnormal sen-
sorimotor activation during pursuit eye movements®.

Findings from case-control f{MRI studies of schizophrenia ad-
vanced our understanding of network-related abnormalities that
characterize the syndrome. Beyond regionally specific dysfunc-
tion of structures, such as the DLPFC during executive processing,
meta-analyses illustrated large-scale dysfunctional activation
across a network of regions including subcortical structures, cog-
nitive control regions, and the frontoparietal network®%, Simi-
larly, fMRI and PET studies of episodic memory demonstrated ab-
normal DLPFC-hippocampal activation during recall, implicating
impaired frontal-hippocampal coactivation that extends beyond a
regionally specific deficit®",

Meanwhile, concurrent evidence began to isolate synchronous
functional networks that characterize the intrinsic functional archi-
tecture of the brain, independent of task-based activation, starting
with the identification of the default mode network (DMN)® ",
Functional connectivity studies of schizophrenia demonstrated
abnormal coupling between the DLPFC and the hippocampus in
relation to psychosis and working memory™* ", and abnormal in-
trinsic thalamocortical connectivity at rest”®. Novel data-driven
methods for fMRI analysis, reviewed in more detail below, also al-
lowed for the identification of large-scale network-specific abnor-
malities in schizophrenia, including the DMN"’. These findings
supported the decades-old “dysconnectivity” hypothesis of schizo-
phrenia’. While not directly quantifying diagnostic specificity,
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this first wave of neuroimaging via PET and fMRI established key
pathophysiologic markers of schizophrenia that have been further
leveraged by more advanced analytic methods.

Case vs. control modular and global connectivity

The demonstration of distributed co-activation across the brain,
and the identification of a set of replicable resting state brain net-
works, drove a shift from studies examining local activation of par-
ticular brain regions in schizophrenia vs. healthy controls to func-
tional connectivity studies exploring how different brain areas in-
teract and form networks. With this shift came the rise in popularity
of resting state fMRI, which is ideally suited for examining intrinsic
connectivity.

Early studies of functional connectivity utilized undirected seed-
based approaches, correlating the activity over time between se-
lected regions of interest. Many focused on the DMN, as regions
comprising this network were found to be implicated in self-refer-
ential thinking and mentalizing. Both hypoconnectivity’*** and
hyperconnectivity®"*? within the DMN in people with schizophre-
nia vs. healthy controls were reported®. These studies were fol-
lowed by seed-based whole-brain voxel-wise approaches to exam-
ine connectivity more globally.

Seed-based analyses of resting state connectivity demonstrat-
ed widespread connectivity abnormalities in schizophrenia com-
pared to healthy controls, but results were mixed regarding locality
of seed regions and directionality (i.e., hypo- or hyper-connec-
tivity)®. Earlier evidence suggested that schizophrenia is related to
hypoconnectivity, particularly of the frontal lobe, in comparison
to healthy controls®. Aligning with this, a meta-analysis of whole-
brain seed-based resting state connectivity demonstrated hypo-
connectivity within and between multiple networks, including the
DMN, ventral attention/salience network, and thalamus networks
in schizophrenia compared to healthy controls®®. These findings
supportalarge-scale disconnected brain networks model of schizo-
phrenia.

Effective connectivity differs from typical functional connectiv-
ity, as it is based on a mechanistic model of causal influence be-
tween regions of the brain®. Dynamic causal modeling® is a tech-
nique which has been used to demonstrate differences in effective
connectivity of the DMN in first-episode psychosis®, of the fronto-
parietal network during working memory performance®, as well
as of prefrontal regions in relation to cognition and clinical symp-
toms” and of the hippocampus in relation to clinical symptoms®"
in schizophrenia vs. healthy controls.

Recent work using spectral dynamic causal modeling of resting
state fMRI fronto-striato-thalamic circuits suggests that dyscon-
nectivity of the subcortex is present in first-episode psychosis, and
dysconnectivity between the cortex and subcortex is seen in later
stages of schizophrenia®. Local connectivity between spatially
adjacent regions has also been examined in schizophrenia using
regional homogeneity, with meta-analyses showing abnormal lo-

calized connectivity™®**, including in the medial prefrontal cortex
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within the DMN®.

More complex, multivariate approaches, such as spatial inde-
pendent component analysis (ICA), allow for data-driven explora-
tion of regions with temporal synchronicity across the whole brain
to parcellate systems or networks, without pre-selection of regions
of interest”™®*’. ICA has been used to detect altered functional con-
nectivity in people with schizophrenia compared to healthy con-
trols, including in the DMN""% frontoparietal/cognitive control
network®% and salience network'®". A meta-analysis of (whole-
brain or network-specific) seed-based functional connectivity
studies based on ICA brain templates in schizophrenia vs. healthy
controls revealed hypoconnectivity between regions from multi-
ple networks, including the DMN as well as auditory and somato-
motor networks'%.

Graph theoretical approaches provide a way to quantify the
organization and function of brain networks modeled as a set of
nodes and edges, including global and local properties'**'*, Ev-
idence from graph theoretical analyses of functional connectivity
suggests that the brains of people with schizophrenia show aber-
rant network properties, including reduced efficiency, disrupted
hub connectivity, and altered modularity compared to healthy
controls'®, generally exhibiting a disruption in the balance of
regional integration and segregation (i.e., reduced small-world-
ness)'%'%, A meta-analysis of functional graph-analytical studies
in schizophrenia demonstrated decreased small-worldness, as
well as reduced local organization/efficiency, compared to healthy
controls'®.

More recently, dynamic connectivity approaches have been used
to explore time-varying connectivity states or modes in schizophre-
nia, with the suggestion that the variability of functional connec-
tivity findings in this disorder may be driven in part by the use of
static analyses''’. Dynamic functional connectivity analyses have
provided evidence for people with schizophrenia spending more
time in weaker between-network connectivity states''’ and less in
switching between states''"*'%, They have also further supported
DMN dysfunction'****,

Converging evidence implicates dysconnectivity of the DMN,
frontoparietal and salience networks, including the striatum, as
well as of cortical-subcortical interactions (e.g., thalamocortical)
as potential diagnostic markers of schizophrenia. Indeed, a trans-
diagnostic multimodal meta-analysis identified schizophrenia-
specific dysconnectivity of the DMN, frontoparietal, salience and
limbic networks, with converging functional dysconnectivity and
reduced gray matter volume in the insula, striatum and thala-
mus'".

Though an abundance of fMRI-based case-control differences
have been observed, the search for clinically diagnostic function-
al imaging markers of schizophrenia continues. Inconsistent find-
ings may be a consequence of the heterogeneity present within
schizophrenia and across people with schizophrenia and healthy
controls, which may be better characterized using dimensional
or more individualized approaches rather than categorical ones®.
Machine learning approaches hold promise for parsing hetero-
geneity and identifying predictive neuroimaging features.
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fMRI biomarkers of schizophrenia

With all the evidence of functional connectivity differences
in schizophrenia, and with the growth of machine learning ap-
proaches, the question of whether a brain scan could be used to
diagnose schizophrenia reliably has been a concern since the early
days of this century. One of the earliest studies''® used a sample
of task-based fMRI data from an auditory oddball task in approxi-
mately 20 individuals with schizophrenia, bipolar disorder, or no
psychiatric disorder. Using temporal lobe and default mode net-
works and some basic clustering approaches, the authors reported
that they were able to classify the participants with 90% or higher
accuracy. Although data-driven techniques are reviewed later
in relation to heterogeneity, we focus here on machine learning
through the lens of diagnostic classification.

Part of the attraction of machine learning approaches is the pos-
sibility of scanning an individual who is either at risk or whose di-
agnosis is in dispute, and automatically getting a high-confidence,
objective judgement as to a patient’s diagnosis®''”. There have
been a multitude of studies over the past few decades attempting
to develop such an algorithm. A review of studies using the support
vector machine (SVM) algorithm to classify functional or struc-
tural scans found that most of them reported an accuracy of 80%
or higher in distinguishing schizophrenia cases from controls''®.
While SVM was the dominant algorithm in the past, deep learning
techniques have shown equivalent or improved promise in being
able to distinguish schizophrenia cases from healthy controls on
the basis of a scan from a neuroimaging dataset'' >,

With such promising data over almost 20 years, why do we not
have diagnostic scans for schizophrenia in use already? There are a
number of problems. Notably, many of the studies, including some
recent ones, have focused on a very small number of subjects, 20 or
30 per diagnostic group. Smaller samples are prone to overfitting
in their models, and their results often do not generalize to a larger
dataset'®!. Moreover, a model built on a dataset from one particular
type of scanner and scanning protocol often does not perform well
on data collected in another setting'**. As larger and more hetero-
geneous resting state datasets are becoming increasingly available,
machine learning algorithms which can generalize across the vari-
eties of scanning settings around the world are being developed'®.

A further limitation is that confirming whether someone has
schizophrenia or no mental disorder is rarely of clinical utility.
Studies to date have generally worked with clinically diagnosed
and medicated individuals with schizophrenia and contrasted
them to age- and gender-matched individuals with no history of
psychiatric disorders. This facilitates the machine learning training
process, as whether the algorithm provides the correct answer
is determined by the clinical diagnosis. However, this does not
match the clinical situation. Predicting whether someone who
is currently not on antipsychotic medication is likely to develop
a full psychotic disorder, or which of several possible diagnoses
may apply, is where the classification systems could be more
useful. This has been addressed by studies showing that schizo-
phrenia and bipolar disorder, and to some extent schizoaffective
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disorder, are separable124’125, or that a system trained to use fronto-

striatal features in schizophrenia will not falsely identify obsessive-
compulsive disorder or any other psychiatric diagnosis'?°. Studies
that recruit medication-naive or first-episode participants are also
showing promise'?’, and getting sufficient samples of people at
risk, to predict who does or does not develop psychosis, is a cur-
rent international interest',

Just as the machine learning algorithms have to be trained to
identify schizophrenia while not being confused by the heteroge-
neity of scanner characteristics, they also need to be trained across
awide set of diagnoses and clinical scenarios, in order to help the
clinical process. A biomarker of chronic schizophrenia may not
predict conversion to psychosis in CHR cases, or response to a
given treatment, or which circuits are the most amenable to neu-
romodulation. But the capacity of machine learning approaches
to address these questions is developing, as predicting prognostic
trajectories for high-risk or first-episode subjects is an active area
of exploration'?**3,

fMRI biomarkers in the clinical high risk phase

Early studies exploring resting state functional connectivity in
CHR populations identified DMN hyperconnectivity'** or a fail-
ure to suppress the DMN under high memory load'* relative to
healthy comparison participants. Later, a greater DMN connec-
tivity was linked to poor insight'*,

Dysconnectivity within the cortico-striatal-thalamo-cortical
networks has been reported by multiple groups**>3 _ specif-
ically, hypoconnectivity in corticostriatal, thalamocortical and
thalamo-cerebellar areas, and hyperconnectivity within senso-
rimotor cortical areas. Corticostriatal'*” and cerebellar-talamo-
cortical'®® dysconnectivity has been linked to positive symptoms
in CHR.

CHR participants in the North American Prodrome Longitudi-
nal Study second cohort (NAPLS-2)"** who later converted to psy-
chosis had more prominent hypoconnectivity between the thala-
mus and prefrontal and cerebellar areas, and more pronounced
thalamic hyperconnectivity with sensorimotor areas'*”. Disrupted
functional connectivity of the insula with other hubs in the salience
network'** has also been associated with psychotic conversion.
Further, adding measures of within- and between-network con-
nectivity to validated clinical predictors from the NAPLS psychosis-
risk calculator'*® was found to improve model performance'®’.

More recently, a study from the Shanghai At Risk for Psychosis
(SHARP) program'?®, including a large unmedicated CHR sam-
ple, found that abnormal modular functional connectome orga-
nization predicted psychotic conversion, replicating prior work
in a smaller medicated sample'*®. Using longitudinal data from
NAPLS-2, it was found that CHR participants who later converted
to psychosis showed a reduction in global efficiency and an in-
crease in network diversity relative to CHR participants who did
not convert, and this finding was primarily driven by the DMN"*,

Resting state {MRI data from NAPLS-2 were also used in a high-
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dimensional brain-wide functional mediation framework to iden-
tify brain regions mediating the relationship between baseline
behavioral symptoms and conversion to psychosis among CHR
subjects'’. Positive mediators were primarily distributed in the
sensorimotor system, insular and opercular areas, and the stri-
atum. Negative mediators were mainly located in the DMN and
visual system'™.

Clearly, emerging functional connectivity research in the pe-
riod before the onset of psychosis is revealing evidence of dyscon-
nectivity in brain networks known to be relevant in information
processing, neurocognition and psychosis. Replication of these
findings in additional samples - including NAPLS-3 and the
Psychosis-Risk Outcomes Network (ProNET) - will be important,
along with the implementation of creative analytic techniques, to
better understand the evolution, early identification and poten-
tially pre-emptive treatments in the early stages of emerging psy-
choticillness.

fMRI markers of negative symptoms

Negative symptoms are a major determinant of poor func-
tional outcome in people with schizophrenia'®**®, Both first- and
second-generation antipsychotics have limited benefit for this ill-
ness dimension'*"**°, The elucidation of the neural networks that
serve as the substrate for these symptoms may be important for
the development of new treatments.

A critical issue in the investigation of the neural basis of neg-
ative symptoms is the conceptual framework underlying their
assessment. Of particular importance is the separation of neg-
ative symptoms into primary and enduring (deficit symptoms)
vs. secondary ones. Deficit symptoms are regarded as intrinsic to
the illness, whereas secondary negative symptoms may be due to
exacerbations of psychosis, extrapyramidal side effects of antipsy-
chotics, depression and/or understimulating environments' %1%,
There are limited functional imaging studies focused on the deficit
syndrome. However, one study reported aberrant cerebellar neu-
ral activity and cerebro-cerebellar functional connectivity, involv-
ing executive dysfunction, in patients with this syndrome'®.

A major obstacle to the focus on the deficit syndrome in neu-
roimaging studies is the need to use trained investigators to ad-
minister an extensive diagnostic interview'®*. This has led to the
development of the concept of persistent negative symptoms'’.
This concept also tries to minimize the heterogeneity associated
with broadly defined negative symptoms, through the restriction
to those that persist for six months or more and are present during
periods of clinical stability and in the absence of prominent posi-
tive, depressive or extrapyramidal symptoms'*’. Here too there is
a paucity of functional neuroimaging studies. The extant literature
largely focuses on negative symptoms without invoking the defi-
cit syndrome or persistent negative symptoms conceptual frame-
works.

According to a common conceptualization, there are three sub-
groups of people with schizophrenia along a continuum from pos-
itive to negative symptoms: predominantly positive, predominant-
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ly negative, and mixed'®". Indeed, functional connectivity between
the salience and default mode networks has been related to both
positive and negative symptoms'®. Alternatively, negative symp-
toms may be conceptualized as a disease dimension, suggesting
that there are distinct brain networks involved in negative vs. posi-
tive symptoms. In this latter context, and for patients with chronic
schizophrenia, altered DLPFC-cerebellum'®, striatal-orbital me-
dial frontal cortex'®’, and medial fronto-temporal168 functional
connectivity have all been associated with negative symptoms. In
patients earlier in their disease course, altered functional connec-
tivity between crus Il of the cerebellum and the anterior supramar-
ginal gyrus has been associated with negative symptoms'®. Early
in the disease course, but not at a more chronic stage, greater neg-
ative symptom burden has also been associated with decreased
activation in the cerebellum during a verbal Stroop task'”. Irre-
spective of the stage of illness course, an inverse correlation has
been observed between negative symptom burden and activation
of motor cortex, including the supplementary motor area and pre-
central gyrus'™.

The various negative symptoms may also differ in their neural
correlates. Indeed, in a fMRI study using a two-tone auditory odd-
ball task, the severity of alogia, avolition/apathy and anhedonia/
asociality was inversely correlated with blood oxygenation level-
dependent (BOLD) signal during the target tone in distinct sets
of brain regions'®. There was an inverse correlation between an-
hedonia/asociality and the activity of the posterior cingulate and
precuneus, which are typically considered to be part of the DMN.
The severity of alogia was instead associated with decreased ac-
tivity in the bilateral thalamus, right caudate and left pallidum,
suggesting that this symptom may reflect a deficit in the ability to
engage in voluntary motor behavior'®.

fMRI markers of cognitive deficits

Cognitive deficits are a core feature of schizophrenia and rep-
resent one of the main obstacles to clinical and functional recov-
ery in affected individuals. Deficits are present both in general
intelligence and in specific neurocognitive domains, as well as in
social cognition'*. Both social and non-social cognitive impair-
ments appear to be distinct constructs from those of symptom
profiles'”™'”, and have been proposed as potential treatment
targets' ™",

Overall cognitive performance in schizophrenia is reported to
be on average two standard deviations below that seen in unaf-
fected individuals'”. Impairments are also typically seen in spe-
cific domains, including memory, verbal and visual learning,
executive functions, attention, and processing speedm'm. Par-
ticularly impairment in working memory, which involves the
short-term storage and manipulation of information, has been
proposed as a core deficit in schizophrenia'”®. Processing speed,
which refers to the amount of time it takes for an individual to
process and accurately respond to information in his/her envi-
ronment, has also been reported as one of the most affected neu-
ropsychological functions in schizophrenia'”. Due to the ease of
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use of processing speed assessments, they have been proposed
as potentially useful tools for screening in clinical settings, or for
the evaluation of specific interventions'”®. There is significant
evidence that cognitive deficits are already present at the time of
the first episode of psychosislao, as well as in CHR individuals, al-
beit with high variability within different cognitive domains'®" ',
Whether further cognitive decline occurs after the first psychotic
episode is less clear, and studies have reported both decline and
amelioration'®'%,

Social cognition represents the cognitive capability to process,
store and apply information about other people and social situ-
ations. Individuals with schizophrenia have difficulties in iden-
tifying emotions, feeling connected and reacting emotionally to
others, and inferring people’s thoughts'®*'®_ As such, impair-
ments in social cognition have been demonstrated to be a key cor-
relate and predictor of functional outcome' "™, Social cognition
is often divided into lower-level (e.g., emotion recognition and
simple mental representation) and higher-level mentalizing (e.g.,
belief and intention inference; theory of mind) processesm’lgo’lgz.

Evidence suggests that social cognition and neurocognition are
distinct but related constructs'™>'*3, with meta-analytic results
showing a stronger relationship between social cognition and
functional outcomes'*'**, Meta-analyses in CHR individuals have
also demonstrated deficits across social cognitive domains, includ-
ing emotion processing and theory of mind"*>',

Neurocognitive impairments were established early on as fun-
damental features of schizophrenia, resulting in a wealth of neuro-
imaging studies examining cognition’. Initial f/MRI studies focused
on regional activity during specific cognitive tasks, demonstrating
aberrant activation in the DLPFC during working memory tasks in
people with schizophrenia vs. healthy controls'*"**®, Variability in
such findings was also soon evident, including both decreases and
increases in DLPFC activation during working memory perfor-
mance, prompting meta-analyses to integrate results and identify
potential moderating factors'®.

Meta-analyses of fMRI studies have focused on particular do-
mains of neurocognition, including working memory, episodic
memory, and executive functioning. A meta-analysis on DLPFC
activation during working memory tasks'*’, and a selective re-
view of fMRI studies of working memory deficits in schizophre-
nia®®, support the role of DLPFC dysfunction in working memory
impairments in schizophrenia. An early meta-analysis of {MRI
studies of working memory in schizophrenia also identified ab-
normal activation of the DLPFC, anterior cingulate cortex, and
insula compared to healthy controls®®. More recently, a meta-
analysis corroborated dysfunction of these areas, as well as of the
posterior parietal cortex and supplementary motor area, noting
that these identified regions are nodes of the cognitive control
network and salience networl”'.

Meta-analyses have also focused on fMRI studies of episodic
memory in schizophrenia, identifying aberrant activation in re-
gions including the left inferior prefrontal cortex, hippocampus,
and left cerebellum versus healthy controls®”®. A meta-analysis
of 41 functional neuroimaging studies of executive functioning
(sometimes referred to as cognitive control) in schizophrenia re-
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vealed decreased activation in the DLPFC, anterior cingulate, and
thalamus®.

These findings have been largely confirmed in a review of neu-
ral correlates across neurocognitive domains in different phases
of schizophrenia, noting that many of the neural abnormalities
evident in chronic schizophrenia appear to be present to some
degree prior to illness onset?™. In relation to this, a meta-analysis
of fMRI studies using neurocognitive tasks in CHR individuals
demonstrated reduced activation of the inferior parietal lobule
and medial frontal gyrus compared to healthy controls, and only
of the inferior parietal lobule when looking at a subset of four
studies using working memory tasks®”. The regions of the brain
implicated in these different cognitive functions are widely dis-
tributed and often overlapping®®. Indeed, these deficits may not
be discrete’®, and the DLPFC has been suggested as a potential
common substrate for many cognitive impairments®®.

As mentioned, neuroimaging studies in schizophrenia suggest
that cognitive performance depends on distributed brain systems
or networks, rather than isolated regions®”. A systematic review
examining associations between resting state functional con-
nectivity and neurocognition within and across domains found
that aberrant connectivity between regions of the cortex and
subcortex (cortico-cerebellar-striatal-thalamic loop) was asso-
ciated with deficits in executive functioning, working memory,
and processing speed, and that abnormal connectivity between
regions of the DMN and the frontoparietal (e.g., DLPFC) and
cingulo-opercular (e.g., anterior cingulate cortex) networks was
related to multiple cognitive domains®”®, Notably, unique associ-
ations between particular cognitive domains and specific abnor-
malities in functional connectivity were not detected, supporting
the idea of a disruption in shared mechanisms across neurocog-
nitive domains resulting in generalized cognitive impairments
observed in people with schizophrenia®®.

A recent meta-analysis also reviewed studies looking at the
association between structural brain metrics and cognitive do-
mains in schizophrenia, and mapped these structural findings
onto resting state functional brain networks>”. The frontoparietal
(cognitive control) network was associated with the most cogni-
tive domains, and the somatomotor, dorsal attention, and ven-
tral attention networks were also implicated in multiple cognitive
domains®”. In general, more complex cognitive processes, such
as reasoning and executive function, as well as social cognition,
were associated with more networks®”.

Though relatively fewer studies have examined the neural
correlates of social cognition in schizophrenia, there is consider-
able evidence for regional activation and functional connectivity
abnormalities in relation to social cognitive deficits. Lower- and
higher-level social cognition are believed to be subserved by par-
tially dissociable but interacting networks in the brain®**"3,
Lower-level social cognition is thought to depend on a frontopa-
rietal and insular “simulation network’; including the inferior pa-
rietal lobule, inferior frontal gyru5214'215, anterior cingulate cortex,
and anterior insula®'%*"", Higher-level social cognition is thought
to rely on a cortical midline and lateral temporal “mentalizing
network’; including the medial prefrontal cortex, temporoparietal
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junction, and precuneus®'®*'*. These lower- and higher-level so-
cial cognitive networks show overlap with the resting state fronto-
parietal and salience/ventral attention networks, and the DMN,
respectively*’.

Meta-analyses of fMRI studies using emotion perception and
theory of mind tasks in schizophrenia compared to healthy con-
trol groups have demonstrated altered brain activation in regions
of the simulation and mentalizing networks?*'***. Decreased
activation in regions of the mentalizing network have also been
identified in a meta-analysis of fMRI studies of theory of mind in
individuals with CHR?*®, though no differences in brain activa-
tion were found between at-risk and control groups in a recent
meta-analysis of fMRI studies examining negative emotion per-
ception®*’,

Past work has identified associations between resting state con-
nectivity among social cognitive regions and social cognitive per-
formance outside the scanner in schizophrenia'®®***** and first-
episode psychosis**, as well as symptom severity in schizophre-
nia®*!. However, findings have been inconsistent, and such in-
vestigations lack insight into online social processing. Task-based
fMRI studies have demonstrated greater functional connectiv-
ity in regions of the simulation and mentalizing networks dur-
ing mentalizing in schizophrenia compared to healthy controls
232233 though hypoconnectivity has also been reported between
social cognitive regions during social processing tasks****®.
Such inconsistent findings are likely driven by case-control de-
signs, often small samples, and varied analytical approaches.
It should also be noted that conceptualizations of social cogni-
tion vary, and differences in the constructs being measured and
reported domain scores may also contribute to variable results
236

Studies in larger samples have used data-driven, computation-
al approaches to elucidate the neural circuitry of social cognitive
impairments. Associations between functional abnormalities in
both the simulation and mentalizing networks and poorer social
cognitive performance have been identified across individuals
with schizophrenia and healthy controls during rest**’, a facial
imitation task?', and a more complex and naturalistic empathic
accuracy task*’. In particular, worse social cognitive performance
has been linked to more distributed activation across the men-
talizing and simulation networks®, and greater intra- and inter-
network connectivity across these social cognitive networks****,
indicative of decreased network efficiency and segregation. This
work also suggests that neural activation patterns during social
processing may relate to cognitive performance rather than diag-
nosis across schizophrenia and healthy controls. Evidence sug-
gests that this pattern may exist transdiagnostically, across schizo-
phrenia and autism for example®*®.

Notably, both non-social™ and social cognitive'®® domains have
been proposed as candidate endophenotypes for schizophrenia.
Given their associations with functional outcomes*™, they have
also been identified as promising treatment targets. Accordingly,
targeting brain circuitry important for these processes offers a po-
tential novel therapeutic advance with implications for cognitive

performance and, ultimately, functional outcomes>*,
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fMRI IN RELATION TO TREATMENT:
RESPONSE/RESISTANCE, MECHANISMS AND
THERAPEUTIC TARGETING

Antipsychotic medication

Given that schizophrenia is likely a heterogeneous disorder in-
volving multiple underlying pathological mechanisms®*!, attempts
to identify rational therapeutic targets have been challenging®**.
Functional brain imaging can be a powerful tool to better un-
derstand not only the underlying neural circuit dysfunction in
schizophrenia, but how different interventions can modify these
dysfunctional brain circuits. The incorporation of pre- and post-
treatment fMRI in clinical trials offers an opportunity to investigate
mechanisms of treatment response. Biologically based evidence
can further support the efficacy of interventions in modifying brain
function, and may provide evidence of “target engagement” even in
cases where the clinical or functional outcomes are challenging to
measure explicitly.

From 18 to 24% of patients with schizophrenia demonstrate
complete treatment resistance from the first episode******, and a
similar percentage show only partial or inadequate response®*°.
Ultimately, nearly 40% of patients are classified as non-responders
to first-line antipsychotic medications, resulting in the overwhelm-
ing majority of health resource utilization associated with psycho-
sis?*”. All effective and currently approved antipsychotic medica-
tions target dopamine D2 receptors, which are concentrated in
the striatum?*®**°, A wide array of evidence is consistent with the
hypothesis that there are two functional subtypes of schizophrenia
with respect to treatment response: the hyperdopaminergic and
normodopaminergic® %,

Cross-sectional®” and prospective’® PET studies suggest that
elevated dopamine synthesis capacity in the striatum is charac-
teristic of antipsychotic treatment responders, while treatment-
resistant cases of schizophrenia have normal striatal dopamine
functioning at baseline. Therefore, it is noteworthy that PET stri-
atal dopamine synthesis capacity has recently been associated
with differential patterns of cortico-striatal functional connectiv-
ity as measured by resting state fMRI*****>, However, striatal PET
imaging may not be an easily translatable biomarker, since it is
expensive, invasive, and involves exposure to ionizing radiation.
Resting state functional connectivity is a promising neuroimag-
ing technique to evaluate antipsychotic response. As resting state
fMRI does not require an active task; it is especially practical in
populations that may find traditional fMRI tasks difficult to per-
form>°, Several investigators have used resting state functional
connectivity of the striatum, a region rich in D2 receptors and the
major site of antipsychotic action, to evaluate its potential to pre-
dict treatment response.

Evidence from several studies suggests that striatal circuits could
be critical in mediating clinical response in people with psychosis.
Resting state fMRI baseline striatal connectivity has been found
to predict clinical response to antipsychotic treatment in a cohort
of first-episode patients who had undergone no or minimal prior
treatment®”. This “striatal connectivity index” demonstrated 80%
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sensitivity and 75% specificity for the prediction of acute antipsy-
chotic response in an independent cohort of multi-episode pa-
tients. Confidence in these results was enhanced by independent
data from a small longitudinally studied cohort of early-phase
schizophrenia patients*?, in which antipsychotic treatment result-
ed in similar normalization of frontostriatal connectivity. Similarly,
the role of baseline striatal connectivity in predicting treatment
response in schizophrenia was supported by another study*” in
which greater hippocampal baseline connectivity followed by a
connectivity increase over time to the caudate was associated with
better response. Two recent prospective studies have produced
comparable results'?**®,

Cross-validation of resting state functional connectivity pat-
terns predictive of treatment response in patients with different
clinical characteristics and environments is important to test the
stability of the predictor. Accordingly, striatal resting state func-
tional connectivity was explored in two cohorts of patients scan-
ned on different MRI platforms: a cohort of medication-naive first-
episode patients and a cohort of unmedicated patients with schizo-
phrenia261. In both cohorts, striatal resting state functional connec-
tivity was predictive of subsequent treatment response to antipsy-
chotic medication. Collectively, these independent and conver-
gent replications suggest that striatal connectivity may be a criti-
cal mediator, and perhaps predictor, of antipsychotic drug effects
on the brain.

Other functional networks have been studied in relation to their
potential to predict antipsychotic treatment response. Functional
connectivity of the DMN*** has been investigated in the above
mentioned two cohorts?®". In both of them, resting state functional
connectivity of the hippocampus, one of the principal regions of
the DMN, was predictive of subsequent treatment response.

A recent systematic review and meta-analysis quantifying the
utility of pre-treatment resting state fMRI in predicting antipsy-
chotic response reviewed 22 datasets with 1,280 individuals, and
concluded that striatal and DMN resting state functional con-
nectivity were consistent predictors of antipsychotic treatment
response®. The meta-analysis based on 12 datasets revealed an
overall 81% sensitivity and 76% specificity to predict categorically
defined treatment response.

Few studies have evaluated patterns of resting state functional
connectivity in patients meeting criteria for treatment resistance,
and differences in methodology have precluded meaningful con-
clusions®. More interesting are studies aimed to characterize pat-
terns of resting state functional connectivity linked to the superior
therapeutic action of clozapine in those not responding to trials
of first-line antipsychotic medications. Because clozapine, unlike
first-line antipsychotics, binds to dopamine D2 receptors with low
affinity and has a uniquely rich pharmacology (with significant
activity at other dopaminergic, muscarinic, adrenergic, histamine
and serotonergic receptor subtypes®* %), distinctive resting state
functional connectivity patterns associated with its efficacy should
be expected. In treatment-refractory participants enrolled in a trial
of clozapine, response to this drug was associated with an increase
in corticostriatal resting state functional connectivity between the
dorsal caudate and the frontoparietal network, which was also
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predictive of response at pre-treatment®®’. Although these findings
need to be replicated with larger cohorts of treatment-refractory
patients, they may indicate that changes in corticostriatal connec-
tivity may represent a downstream mechanism of action common
to all antipsychotic medications.

Another prospective neuroimaging study evaluated changes
in clinical symptoms and patterns of resting state functional con-
nectivity in schizophrenia patients who started treatment with clo-
zapine®®, A first step data-reduction of item-level clinical scales
revealed four distinct patterns of treatment response to clozapine.
Interestingly, those clinical patterns mapped onto distinct neuro-
imaging resting state functional connectivity features, that are thus
relevant to clozapine-induced symptom change and can provide
neuro-behavioral targets linked to clozapine efficacy.

Psychotherapy and psychosocial interventions

Though evidence is limited, fMRI studies have also shown
that psychotherapy has the potential to induce functional brain
changes in individuals with schizophrenia. For instance, cognitive
behavioral therapy has been associated with increased functional
connectivity between the DLPFC, dorsomedial prefrontal cortex
and caudate®®, as well as between the DLPFC and amygdala/
visual cortex’”’, with prefrontal connectivity changes predicting
long-term recovery*'".

Cognitive remediation and related psychosocial interventions
have also been associated with increases in functional connec-
tivity in frontal cortex’”* and increased frontal activation during
task-based fMRI*"**", Activation in areas other than the frontal
cortex have also been observed, including the anterior cingulate
and parietal cortex’”>?"®, Recent reviews investigating cognitive
remediation in individuals with schizophrenia revealed positive
associations between cognitive improvements and functional
and structural changes in frontal brain regions® ", Interestingly,
a study examining changes in functional connectivity following
cognitive remediation found that patients who received treatment
showed more normalized brain network patterns, comparable
to those observed in healthy controls*”. Social cognitive training
has also been shown to influence neural function in regions that
support social cognition, such as the postcentral gyrus and amyg-
dala, while improving emotion-processing abilities”**,

Studies in this field have usually included small patient sam-
ples, and additional research is required to comprehensively
grasp the neural mechanisms involved in the effects of psycho-
therapy and psychosocial interventions, further explore ways to
optimize them for improved functional outcomes, and demon-
strate if such changes are transitory or persist over time.

Neurostimulation
A variety of neurostimulation methods have been used to treat

schizophrenia, including electroconvulsive therapy (ECT), repeti-
tive transcranial magnetic stimulation (rTMS), transcranial direct
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current stimulation (tDCS), and deep brain stimulation (DBS).

ECT is being used in treatment-resistant schizophrenia or as
augmentation in clozapine-resistant patients®*>***, Baseline fMRI
imaging has revealed patterns of dyssynchronous dynamic con-
nectivity involving prefrontal-temporal regions as a prognostic
marker of response to ECT?®, Following ECT, a decreased cou-
pling between the right amygdala and the left hippocampus, and
an increased functional connectivity between the hippocampus
and a range of cortical regions, have been reported”®®*,

r'TMS and TDCS are becoming significant tools for addressing
symptoms of schizophrenia that are not mitigated by convention-
al treatmentszgg, such as cognitive impairmentszgg’zgo, negative
symptoms>"**, and refractory hallucinations®**%, Early rTMS
targets were identified via local changes in brain activity®***”.
However, fMRI research has demonstrated that -TMS exerts deep-
er and broader effects by propagating along neural networks con-
nected to the target site®** 3%,

fMRI-guided rTMS targeting has been used for refractory au-
ditory hallucinations. Several studies have targeted the temporo-
parietal junction, generally using an “inhibitory” protocol***%,
as it represents a core region of overactivity within neural circuits
associated with hallucinations®, Studies examining post-treat-
ment changes found increased network connectivity in regions of
the auditory/sensorimotor, central executive, and default mode
networks®®, and normalized connectivity between the default
mode and language networks, and within the auditory and central
executive networks®*. Another protocol using “excitatory” rTMS,
with a functionally identified target in the language region of the
superior temporal sulcus, observed a decrease in hallucinations®””.

Additional studies have shown both a reduction in activation
after rTMS delivery to the temporal lobe and a corresponding
decrease in hallucinations*®®, Moreover, a unique fMRI-based
case study has suggested that there may be efficacy for halluci-
nations in very late onset schizophrenia via theta-burst stimula-
tion (TBS)*™. However, a recent meta-analysis did not find strong
evidence for a reduction in hallucinations following rTMS or tDCS
293

Neurostimulation to reduce negative symptoms has targeted
the DLPFC**, based largely on early neuroimaging work impli-
cating the prefrontal cortex in schizophrenia and negative symp-
toms*'**"! and the antidepressant effects of rTMS to the DLPFC*'%,
While fewer studies have used neuroimaging to assess the mecha-
nistic effects of rTMS for negative symptoms, task-induced activity
in the DLPFC has been shown to increase’", and left DLPFC stim-
ulation has been associated with a decrease in negative symp-
toms and a corresponding change in dynamic connectivity of the
cortico-thalamo-cerebellar circuit®*. Similarly, reduced negative
symptoms and large-scale modulation of functional interactions
have been noted with intermittent TBS of the left DLPFC*"®. Re-
lated studies focused on social cognitive deficits support modu-
lation of neural circuitry during social-emotional evaluation with
rTMS to the DLPFC'®.

Two potentially powerful ways by which evolving fMRI ap-
proaches can improve rTMS is the identification of novel circuit-
based targets and personalizing treatment. As an example of the
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former, a data-driven analysis identified connectivity between the
DLPFC and the cerebellar vermis as the most significant predictor
of negative symptom severity in a sample of people with schizo-
phrenia, and validated this in an independent sample by demon-
strating a relationship between increased DLPFC-cerebellar con-
nectivity and reduction in negative symptoms after rTMS to the
cerebellar vermis'®®. This aligns with evidence suggesting that in-
dividual variability in functional connectivity can affect response
to brain stimulation. Indeed, reductions in depression following
DLPFC stimulation have been associated with anticorrelation (i.e.,
negative correlation) of the rTMS sites with the subgenual cingu-
late cortex®'”. The proximity of the rTMS target to an individually
calculated optimal target based on anticorrelation with the sub-
genual cingulate cortex has also been found to predict treatment
response in depression®'®*'?, raising the possibility that individu-
alized rTMS targeting may improve treatment outcomes>>. The
combination of personalized functional connectivity mapping to
identify target locations, and electric field modeling to maximally
stimulate critical regions, may individually optimize neurostimu-
lation treatment®*” and be applicable to novel treatment targets in
schizophrenia, such as social cognition32.

Findings in schizophrenia with tDCS, a more portable method
for neurostimulation, have also been examined in relation to f{MRI,
but data are preliminary. Functional connectivity of the superior
temporal gyrus has been suggested as a potential prognostic mark-
er for response to tDCS**'. Separate studies focused on cognition
have reported positive effects with tDCS in schizophrenia and as-
sociated changes in neural circuitry**’. Negative symptoms have
also been targeted by tDCS, showing reductions in symptom rat-
ings and associated prefrontal circuitry changes®****,

DBS is an invasive surgical treatment based on implantation of
a small electrode capable of modulating localized aberrant neural
circuits**>**, The largest human trial to date in schizophrenia in-
cluded only seven participants, four of whom showed significant
reductions in symptoms with electrodes placed in the subgenual
anterior cingulate cortex or the nucleus accumbens®”’, based in
part on prior success for these regions in depression®”® and ob-
sessive-compulsive disorder’”. A single case study of DBS in the
substantia nigra showed clinical improvements, including a com-
plete cessation of hallucinations®".

DBS within schizophrenia has faced several challenges, includ-
ing difficulty or failure recruiting participants**', ethical consider-
ations around vulnerabilitym, and concerns about increased sur-
gical risks in people with this disorder®**** It is, therefore, critical
that future DBS trials are informed by a deeper understanding of
the neural circuitry of the specific symptoms or behaviors being
targeted, or systems which might have broader impact. Ideally,
such targets should be established at the individual level, to opti-
mize treatment outcomes.

Functional imaging can also identify broader mechanisms
of psychosis to provide targets for novel interventions. As men-
tioned, there is substantial evidence supporting a disturbance in
thalamo-cortical and thalamo-striatal connectivity in schizophre-
nia, which has been suggested as a crucial system that contributes
to a wide range of underlying cognitive deficits and clinical symp-
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toms**>**®, The thalamus includes multiple nuclei that interact
with subcortical and cortical regions®”>**, modulating cortical
connectivity and maintaining or coordinating task-relevant corti-
cal representations>*’. Interestingly, lesions to associative thalam-
ic nuclei can result in psychosis symptoms®*!. Targeting specific
thalamic nuclei may provide an opportunity for broad clinical im-
pact. Emerging treatment modalities such as focused ultrasound,
allowing deep brain neuromodulation of specific brain regions®*,
may provide a novel mechanism to modulate thalamic connectiv-
ity and function to treat schizophrenia.

fMRI AND DATA-DRIVEN APPROACHES TO DISSECT
HETEROGENEITY

High levels of heterogeneity of brain metrics is the norm, even
in non-clinical populations'®*’. A growing body of evidence sug-
gests that schizophrenia encompasses even greater variability in
both fMRI task activation'”*#3** and resting state functional con-
nectivity***3* than is present in the general population. Recent
work has shown that there is minimal overlap in brain abnormali-
ties among those who share the same diagnosis, indicating that dif-
ferences at the group level may conceal biological heterogeneity
and interindividual variations among people with schizophre-
nia®. Consequently, relying exclusively on case-control research
will be inadequate to advance efforts for clinical translation of neu-
roscience results.

The Research Domain Criteria (RDoC) initiative shifts away from
the conventional case-control research model, calling for integra-
tion of multi-level data (e.g., deep phenotyping across measures of
genes, circuits, physiology, cognition and behavior) to characterize
the full range of transdiagnostic brain-behavior dimensions within
and across domains*”**’. European initiatives - e.g., the Psychiat-
ric Ratings using Intermediate Stratified Markers (PRISM) project
- have similarly called for a shift to transdiagnostic research®*, The
ultimate aim is to identify subsets of individuals with more homo-
geneous biological profiles that map onto specific clinical features,
which may inform stratification for clinical trials and biologically
targeted transdiagnostic treatment approaches. Both dimensional
brain-behavior research approaches and biotyping approaches
align with this framework.

The neural circuitry of specific symptom, behavioral or cog-
nitive domains can be mapped via brain-behavior associations,
often assessed using linear models. Such approaches have been
used to map the underlying neurobiology of symptom profiles
(e.g., negative symptoms'®**®’, hallucinations®**), identify tar-
gets for brain stimulation'®®, and predict clinical outcomes and
medication response®****, Utilizing linear analysis can delineate
variability which exists across a given population, as opposed to
relationships which are driven by a particular disorder. For exam-
ple, case-control research has indicated that disruptions in social
cognition in schizophrenia'™"'®" are linked to differences in social
cognitive neural circuit activation®, However, when examining
the relationship between social cognition and related circuits
across schizophrenia and controls, social cognitive network con-
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nectivity was associated with social cognitive deficits but not di-
agnosis®.

Biotyping is another approach to tackling the challenge of het-
erogeneityzg'zg’348, wherein data-driven methods, such as cluster-
ing, are used to identify subgroups with common neurobiological
characteristics. Subgroups with shared brain-behavior relation-
ships may be more homogeneous in therapeutic response and
etiology™"**%. Indeed, transdiagnostic work has identified sub-
groups with shared patterns of brain activation®', functional con-
nectivity™’, gray and white matter structure®>**, and other mul-
tivariate biomarkers*®, which may have implications for progno-
sis and targeted treatment development. However, clustering ap-
proaches can, at times, separate participants into discrete group-
ings even when they exist along an underlying continuum'¥**®,

Multimodal fusion techniques such as similarity network fu-
sion®” - which can integrate different data types and identify indi-
viduals with similar profiles across clinical/behavioral, structural
and functional neuroimaging, and other metrics (e.g., genetics,
peripheral biomarkers) - may prove a powerful tool for dissecting
heterogeneity and deriving reliable biotypes. For example, fusion
across structural imaging and behavioral measures in people with
schizophrenia, autism and bipolar disorder identified novel, reli-
able and separable biotypes with distinct neural circuit-cognitive
profiles, whereby effect sizes for between-group differences were
greater with data-driven subgroups than those found using con-
ventional diagnostic groupings®>*.

Advanced analytical approaches such as multivariate statistics
may allow for the identification of unique and common neural
circuitry underlying clinical/behavioral scores*"**. Multivariate
approaches can also provide insight into which behavioral do-
mains represent shared constructs of underlying risk factors with
common neurobiology**®, case-control differences during cogni-
tive processing”****3% or differences across genotypes®". In this
way, neurobiology can inform the understanding of clinical do-
mains®’. Likewise, multivariate approaches can identify common
and distinct neurobiological markers and behaviors across relat-
ed sets of psychiatric disorders®®.

As previously described, recent shifts in research frameworks
have also led to the use of predictive multivariate machine learning
techniques, moving from explanatory to predictive analyses”**,
Machine learning techniques are ideally suited for making pre-
dictions from neuroimaging data, given that they are designed
for multivariate analyses of high-dimensional data®*. Machine
learning models using fMRI data have been utilized to make binary
classifications®*>*%, and regression-based prediction approaches
are becoming increasingly popular to make individual-level pre-
dictions of behavior, clinical symptoms, and ﬁlnctioning367, or ex-
amine deviations from a normative distribution®®. Generalizabil-
ity of machine learning models established on the basis of a given
sample can be evaluated using simulations that resample data,
such as bootstrapping and cross-validation, but should ideally in-
volve applying the model in a new external validation sample®**%,

Machine learning has also been used to provide more indi-
vidualized parcellation of brain regions on a common template,
improving the predictive power of functional connectivity*”’. In-
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dividualized deviations from common group parcellations using
support vector regression have been related to both positive and
negative symptoms, in contrast to atlas-based connectivity*"".
Ideally, future applications of machine learning to predict behav-
ior or cognition at the individual level*”* may serve to inform cli-
nician decisions.

The use of functional connectivity data in association with oth-
er modalities (neuroimaging, genetic, electrophysiological) to im-
prove prediction performance also holds great promise. However,
its implementation will necessitate building models which use
carefully selected predictors, and testing their accuracy, general-
izability and clinical utility in real-world clinical settings".

Prediction of treatment response at the individual patient level
will also be of great value. For example, using machine learning
algorithms and the resting state functional connectivity of the su-
perior temporal cortex, medication-naive first-episode psychosis
was identified with an accuracy of 78.6%, and treatment response

at the individual level was predicted with an accuracy of 82.5%
374

METHODOLOGICAL CONSIDERATIONS AND
ADVANCES

A common refrain in neuroimaging is the need for larger, rep-
resentative studies. An underpowered study reduces the true pos-
itive rate for significant findings in the usual null-hypothesis
framework, making reproducibility of any findings an overarching
concern. Consortia of researchers to address the need for larger,
more representative datasets are needed in neuroimaging just as
they are in clinical trials".

The consortia approach can allow to collect large samples, as in
the Function Biomedical Informatics Research Network (FBIRN),
the Bipolar-Schizophrenia Network on Intermediate Phenotypes
(B-SNIP), the Social Processes Initiative in Neurobiology of the
Schizophrenia(s) (SPINS), the NAPLS and the ProNET studies,
and the ongoing Accelerating Medicines Partnership (AMP) -
Schizophrenia (SCZ) Programme®>>", In these projects, the fo-
cus is making the study parameters as similar as possible, so that
the samples are homogeneous, the clinical assessments are the
same across the whole sample, and the imaging techniques are
prescribed prior to data collection to reduce site differences. This
can increase power by reducing heterogeneity. Other consortia
work with already-collected data'®: the prospective meta-analysis
technique used by the ENIGMA Schizophrenia Working Group,
for example'?, prescribes the imaging processing techniques to be
applied across dozens of datasets, removing the data processing
and analysis as a source of heterogeneity. This kind of approach
can lead to post-hoc datasets of thousands or tens of thousands.

The power of large samples is key, with international repre-
sentation and increased inclusivity, but it also leads to innovative
approaches for identifying and addressing heterogeneity. How
much of the variability in published results is due to differences in
the statistical approach, or to differences in characteristics of the
sample? For example, in the meta-analysis of subcortical volumes
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in the ENIGMA Schizophrenia Working Group'?, a moderation
analysis demonstrated that hippocampal volume deficits were
more severe in samples with a higher proportion of unmedicated
patients, adding to our understanding of sources of heterogene-
ity. At the same time, the drive to combine datasets directly, rather
than doing a meta-analysis, has led to applications to fMRI mea-
sures of harmonization techniques known as ComBat (named for
“combating batch effects when combining batches”), borrowed
from genetics, with notable successes®®". Standardized pipelines
to reduce sources of noise while being sensitive to individual var-
iation are becoming the norm, improving the chances for repro-
ducible results®.

As previously noted, recent advancements in MRI research ap-
proaches have opened new opportunities to address individual
heterogeneity, collectively called precision fMRI. First, advances
have been made in imaging sequences on MRI scanners. Hyper-
band fMRI can improve image quality via higher spatial and tem-
poral resolution®. In addition, multi-echo fMRI images might
be less susceptible to the effects of human motion®. Second,
novel “personalized” MRI data processing approaches can better
account for individual variability in brain morphology. Using cor-
tical surface-based fMRI pipelines to account for differences in
folding patterns across individuals will increase the power to de-
tect clinically relevant effects.

Furthermore, fMRI data can map individual functional topog-
raphy***"**#2 which can provide additional advantages for find-
ing associations with symptoms™"* or cognition®*. Mapping indi-
vidual functional topography requires more prolonged and more
frequent within-individual scans’?, and is therefore mostly con-
ducted in studies where multiple MRI sessions are available, but
can build a more reliable, stable and individually specific “func-
tional connectome”*"*3%,

When planning the next generation of fMRI research experi-
ments, one additional consideration will be what participants
will do inside the scanner. Participants could be asked to com-
plete any number of cognitive tasks (task-based fMRI), they could
watch movies (sometimes referred to as “naturalistic viewing”***),
or lie still (i.e., resting state fMRI). Resting state fMRI has the ad-
vantages of not needing additional equipment and having simpler
task instructions that can still be followed when participants have
more severe symptoms or cognitive deficits. However, the “resting
state” is also less engaging, and so participants are more likely to
move®® and fall asleep®” than when a task or movie is present.
While much of the original work with task-based fMRI involved
fitting a task model to the fMRI data (i.e., region-based analysis), it is
crucial to consider that analytic tools that were primarily developed
for resting state fMRI - that is, the calculation of functional connec-
tivity and network-based modelling - are equally, if not more, use-
ful when applied to task-based or naturalistic viewing data.

Task-based and resting state functional connectivity could
lead to different biomarkers due to different “brain states” Exam-
ining connectivity during task states provides additional informa-
tion on the relationship between connectivity and cognition®**%,
Therefore, renewed interest in functional connectivity during
different brain states is emerging, with some newer tasks being
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developed to study paranoia®®’. Considering both resting state
and task-based functional connectivity is essential to enhance

interpretability and sensitivity to brain-behavior relationships
24,237

LIMITATIONS

Although fMRI has been highly impactful in psychiatry re-
search in the past three decades, it is associated with several kinds
of limitations which have until now hampered its deployment in
clinical settings. If fMRI is to become a useful diagnostic/prognos-
tic tool in the care of patients with schizophrenia - e.g., to predict
conversion to psychosis from at-risk states, to predict response to
certain antipsychotic medications, or to guide precision treatment
- these limitations will need to be overcome.

We divide these limitations into three categories: technical, ex-
perimental and conceptual. Technical limitations are those con-
cerning data collection and analysis. Experimental limitations
are those that come up in the conduct of clinical fMRI research,
such as sample size and power limitations, and sampling biases.
Conceptual limitations refer to issues in interpretation of fMRI
findings in clinical schizophrenia research. This survey of limita-
tions helps provide a realistic assessment of the current state of
the field.

While fMRI has provided valuable insights into the pathophysi-
ology of schizophrenia, it is important to keep in mind what it is
measuring. fMRI is an indirect measure of brain activity. It is not
able to delineate activity differences across neurotransmitter sys-
tems, which would help identify putative pharmacological targets.
The spatial resolution of f/MRI is closely associated with the signal-
to-noise ratio, and influenced by field strength, brain coverage,
acquisition technique, and temporal resolution®*. The temporal
resolution of fMRI is limited by the hemodynamic response time,
and the BOLD response peaks about 5-6 seconds after stimulus
onset, which is much slower than the neural response. However,
early work revealed that jittering stimuli presentation and the use
of event-related designs could help to overcome these obstacles
391392 and there is increasing evidence to suggest that early phases
of the BOLD response may provide information about neural ac-
tivity with higher temporal resolution®.

Recent advances in echo planar imaging (EPI) acquisition have
allowed for increased spatial and temporal resolution. Multi-band
accelerated EPI (also known as hyper-band), popularized and
made readily available by the Human Connectome Project**%,
allows for the collection of multiple brain slices simultaneously,
increasing the speed of whole brain coverage and spatial resolu-
tion**3%, Ultra-high magnetic fields improve the signal-to-noise
ratio and enhance the BOLD contrast, allowing for greater spatial
resolution, and are becoming more commonly used in schizo-
phrenia research®®, but high-field f{MRI has its own technical and
methodological challenges and is not widely available*®.

fMRI is sensitive to a variety of noise sources, including scanner
artefacts, participant motion, and cardiac and respiratory activity.
Technological improvements have helped to mitigate motion ar-
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tefacts: accelerated imaging reduces the opportunity for partici-
pants to move, but increased resolution also heightens sensitivity
to participant motion*”. Improved scanner hardware has resulted
in reduced signal distortion, blurring and dropout®**"",

Evidence suggests that multi-echo fMRI may provide a promis-
ing avenue for mitigating motion artefacts®*, Multi-echo reads
fMRI data at multiple time points for each slice acquisition, re-
moving non-BOLD signal (such as scanner and motion artefacts).
It has also been shown to allow greater reliability in shorter scan
durations*®, which may be critical to implement functional imag-
ing in clinical samples. However, while software tools for multi-
echo analysis exist'®*, multi-echo sequences are not available on
all MRIs, and require higher technical knowledge to implement
and analyze. The influence of motion on fMRI metrics remains a
prominent concern in studies of functional connectivity*®, partic-
ularly as clinical populations such as people with schizophrenia
frequently show greater in-scanner motion**® %,

Despite hardware improvements, residual sources of noise
and artefact are inescapable in any imaging technology, and must
be addressed in the image reconstruction and data analytic pro-
cess. Pipelines for modelling and removing physiological noise
and participant motion have been widely utilized to mitigate
these effects*®*!%, For example, global signal regression (GSR)
is a potentially powerful denoising strategy*'® which is effective
at minimizing associations between motion and connectivity in
resting state f{MRI data®'"*'%, However, it has the potential to re-
move signals of interest*'?, introduce spurious anticorrelations®'®,
and distort group differences'***”. There is also some evidence to
suggest that the global signal differs in people with schizophrenia
compared to healthy controls*'®*!, Thus, while GSR may mitigate
multiple noise sources, it has the potential to remove important
signal characteristics, and many publications present dual sets of
results (both with and without GSR), without making claims as to
which represents the “ground truth”*’.

More broadly, the sheer multiplicity of analytic choices re-
quired in fMRI research - from raw signal to processed images and
then to statistical brain-behavior relationships and group compar-
isons - vastly increases the number of “researcher degrees of free-
dom”**, thereby increasing the possibility of false positives and
non-replicability. Additionally, the three most widely utilized soft-
ware packages for analyzing fMRI data have subtle differences in
implementation of basic pre-processing and analytic steps***, po-
tentially yielding different results even under similar assumptions.
Moreover, these software differences can have varying effects on
output across different task conditions*?, software versions**, or
even different hardware configurations and operating systems**>,

A recent landmark study® illustrated the magnitude of the
challenge in generating reproducible results in fMRI studies. A
single fMRI dataset was distributed to 70 independent research
teams, along with a pre-specified set of hypotheses to test, re-
sulting in three key findings: a) no two groups utilized the same
processing pipeline; b) the degree of concordance across groups
was approximately midway between pure chance and complete
agreement; and c) the researchers were generally inaccurate in

their predictions about the results, with an “optimistic” bias to-
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wards expecting significant results.

Due to increasing awareness of these issues, at least three sets
of solutions have been proposed for future research: a) the use of
stable, uniform and openly-annotated pipelines and platforms***
. b) benchmarking approaches to quantifying and reporting the
residual degree of artefact and variability present in a given set
of outputs431’434; and c) performing “multiverse” analysis, which
entails reporting results from a multiplicity of analytic approaches
within a single paper**>*%,

Experimental limitations, including small sample sizes and sam-
pling bias, have also contributed to reproducibility and generaliz-
ability issues in fMRI research, as has variability across studies in
participant sampling. As previously described, participant hetero-
geneity, the use of small samples, and focus on case-control com-
parisons have contributed to inconsistent findings in the field and
impeded biomarker identification, but the shift towards larger,
multi-site samples, deep phenotyping, and dimensional vs. cat-
egorical approaches holds considerable promise.

Though it is a non-invasive technique, fMRI requires partici-
pants to remain still and supine, often for an extended period of
time, within a noisy, confined space, inherently limiting the po-
tential sampling pool. A recent study found lower trait anxiety
scores in healthy fMRI study participants across multiple centers,
indicative of sampling or self-selection bias**’. These could result
in failure to generalize across study contexts and the full range of
the population.

As mentioned, greater in-scanner head motion has been re-
ported in clinical populations**®*%. fMRI in-scanner head motion
has been associated with cognitive performance®® and 1Q**. Ac-
cordingly, there is evidence that participants with greater cogni-
tive and functional impairment tend to be more often excluded
through quality control procedures**’, precluding the analysis of
data from those who may be the most in need of interventions.

In clinical studies, unstable illness and comorbidities are often
exclusion criteria. It is challenging to study inpatients, and even
more difficult to include those who are so ill as to require sub-
stitute decision making. Many patients use substances and are
often excluded from research, because these substances may act
on the same systems as the illness itself**"***, The effects of anti-
psychotic medication on the brain are also not yet fully under-
stood*****, often acting as a confound in studies including medi-
cated patients***. This limits the generalizability of most fMRI
studies. Moreover, the validity of selected cognitive and clinical
assessments, either in or out of the scanner, is another critical con-
sideration that can influence the reliability of brain-behavior as-
sociations**®. fMRI is also expensive and not necessarily readily
available in lower-income and more rural areas, and its potential
clinical utility is influenced by and must be weighed against these
factors.

In addition to these technical and experimental issues, the
field is also increasingly grappling with challenges to the concep-
tual framework underpinning much conventional neuroimaging
research to date. As previously highlighted, most fMRI studies
examine functional connectivity differences between cases and
controls, but functional connectivity across the brain is a multifac-
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eted phenomenon that may be, to some extent, a “moving target”.
While some of its aspects are consistent for an individual across
time and condition, other components are not highly reliable
across testing sessions**’. Specifically, individual connections
(edges) demonstrate a “poor” reliability (average intraclass cor-
relation coefficient = 0.29), while large within-network functional
connectivity values are more stable**®, Moreover, functional con-
nectivity changes dynamically within a scanning session**®, and
this dynamic variability is itself a heritable phenomenon that may
influence cognitive and psychiatric traits**’.

Additionally, while functional connectivity has traditionally
been measured using canonical boundaries for nodal regions (al-
beit with varying degrees of spatial resolution), there has been a
recently emerging trend towards individualized definition of func-
tional connectivity network boundaries*>*"*#**'*33  following
demonstrations that these individual differences are heritable***,
increase statistical strength of brain-behavior associations #3834
and are relevant to the study of psychopathology, including schizo-
phrenia®***,

Similarly, fMRI studies of task activations generally share the
implicit assumption that there is a single region, or set of regions,
underlying a given functional process (e.g., memory or response
inhibition). However, it has long been acknowledged that the
human brain can meet a given set of task demands using differ-
ent strategies””**, Consequently, it has recently been suggested
that a “complexity” approach to brain-behavior relationships, al-
lowing a many-to-one mapping of brain states to behavior, will
be more productive than comparing groups on single-region ac-
tivations. This approach is congruent with the recent search for
subgroups of patients that share a similar “biotype” - i.e., the pat-
tern of overall brain organization may identify subgroups of pa-
tients with distinct pathophysiology**>*®**®% It is also important
to note that non-canonical functional network patterns may be
marked by relevant demographic and clinical differences that
should not be ignored*®. These recent changes to the underlying
conceptual framework of fMRI studies in schizophrenia are dis-
cussed in greater detail in the section below.

FUTURE DIRECTIONS

Within each section of this paper, the evolution of approaches,
techniques and strategies of {MRI research in schizophrenia has
been reviewed (see Table 1 for a summary). For example, initial
studies started with small sample sizes comparing chronic pa-
tients to healthy controls. By contrast, current studies more com-
monly include people in the earlier stages of illness (including
CHR subjects) and may employ large consortium-based approach-
es to enhance sample size. The sections of this paper themselves
have a historical arc, starting with diagnostic case-control approach-
es to identify group differences, moving to more recent efforts to
use fMRI for personalized treatment in a precision medicine par-
adigm, such as individually-targeted neurostimulation. This final
section serves to bring together aspects of each of the preceding
sections, with a view to the future.
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Table 1 Summary of functional magnetic resonance imaging (fMRI) research on schizophrenia

Advances

Challenges

Diagnostic markers

Markers of negative
symptoms

Markers of cognitive
deficits

fMRI in relation
to treatment:
response/
resistance,
mechanisms,
and therapeutic
targeting

fMRI and data-
driven approaches
to dissect
heterogeneity

Methodological
considerations
and advances

Functional neuroimaging analyses have evolved from regional approaches
to global connectivity, including advanced analyses to characterize key
pathophysiologic markers of schizophrenia and clinical high risk more
comprehensively.

Machine learning approaches hold promise for parsing heterogeneity and
predicting conversion from clinical high risk to psychosis.

Potential neural markers of negative symptoms have been identified in fMRI
studies of early and chronic schizophrenia, and results suggest that these
may vary by symptom construct, highlighting the importance of symptom
delineation when investigating their neural basis.

Particular neural networks have been implicated in non-social and social cognitive
deficits in schizophrenia, with recent dimensional analyses suggesting that
neural activation patterns during cognitive processing may relate to cognitive
performance rather than diagnosis across schizophrenia and healthy controls.

fMRI has provided insights into potential treatment response markers and
mechanisms through pre- and post-intervention analyses of antipsychotics,
psychotherapy and psychosocial interventions, and neurostimulation. For
instance, striatal resting state functional connectivity has emerged as a potential
marker for antipsychotic treatment response.

The use of functional imaging to guide neurostimulation treatments — such as
DBS, rTMS and tDCS - allows for more precise targeting of symptom-related
circuits, and recent advances in individualized targeting may optimize target
engagement and treatment response.

Heterogeneity in schizophrenia may be better characterized using dimensional
or more individualized rather than categorical approaches, including linear
models for mapping brain-behavior associations, biotyping through data-driven
clustering, and advanced multivariate techniques to identify distinct and shared
neural features with other psychiatric disorders.

Collaborative research and consortia approaches have facilitated the aggregation
of large and diverse neuroimaging datasets and shared analytical pipelines,
offering international representation, enhanced statistical power, and
standardization, as well as improved reliability and generalizability.

Improved imaging sequences, personalized data processing approaches, and
mapping individual functional topography via deep phenotyping offer
opportunities to address individual heterogeneity using precision fMRI.

Despite an abundance of fMRI-based case-control
differences, findings are inconsistent, and the
search for clinically useful functional imaging
markers of schizophrenia continues.

Heterogeneity across people with schizophrenia
and healthy controls may impede diagnostic
biomarker discovery, and small, single-site
samples limit generalizability.

Negative symptoms are a major determinant of
poor functional outcomes in schizophrenia
which lack effective treatments, yet few
functional neuroimaging studies have focused
on them, and different conceptualizations of
negative symptoms may obscure results.

Inconsistencies in functional neural correlates of
cognitive performance are likely due, in part, to
variability in cognitive abilities, and how they
are conceptualized and measured.

The mechanisms of many therapeutic agents
in schizophrenia are poorly understood. The
identification of therapeutic targets has been
hampered by symptom heterogeneity likely
involving multiple underlying pathological
mechanisms and contributing to variable
response rates.

It is unclear how to best quantify or classify
heterogeneity (e.g., biotypes versus dimensional
approaches), and translate heterogeneous results
to clinical practice.

Refined measurement techniques are required
to capture individual variability in brain
organization and connectivity profiles, as well
as changes in state-related brain signatures.

DBS — deep brain stimulation, rTMS — repetitive transcranial magnetic stimulation, tDCS — transcranial direct current stimulation

In the diagnostics arena, initial enthusiasm was generated by
small sample size studies showing apparently clear differences be-
tween patients and non-psychiatric controls using fMRI. For ex-
ample, several studies demonstrated reduced prefrontal acti-
vation in people with schizophrenia on the “N-back task” of work-
ing memory*®. However, conceptual issues related to heteroge-
neity were apparent even in these early studies, some of which
demonstrated increased prefrontal activation, attributed to “corti-
cal inefficiency’, such that patients might use greater prefrontal re-
sources even while achieving lower accuracy*®. Of note, as early
as 1998, with very small sample sizes, individual level maps of
activation were examined, and the authors concluded: “Five of six
patients, including two who were neuroleptic-naive, failed to acti-
vate DLPFC. In addition, a tendency for overactivation of parietal
cortex was seen’. While the authors attributed much of this vari-
ability to motion (which in part was likely correct), they were pre-
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scient insofar as no one patient uses exactly the same set of voxels
(brain regions/circuits) to perform a task in the scanner”. These
observations were not followed up for nearly 20 years, as the
template for the vast majority of studies was a case-control com-
parison, followed in some cases by conducting a brain-behavior
correlation with task performance for regions showing between-
group differences. Work emerging over the past five years has sub-
stantially changed the way we think about heterogeneity in brain
activation and network connectivity patterns across individuals,
providing a potential roadmap forward.

With larger sample sizes and data-driven statistical approach-
es, it has become increasingly clear that there are relatively dis-
tinct patterns of activation amongst subgroups of patients. At the
same time, these patterns may not differ when taking patients
with schizophrenia and comparing them to non-psychiatric con-
trols, or to other diagnostic groups, such as bipolar disorder. For
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instance, in tasks related to social cognition, data-driven analy-
ses aimed at heterogeneity dissection showed that subgroups of
patients used different brain areas (and potentially neural strat-
egies) to complete the same facial emotion imitation task in the
scanner’'. However, non-psychiatric controls also used the same
range of networks/strategies, and there was no difference in the
frequency of patients or non-psychiatric controls in each strategy-
defined group. Nevertheless, there was a relationship between
strategy/network utilization and social cognitive performance,
such that participants in the “deactivating” group demonstrated
better performance relative to people in the “hyperactivating” and
“intermediate” groups. Additional investigations in larger sam-
ples (e.g., from the Human Connectome Project) show that the
relationship between task-related fMRI network utilization and
behavioral performance across a variety of cognitive tasks may fall
along dimensions'®. However, the dimensional position of any in-
dividual participant may vary as a function of task.

Does this mean that between-group (i.e., schizophrenia ver-
sus non-psychiatric control) comparisons are uninformative?
Recent data suggest that with large enough sample sizes, collect-
ed from multiple centers, certain findings of small effect are reli-
able. For example, using resting state fMR], it does appear that
cortico-striato-thalamo-cortical network differences are present
when comparing patients with schizophrenia to controls'?®. At the
same time, there is individual variability within each group, and
accounting for personalized intrinsic network topography can
strengthen results™. It is also likely that the robustness of these
findings can be increased by using higher quality fMRI acquisi-
tions (e.g., multi-echo fMRI) of longer duration. Indeed, repeated
acquisitions may be of highest value to obtain more precise func-
tional mapping at the individual level. Specifically, just 10 minutes
of multi-echo data using a repeated within-person longitudinal
design yielded better test-retest reliability than 30 minutes of
single-echo data in independent datasets*®.

The collection of very large sample sizes (in the thousands) to
conduct cross-sectional group-wise or brain-behavior correla-
tional analyses is very expensive and may only yield very small
effect sizes™. Moreover, the findings of such studies are not appli-
cable at the individual patient level. Thus, rather than a study of
1,000 patients scanned once, it may be more fruitful to conduct a
study of 100 patients scanned 10 times each. Longitudinal studies
may yield substantially greater effect sizes than a cross-sectional
approach. In fact, a recent meta-analysis showed that effect sizes
may be 290% greater in longitudinal studies®. At the individual
level, data aiming to identify personalized signatures of brain fun-
ction show that even six scans may be sufficient to robustly iden-
tify each person®,

Such longitudinal approaches may also provide the opportu-
nity to address important clinical questions in the treatment of
schizophrenia, aligning with the precision medicine method that
has been successful in specialties outside of psychiatry. One ur-
gent clinical question in the treatment of schizophrenia is prog-
nosis - patient outcomes are highly variable, and up to 40% of
patients are ultimately classified as treatment resistant. Relatedly,
it is of particular interest whether fMRI measures can capture the
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likelihood that a given patient will respond to conventional treat-
ments, or will require clozapine. In short-term clinical trials, or
in observational studies examining longer-term clinical, cogni-
tive or functioning trajectories, study visits can be paired with an
MRI scan. Importantly, this may not be an infinite requirement.
It is plausible that a finite number of functional brain map trajec-
tories correspond to specific clinical trajectories, or to treatment
response profiles. If a large-scale prospective study can identify
these profiles, subsequent clinical studies might require only one
or two scans to determine a patient’s trajectory, potentially inform-
ing clinical decisions. In early stage psychosis, for instance, some
patients quickly improve and are able to resume work or school,
while others struggle considerably, may be re-hospitalized, or re-
quire more intensive wrap-around care. Having this information
within the first few weeks of care in an early psychosis program
would allow for more efficient use of finite resources for those pa-
tients who require it most.

Remaining at the individual level, knowledge of the specific
set of networks that a patient used during a task, or his/her indi-
vidualized functional connectivity profile, can serve as essential
information for targeting neurostimulation. For example, more
personalized targets are associated with greater improvement in
memory performance®** and depressive symptoms*"®. There-
fore, targeting toward a group mean of peak connectivity may
result in maximal treatment efficacy for a subset of individuals,
but will miss the optimal target for a substantial number of other
individuals. Currently funded clinical trials are seeking to deter-
mine if {MRI can be clinically useful in order to improve targeting
of neurostimulation treatment aimed at cognitive performance,
negative symptoms and/or depressive symptoms in people with
schizophrenia. If shown to be useful, personally-refined, image-
guided interventional psychiatry may become a reality, blending
precision medicine and personalized medicine into one®*.

Howevey, if the field increasingly moves towards individual-
ized approaches, it is incumbent upon us to be conscientious and
equitable in terms of which individuals we study. Currently, sev-
eral groups of patients with schizophrenia are under-represented
in fMRI studies. The most ill patients, some of whom are not able
to provide informed consent, are greatly under-represented in
research. Ethics committees, patient advocates, clinicians and re-
searchers must collaborate to change this. In other fields of med-
icine, those in the most need often participate in clinical trials.
Additionally, women are under-represented in schizophrenia re-
search®”, partially due to differences in prevalence and sex-based
variability in illness severity. However, women’s health research
is underfunded in general*”’, and a greater effort must be made
to include women with schizophrenia in fMRI research, and par-
ticularly in clinical trials employing fMRI. Moreover, people of
minoritized ethno-racial backgrounds are under-represented in
this research*™. Encouragingly, funders are making efforts to pro-
vide and promote opportunities for more inclusive research, and
requiring justifications regarding sample recruitment related
both to ethno-racial diversity and sex/gender diversity. Finally,
diversity in age is required in our samples: for example, adoles-
cents at risk for schizophrenia may have a functional signature
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that changes across the lifespan.

The ultimate question is whether fMRI can be clinically useful
in the care of patients with schizophrenia. Early clinical guidelines
suggested that neuroimaging should be part of routine practice in
a first episode of psychosis, in order to identify possible “organic”
causes. However, any advantage of fMRI is largely unrelated to
rare, potentially identifiable causes of psychosis. Instead, fMRI
research should address potentially actionable clinical decisions
that are routine in schizophrenia treatment - i.e., which medica-
tion should be prescribed if an fMRI scan shows a signature of
treatment resistance to conventional antipsychotics, or whether
a given patient is likely to have persistent functional impairment
based on early neuroimaging data, thus requiring display of sig-
nificant psychosocial resources. In such cases, the economic cost
of fIMRI, and in some cases the challenge of travel to a center for
a patient living in a more remote area, may be worth it. Future
evaluations of the utility of fMRI in prognostic and treatment re-
sponse studies may consider including a health economics analy-
sis to make a tangible clinical impact.

ACKNOWLEDGEMENTS

A.N. Voineskos is funded by the US National Institute of Mental Health (NIMH),
the Canadian Institutes of Health Research (CIHR), the Canada Foundation for
Innovation, the National Sciences and Engineering Research Council of Canada,
the Centre for Addiction and Mental Health (CAMH) Foundation, and the Uni-
versity of Toronto; C. Hawco by the NIMH, the CIHR and the CAMH Foundation;
N.H. Neufeld by the Brain and Behavior Research Foundation (BBRF), the CIHR,
the Physicians’ Services Incorporated Foundation, the Labatt Family Network for
Research on the Biology of Depression, the University of Toronto, and the Alter-
native Funding Plan for the Academic Health Sciences Centres of Ontario; S.H.
Ameis by the NIMH, the CIHR, the University of Toronto, Autism Speaks Canada,
and the CAMH Foundation; A. Anticevic by the US National Institutes of Health,
and the Simons Foundation Autism Research Initiative; E.W. Dickie by the BBRE
the NIMH, the CIHR and the CAMH Foundation; J. Gallucci by the University of
Toronto; K. Cadenhead, J.A. Turner, A. Lahti, A.K. Malhotra, D. ()ngﬁr, T. Lencz and
D.K. Sarpal by the NIMH; L.D. Oliver by the BBRE

REFERENCES

1. Green ME Harvey PD. Cognition in schizophrenia: past, present, and future.
Schizophr Res Cogn 2014;1:e1-9.

2. Buchsbaum MS, Ingvar DH, Kessler R et al. Cerebral glucography with posi-
tron tomography. Use in normal subjects and in patients with schizophrenia.
Arch Gen Psychiatry 1982;39:251-9.

3. Weinberger DR, Berman KE Zec RFE. Physiologic dysfunction of dorsolateral
prefrontal cortex in schizophrenia. I. Regional cerebral blood flow evidence.
Arch Gen Psychiatry 1986;43:114-24.

4. Perlstein WM, Carter CS, Noll DC et al. Relation of prefrontal cortex dysfunc-
tion to working memory and symptoms in schizophrenia. Am J Psychiatry
2001;158:1105-13.

5. Barch DM, Sheline YI, Csernansky JG et al. Working memory and prefron-
tal cortex dysfunction: specificity to schizophrenia compared with major
depression. Biol Psychiatry 2003;53:376-84.

6. Yu Q, Allen EA, Sui J et al. Brain connectivity networks in schizophrenia
underlying resting state functional magnetic resonance imaging. Curr Top
Med Chem 2012;12:2415-25.

7.  Woo CW, Chang LJ, Lindquist MA et al. Building better biomarkers: brain
models in translational neuroimaging. Nat Neurosci 2017;20:365-77.

8.  Parkes L, Satterthwaite TD, Bassett DS. Towards precise resting-state fMRI
biomarkers in psychiatry: synthesizing developments in transdiagnostic
research, dimensional models of psychopathology, and normative neurode-
velopment. Curr Opin Neurobiol 2020;65:120-8.

9.  Mwansisya TE, Hu A, Li Y et al. Task and resting-state fMRI studies in first-
episode schizophrenia: a systematic review. Schizophr Res 2017;189:9-18.

42

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Fusar-Poli P. Voxel-wise meta-analysis of fMRI studies in patients at clinical
high risk for psychosis. ] Psychiatry Neurosci 2012;37:106-12.

Turner JA. The rise of large-scale imaging studies in psychiatry. Gigascience
2014;3:29.

van Erp TGM, Hibar DP, Rasmussen JM et al. Subcortical brain volume
abnormalities in 2028 individuals with schizophrenia and 2540 healthy con-
trols via the ENIGMA consortium. Mol Psychiatry 2016;21:547-53.
Thompson PM, Andreassen OA, Arias-Vasquez A et al. ENIGMA and the
individual: predicting factors that affect the brain in 35 countries worldwide.
Neuroimage 2017;145(Pt. B):389-408.

Green ME Horan WP, Lee J. Nonsocial and social cognition in schizophrenia:
current evidence and future directions. World Psychiatry 2019;18:146-61.
Galderisi S, Merlotti E, Mucci A. Neurobiological background of negative
symptoms. Eur Arch Psychiatry Clin Neurosci 2015;265:543-58.

Shaffer JJ, Peterson MJ, McMahon MA et al. Neural correlates of schizophre-
nia negative symptoms: distinct subtypes impact dissociable brain circuits.
Mol Neuropsychiatry 2015;1:191-200.

Gallucci J, Pomarol-Clotet E, Voineskos AN et al. Longer illness duration is
associated with greater individual variability in functional brain activity in
schizophrenia, but not bipolar disorder. Neuroimage Clin 2022;36:103269.
Gallucci J, Tan T, Schifani C et al. Greater individual variability in functional
brain activity during working memory performance in schizophrenia spec-
trum disorders (SSD). Schizophr Res 2022;248:21-31.

Hawco C, Dickie EW, Jacobs G et al. Moving beyond the mean: subgroups
and dimensions of brain activity and cognitive performance across domains.
Neuroimage 2021;231:117823.

Gratton C, Laumann TO, Nielsen AN et al. Functional brain networks are
dominated by stable group and individual factors, not cognitive or daily vari-
ation. Neuron 2018;98:439-52.e5.

Hawco C, Buchanan RW, Calarco N et al. Separable and replicable neural
strategies during social brain function in people with and without severe
mental illness. Am ] Psychiatry 2019;176:521-30.

Guimond S, Lepage M. Cognitive training of self-initiation of semantic encoding
strategies in schizophrenia: a pilot study. Neuropsychol Rehabil 2016;26:464-79.
Hawco C, Armony JL, Lepage M. Neural activity related to self-initiating elab-
orative semantic encoding in associative memory. Neuroimage 2013;67:273-
82.

Oliver LD, Hawco C, Homan P et al. Social cognitive networks and social cog-
nitive performance across individuals with schizophrenia spectrum disorders
and healthy control participants. Biol Psychiatry Cogn Neurosci Neuroimag-
ing 2021;6:1202-14.

Kotov R, Krueger RE Watson D et al. The Hierarchical Taxonomy of Psycho-
pathology (HiTOP): a dimensional alternative to traditional nosologies. J
Abnorm Psychol 2017;126:454-77.

Wolfers T, Doan NT, Kaufmann T et al. Mapping the heterogeneous pheno-
type of schizophrenia and bipolar disorder using normative models. JAMA
Psychiatry 2018;75:1146-55.

Kaczkurkin AN, Moore TM, Sotiras A et al. Approaches to defining common
and dissociable neurobiological deficits associated with psychopathology in
youth. Biol Psychiatry 2020;88:51-62.

Insel T, Cuthbert B, Garvey M et al. Research domain criteria (RDoC): toward
a new classification framework for research on mental disorders. Am J Psy-
chiatry 2010;167:748-51.

Tamminga CA, Clementz BA, Pearlson G et al. Biotyping in psychosis: using
multiple computational approaches with one data set. Neuropsychophar-
macology 2021;46:143-55.

Koutsouleris N, Kahn RS, Chekroud AM et al. Multisite prediction of 4-week
and 52-week treatment outcomes in patients with first-episode psychosis: a
machine learning approach. Lancet Psychiatry 2016;3:935-46.

Chan NK, Kim J, Shah P et al. Resting-state functional connectivity in treat-
ment response and resistance in schizophrenia: a systematic review. Schizo-
phr Res 2019;211:10-20.

Oliver LD, Hawco C, Viviano JD et al. From the group to the individual in
schizophrenia spectrum disorders: biomarkers of social cognitive impair-
ments and therapeutic translation. Biol Psychiatry 2022;91:699-708.

Cash RFH, Weigand A, Zalesky A et al. Using brain imaging to improve spa-
tial targeting of transcranial magnetic stimulation for depression. Biol Psy-
chiatry 2021;90:689-700.

Ugurbil K, Xu J, Auerbach EJ et al. Pushing spatial and temporal resolution
for functional and diffusion MRI in the Human Connectome Project. Neuro-
image 2013;80:80-104.

Kundu P, Voon V, Balchandani P et al. Multi-echo fMRI: a review of appli-
cations in fMRI denoising and analysis of BOLD signals. Neuroimage 2017;

World Psychiatry 23:| - February 2024



36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

154:59-80.

Gratton C, Kraus BT, Greene DJ et al. Defining individual-specific functional
neuroanatomy for precision psychiatry. Biol Psychiatry 2020;88:28-39.
Gordon EM, Laumann TO, Gilmore AW et al. Precision functional mapping
of individual human brains. Neuron 2017;95:791-807.e7.

Esteban O, Markiewicz CJ, Blair RW et al. fMRIPrep: a robust preprocessing
pipeline for functional MRI. Nat Methods 2019;16:111-6.

Waller L, Erk S, Pozzi E et al. ENIGMA HALFpipe: interactive, reproducible,
and efficient analysis for resting-state and task-based fMRI data. Hum Brain
Mapp 2022;43:2727-42.

Botvinik-Nezer R, Holzmeister F, Camerer CF et al. Variability in the analysis
of a single neuroimaging dataset by many teams. Nature 2020;582:84-8.
McIntosh AR. Comparison of canonical correlation and partial least squares
analyses of simulated and empirical data. arXiv 2022;2107.06867.

Kovacevic N, Abdi H, Beaton D et al. Revisiting PLS resampling: comparing
significance versus reliability across range of simulations. In: Abdi H, Chin
W, Esposito Vinzi V et al (eds). New perspectives in partial least squares and
related methods. New York: Springer, 2013:159-70.

Anzellotti S, Coutanche MN. Beyond functional connectivity: investigating
networks of multivariate representations. Trends Cogn Sci 2018;22:258-69.
Dickie EW, Ameis SH, Shahab S et al. Personalized intrinsic network topog-
raphy mapping and functional connectivity deficits in autism spectrum dis-
order. Biol Psychiatry 2018;84:278-86.

Dickie EW, Anticevic A, Smith DE et al. Ciftify: a framework for surface-based
analysis of legacy MR acquisitions. Neuroimage 2019;197:818-26.
Botvinik-Nezer R, Wager TD. Reproducibility in neuroimaging analysis: chal-
lenges and solutions. Biol Psychiatry Cogn Neurosci Neuroimaging 2023;8:
780-8.

Cuthbert BN, Insel TR. Toward the future of psychiatric diagnosis: the seven
pillars of RDoC. BMC Med 2013;11:126.

Kraus B, Zinbarg R, Braga R et al. Insights from personalized models of brain
and behavior for identifying biomarkers in psychiatry. Neurosci Biobehav
Rev 2023;152:105259.

Marek S, Tervo-Clemmens B, Calabro FJ et al. Reproducible brain-wide asso-
ciation studies require thousands of individuals. Nature 2022;603:654-60.
Gratton C, Nelson SM, Gordon EM. Brain-behavior correlations: two paths to-
ward reliability. Neuron 2022;110:1446-9.

Michon KJ, Khammash D, Simmonite M et al. Person-specific and precision
neuroimaging: current methods and future directions. Neuroimage 2022;263:
119589.

Ingvar DH, Franzén G. Abnormalities of cerebral blood flow distribution in
patients with chronic schizophrenia. Acta Psychiatr Scand 1974;50:425-62.
Buchsbaum MS, DeLisi LE, Holcomb HH et al. Anteroposterior gradients in
cerebral glucose use in schizophrenia and affective disorders. Arch Gen Psy-
chiatry 1984;41:1159-66.

Carter CS, Mintun M, Nichols T et al. Anterior cingulate gyrus dysfunction and
selective attention deficits in schizophrenia: [150]H20 PET study during single-
trial Stroop task performance. Am J Psychiatry 1997;154:1670-5.

Liddle PE, Friston K]J, Frith CD et al. Patterns of cerebral blood flow in schizo-
phrenia. Br ] Psychiatry 1992;160:179-86.

Cleghorn JM, Garnett ES, Nahmias C et al. Regional brain metabolism during
auditory hallucinations in chronic schizophrenia. Br J Psychiatry 1990;157:562-
70.

Gottschalk LA, Fronczek], Abel L et al. The relationship between social aliena-
tion and disorganized thinking in normal subjects and localized cerebral glu-
cose metabolic rates assessed by positron emission tomography. Compr Psy-
chiatry 1992;33:332-41.

Silbersweig DA, Stern E, Frith C et al. A functional neuroanatomy of halluci-
nations in schizophrenia. Nature 1995;378:176-9.

Friston KJ, Holmes AP, Worsley K] et al. Statistical parametric maps in func-
tional imaging: a general linear approach. Hum Brain Mapp 1994;2:189-210.
Carter CS, MacDonald AW 3rd, Ross LL et al. Anterior cingulate cortex activ-
ity and impaired self-monitoring of performance in patients with schizo-
phrenia: an event-related fMRI study. Am J Psychiatry 2001;158:1423-8.
Wible CG, Kubicki M, Yoo SS et al. A functional magnetic resonance imaging
study of auditory mismatch in schizophrenia. Am J Psychiatry 2001;158:938-
43.

Woodruff PW, Wright IC, Bullmore ET et al. Auditory hallucinations and the
temporal cortical response to speech in schizophrenia: a functional mag-
netic resonance imaging study. Am J Psychiatry 1997;154:1676-82.

Gur RE, McGrath C, Chan RM et al. An fMRI study of facial emotion process-
ing in patients with schizophrenia. Am J Psychiatry 2002;159:1992-9.

Keedy SK, Ebens CL, Keshavan MS et al. Functional magnetic resonance

World Psychiatry 23:1 - February 2024

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

83.

84.

85.

86.

87.

88.

89.

90.

91.

imaging studies of eye movements in first episode schizophrenia: smooth
pursuit, visually guided saccades and the oculomotor delayed response task.
Psychiatry Res 2006;146:199-211.

Minzenberg MJ, Laird AR, Thelen S et al. Meta-analysis of 41 functional neu-
roimaging studies of executive function in schizophrenia. Arch Gen Psychia-
try 2009;66:811-22.

Glahn DC, Ragland JD, Abramoff A et al. Beyond hypofrontality: a quantita-
tive meta-analysis of functional neuroimaging studies of working memory in
schizophrenia. Hum Brain Mapp 2005;25:60-9.

Heckers S, Rauch SL, Goff D et al. Impaired recruitment of the hippocampus
during conscious recollection in schizophrenia. Nat Neurosci 1998;1:318-23.
Ragland JD, Gur RC, Valdez J et al. Event-related fMRI of frontotemporal
activity during word encoding and recognition in schizophrenia. Am J Psy-
chiatry 2004;161:1004-15.

Raichle ME, MacLeod AM, Snyder AZ et al. A default mode of brain function.
Proc Natl Acad Sci USA 2001;98:676-82.

Biswal B, Yetkin FZ, Haughton VM et al. Functional connectivity in the motor
cortex of resting human brain using echo-planar MRI. Magn Reson Med
1995;34:537-41.

Greicius MD, Krasnow B, Reiss AL et al. Functional connectivity in the rest-
ing brain: a network analysis of the default mode hypothesis. Proc Natl Acad
Sci USA 2003;100:253-8.

Meyer-Lindenberg AS, Olsen RK, Kohn PD et al. Regionally specific distur-
bance of dorsolateral prefrontal-hippocampal functional connectivity in
schizophrenia. Arch Gen Psychiatry 2005;62:379-86.

Schneider M, Walter H, Moessnang C et al. Altered DLPFC-hippocampus
connectivity during working memory: independent replication and disorder
specificity of a putative genetic risk phenotype for schizophrenia. Schizophr
Bull 2017;43:1114-22.

Lawrie SM, Buechel C, Whalley HC et al. Reduced frontotemporal functional
connectivity in schizophrenia associated with auditory hallucinations. Biol
Psychiatry 2002;51:1008-11.

Woodward ND, Karbasforoushan H, Heckers S. Thalamocortical dysconnec-
tivity in schizophrenia. Am J Psychiatry 2012;169:1092-9.

Anticevic A, Cole MW, Repovs G et al. Characterizing thalamo-cortical dis-
turbances in schizophrenia and bipolar illness. Cereb Cortex 2014;24:3116-
30.

Garrity AG, Pearlson GD, McKiernan K et al. Aberrant “default mode” func-
tional connectivity in schizophrenia. Am J Psychiatry 2007;164:450-7.
Friston KJ, Frith CD. Schizophrenia: a disconnection syndrome? Clin Neuro-
sci 1995;3:89-97.

Bluhm RL, Miller J, Lanius RA et al. Spontaneous low-frequency fluctuations
in the BOLD signal in schizophrenic patients: anomalies in the default net-
work. Schizophr Bull 2007;33:1004-12.

Pankow A, Deserno L, Walter M et al. Reduced default mode network con-
nectivity in schizophrenia patients. Schizophr Res 2015;165:90-3.
Whitfield-Gabrieli S, Thermenos HW, Milanovic S et al. Hyperactivity and
hyperconnectivity of the default network in schizophrenia and in first-degree
relatives of persons with schizophrenia. Proc Natl Acad Sci USA 2009;106:
1279-84.

ZhouY, Liang M, Tian L et al. Functional disintegration in paranoid schizo-
phrenia using resting-state fMRI. Schizophr Res 2007;97:194-205.

Hu ML, Zong XF, Mann JJ et al. A review of the functional and anatomical
default mode network in schizophrenia. Neurosci Bull 2017;33:73-84.
Pettersson-Yeo W, Allen P, Benetti S et al. Dysconnectivity in schizophrenia:
where are we now? Neurosci Biobehav Rev 2011;35:1110-24.

Dong D, Wang Y, Chang X et al. Dysfunction of large-scale brain networks
in schizophrenia: a meta-analysis of resting-state functional connectivity.
Schizophr Bull 2018;44:168-81.

Stephan KE, Friston KJ. Analyzing effective connectivity with functional
magnetic resonance imaging. Wiley Interdiscip Rev Cogn Sci 2010;1:446-59.
Friston KJ, Harrison L, Penny W. Dynamic causal modelling. Neuroimage
2003;19:1273-302.

Bastos-Leite AJ, Ridgway GR, Silveira C et al. Dysconnectivity within the de-
fault mode in first-episode schizophrenia: a stochastic dynamic causal mod-
eling study with functional magnetic resonance imaging. Schizophr Bull 2015;
41:144-53.

Deserno L, Sterzer P, Wiistenberg T et al. Reduced prefrontal-parietal effec-
tive connectivity and working memory deficits in schizophrenia. ] Neurosci
2012;32:12-20.

ZhouY, Zeidman P, Wu S et al. Altered intrinsic and extrinsic connectivity in
schizophrenia. Neuroimage Clin 2018;17:704-16.

Uscitescu LC, Kronbichler L, Stelzig-Scholer R et al. Effective connectivity of

43



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

44

the hippocampus can differentiate patients with schizophrenia from healthy
controls: a spectral DCM approach. Brain Topogr 2021;34:762-78.
Sabaroedin K, Razi A, Chopra S et al. Frontostriatothalamic effective con-
nectivity and dopaminergic function in the psychosis continuum. Brain
2023;146:372-86.

Xiao B, Wang S, Liu J et al. Abnormalities of localized connectivity in schizo-
phrenia patients and their unaffected relatives: a meta-analysis of resting-
state functional magnetic resonance imaging studies. Neuropsychiatr Dis
Treat 2017;13:467-75.

Qiu X, Xu W, Zhang R et al. Regional homogeneity brain alterations in schizo-
phrenia: an activation likelihood estimation meta-analysis. Psychiatry Inves-
tig 2021;18:709-17.

Cai M, WangR, Liu M et al. Disrupted local functional connectivity in schizo-
phrenia: an updated and extended meta-analysis. Schizophrenia 2022;8:93.
McKeown M]J, Makeig S, Brown GG et al. Analysis of fMRI data by blind sepa-
ration into independent spatial components. Hum Brain Mapp 1998;6:160-
88.

Calhoun VD, Adali T, Pearlson GD et al. A method for making group infer-
ences from functional MRI data using independent component analysis.
Hum Brain Mapp 2001;14:140-51.

Camchong J, MacDonald AW 3rd, Bell C et al. Altered functional and ana-
tomical connectivity in schizophrenia. Schizophr Bull 2011;37:640-50.
Littow H, Huossa V, Karjalainen S et al. Aberrant functional connectivity in
the default mode and central executive networks in subjects with schizo-
phrenia - A whole-brain-resting-state ICA study. Front Psychiatry 2015;6:
26.

Chang X, Shen H, Wang L et al. Altered default mode and fronto-parietal
network subsystems in patients with schizophrenia and their unaffected sib-
lings. Brain Res 2014;1562:87-99.

Orliac E Naveau M, Joliot M et al. Links among resting-state default-mode
network, salience network, and symptomatology in schizophrenia. Schizo-
phr Res 2013;148:74-80.

Li S, Hu N, Zhang W et al. Dysconnectivity of multiple brain networks in
schizophrenia: a meta-analysis of resting-state functional connectivity. Front
Psychiatry 2019;10:482.

Bullmore ET, Bassett DS. Brain graphs: graphical models of the human brain
connectome. Annu Rev Clin Psychol 2011;7:113-40.

Bullmore E, Sporns O. Complex brain networks: graph theoretical analysis of
structural and functional systems. Nat Rev Neurosci 2009;10:186-98.

van den Heuvel MP, Fornito A. Brain networks in schizophrenia. Neuropsy-
chol Rev 2014;24:32-48.

Lynall ME, Bassett DS, Kerwin R et al. Functional connectivity and brain net-
works in schizophrenia. ] Neurosci 2010;30:9477-87.

Tomasi D, Volkow ND. Mapping small-world properties through develop-
ment in the human brain: disruption in schizophrenia. PLoS One 2014;9:
€96176.

Fornito A, Zalesky A, Pantelis C et al. Schizophrenia, neuroimaging and con-
nectomics. Neuroimage 2012;62:2296-314.

Kambeitz J, Kambeitz-Ilankovic L, Cabral C et al. Aberrant functional whole-
brain network architecture in patients with schizophrenia: a meta-analysis.
Schizophr Bull 2016;42(Suppl. 1):S13-21.

Damaraju E, Allen EA, Belger A et al. Dynamic functional connectivity analy-
sis reveals transient states of dysconnectivity in schizophrenia. Neuroimage
Clin 2014;5:298-308.

Miller RL, Yaesoubi M, Turner JA et al. Higher dimensional meta-state analy-
sis reveals reduced resting fMRI connectivity dynamism in schizophrenia
patients. PLoS One 2016;11:e0149849.

Rabany L, Brocke S, Calhoun VD et al. Dynamic functional connectivity in
schizophrenia and autism spectrum disorder: convergence, divergence and
classification. Neuroimage Clin 2019;24:101966.

Du, Pearlson GD, Yu Q et al. Interaction among subsystems within default
mode network diminished in schizophrenia patients: a dynamic connectiv-
ity approach. Schizophr Res 2016;170:55-65.

Weber S, Johnsen E, Kroken RA et al. Dynamic functional connectivity pat-
terns in schizophrenia and the relationship with hallucinations. Front Psy-
chiatry 2020;11:227.

Brandl F Avram M, Weise B et al. Specific substantial dysconnectivity in schizo-
phrenia: a transdiagnostic multimodal meta-analysis of resting-state func-
tional and structural magnetic resonance imaging studies. Biol Psychiatry 2019;
85:573-83.

Calhoun VD, Maciejewski PK, Pearlson GD et al. Temporal lobe and “default”
hemodynamic brain modes discriminate between schizophrenia and bipolar
disorder. Hum Brain Mapp 2008;29:1265-75.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Jiang JB, Cao Y, An NY et al. Magnetic resonance imaging-based connectom-
ics in first-episode schizophrenia: from preclinical study to clinical transla-
tion. Front Psychiatry 2020;11:565056.

Steardo L Jr, Carbone EA, de Filippis R et al. Application of support vector
machine on fMRI data as biomarkers in schizophrenia diagnosis: a system-
atic review. Front Psychiatry 2020;11:588.

Yan W, Plis S, Calhoun VD et al. Discriminating schizophrenia from normal
controls using resting state functional network connectivity: a deep neural
network and layer-wise relevance propagation method. Presented at the
Institute of Electrical and Electronics Engineers (IEEE) 27th International
Workshop on Machine Learning for Signal Processing, Tokyo, September
2017.

Pinaya WHL, Gadelha A, Doyle OM et al. Using deep belief network model-
ling to characterize differences in brain morphometry in schizophrenia. Sci
Rep 2016;6:38897.

Arbabshirani MR, Plis S, Sui J et al. Single subject prediction of brain dis-
orders in neuroimaging: promises and pitfalls. Neuroimage 2017;145(Pt. B):
137-65.

Orban P, Dansereau C, Desbois L et al. Multisite generalizability of schiz-
ophrenia diagnosis classification based on functional brain connectivity.
Schizophr Res 2018;192:167-71.

Meng X, Iraji A, Fu Z et al. Multi-model order spatially constrained ICA
reveals highly replicable group differences and consistent predictive results
from resting data: a large N fMRI schizophrenia study. Neuroimage Clin
2023;38:103434.

LiZ, LiW, Wei Y et al. Deep learning based automatic diagnosis of first-
episode psychosis, bipolar disorder and healthy controls. Comput Med
Imaging Graph 2021;89:101882.

Yan W, Zhao M, Fu Z et al. Mapping relationships among schizophrenia,
bipolar and schizoaffective disorders: a deep classification and clustering
framework using fMRI time series. Schizophr Res 2022;245:141-50.

Li A, Zalesky A, Yue W et al. A neuroimaging biomarker for striatal dysfunc-
tion in schizophrenia. Nat Med 2020;26:558-65.

Ma X, Yang WFZ, Zheng W et al. Neuronal dysfunction in individuals at
early stage of schizophrenia, a resting-state fMRI study. Psychiatry Res 2023;
322:115123.

Collin G, Seidman LJ, Keshavan MS et al. Functional connectome organi-
zation predicts conversion to psychosis in clinical high-risk youth from the
SHARP program. Mol Psychiatry 2020;25:2431-40.

Vieira S, Gong QY, Pinaya WHL et al. Using machine learning and structural
neuroimaging to detect first episode psychosis: reconsidering the evidence.
Schizophr Bull 2020;46:17-26.

Yassin W, Nakatani H, Zhu Y et al. Machine-learning classification using neu-
roimaging data in schizophrenia, autism, ultra-high risk and first-episode
psychosis. Transl Psychiatry 2020;10:278.

Zhu'Y, Nakatani H, Yassin W et al. Application of a machine learning algo-
rithm for structural brain images in chronic schizophrenia to earlier clinical
stages of psychosis and autism spectrum disorder: a multiprotocol imaging
dataset study. Schizophr Bull 2022;48:563-74.

Shim G, OhJS, Jung WH et al. Altered resting-state connectivity in subjects at
ultra-high risk for psychosis: an fMRI study. Behav Brain Funct 2010;6:58.
Fryer SL, Woods SW, Kiehl KA et al. Deficient suppression of default mode
regions during working memory in individuals with early psychosis and at
clinical high-risk for psychosis. Front Psychiatry 2013;4:92.

Clark SV, Mittal VA, Bernard JA et al. Stronger default mode network connec-
tivity is associated with poorer clinical insight in youth at ultra high-risk for
psychotic disorders. Schizophr Res 2018;193:244-50.

Anticevic A, Haut K, Murray JD et al. Association of thalamic dysconnectivity
and conversion to psychosis in youth and young adults at elevated clinical
risk. JAMA Psychiatry 2015;72:882-91.

Cao H, Chén OY, Chung Y et al. Cerebello-thalamo-cortical hyperconnectiv-
ity as a state-independent functional neural signature for psychosis predic-
tion and characterization. Nat Commun 2018;9:3836.

Dandash O, Fornito A, Lee J et al. Altered striatal functional connectivity in sub-
jects with an at-risk mental state for psychosis. Schizophr Bull 2014;40:904-13.
Colibazzi T, Horga G, Wang Z et al. Neural dysfunction in cognitive control
circuits in persons at clinical high-risk for psychosis. Neuropsychopharma-
cology 2016;41:1241-50.

Li W, Mai X, Liu C. The default mode network and social understanding
of others: what do brain connectivity studies tell us. Front Hum Neurosci
2014;8:74.

Wotruba D, Michels L, Buechler R et al. Aberrant coupling within and across
the default mode, task-positive, and salience network in subjects at risk for

World Psychiatry 23:| - February 2024



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

psychosis. Schizophr Bull 2014;40:1095-104.

Zhu E LiuY, Liu F et al. Functional asymmetry of thalamocortical networks
in subjects at ultra-high risk for psychosis and first-episode schizophrenia.
Eur Neuropsychopharmacol 2019;29:519-28.

Jung WH, Jang JH, Shin NY et al. Regional brain atrophy and functional dis-
connection in Broca’s area in individuals at ultra-high risk for psychosis and
schizophrenia. PLoS One 2012;7:e51975.

Bernard JA, Orr JM, Mittal VA. Cerebello-thalamo-cortical networks predict
positive symptom progression in individuals at ultra-high risk for psychosis.
Neuroimage Clin 2017;14:622-8.

Addington J, Cadenhead KS, Cornblatt BA et al. North American Prodrome
Longitudinal Study (NAPLS 2): overview and recruitment. Schizophr Res
2012;142:77-82.

Wang C, Ji E Hong Z et al. Disrupted salience network functional connectiv-
ity and white-matter microstructure in persons at risk for psychosis: findings
from the LYRIKS study. Psychol Med 2016;46:2771-83.

Cannon TD, Yu C, Addington J et al. An individualized risk calculator for re-
search in prodromal psychosis. Am J Psychiatry 2016;173:980-8.

Collin G, Nieto-Castanon A, Shenton ME et al. Brain functional connectivity
data enhance prediction of clinical outcome in youth at risk for psychosis.
Neuroimage Clin 2020;26:102108.

Wang C, Lee ], Ho NF et al. Large-scale network topology reveals heteroge-
neity in individuals with at risk mental state for psychosis: findings from the
Longitudinal Youth-At-Risk Study. Cereb Cortex 2018;28:4234-43.

Cao H, Chung Y, McEwen SC et al. Progressive reconfiguration of resting-
state brain networks as psychosis develops: preliminary results from the
North American Prodrome Longitudinal Study (NAPLS) consortium. Schizo-
phr Res 2020;226:30-7.

Chén OY, Cao H, Phan H et al. Identifying neural signatures mediating behav-
ioral symptoms and psychosis onset: high-dimensional whole brain func-
tional mediation analysis. Neuroimage 2021;226:117508.

Green ME What are the functional consequences of neurocognitive deficits
in schizophrenia? Am J Psychiatry 1996;153:321-30.

Green ME Kern RS, Heaton RK. Longitudinal studies of cognition and func-
tional outcome in schizophrenia: implications for MATRICS. Schizophr Res
2004;72:41-51.

Greenwood KE, Landau S, Wykes T. Negative symptoms and specific cog-
nitive impairments as combined targets for improved functional outcome
within cognitive remediation therapy. Schizophr Bull 2005;31:910-21.

Kurtz MM, Moberg PJ, Ragland JD et al. Symptoms versus neurocognitive
test performance as predictors of psychosocial status in schizophrenia: a 1-
and 4-year prospective study. Schizophr Bull 2005;31:167-74.

Milev P, Ho BC, Arndt S et al. Predictive values of neurocognition and nega-
tive symptoms on functional outcome in schizophrenia: a longitudinal first-
episode study with 7-year follow-up. Am J Psychiatry 2005;162:495-506.
Bowie CR, Reichenberg A, Patterson TL et al. Determinants of real-world
functional performance in schizophrenia subjects: correlations with cogni-
tion, functional capacity, and symptoms. Am J Psychiatry 2006;163:418-25.
Buchanan RW. Persistent negative symptoms in schizophrenia: an overview.
Schizophr Bull 2007;33:1013-22.

Keefe RSE, Bilder RM, Davis SM et al. Neurocognitive effects of antipsychotic
medications in patients with chronic schizophrenia in the CATIE Trial. Arch
Gen Psychiatry 2007;64:633-47.

Marder SR, Fenton W. Measurement and treatment research to improve
cognition in schizophrenia: NIMH MATRICS initiative to support the devel-
opment of agents for improving cognition in schizophrenia. Schizophr Res
2004;72:5-9.

Crow TJ. The two-syndrome concept: origins and current status. Schizophr
Bull 1985;11:471-86.

Andreasen NC, Olsen S. Negative v positive schizophrenia. Definition and
validation. Arch Gen Psychiatry 1982;39:789-94.

McGlashan TH, Fenton WS. The positive-negative distinction in schizophre-
nia. Review of natural history validators. Arch Gen Psychiatry 1992;49:63-72.
Gao ], Tang X, Wang C et al. Aberrant cerebellar neural activity and cerebro-
cerebellar functional connectivity involving executive dysfunction in schizo-
phrenia with primary negative symptoms. Brain Imaging Behav 2020;14:869-
80.

Kirkpatrick B, Buchanan RW, McKenney PD et al. The Schedule for the Defi-
cit Syndrome: an instrument for research in schizophrenia. Psychiatry Res
1989;30:119-23.

Hare SM, Ford JM, Mathalon DH et al. Salience-default mode functional net-
work connectivity linked to positive and negative symptoms of schizophre-
nia. Schizophr Bull 2019;45:892-901.

World Psychiatry 23:1 - February 2024

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Brady RO Jr, Gonsalvez I, Lee I et al. Cerebellar-prefrontal network connectiv-
ity and negative symptoms in schizophrenia. Am J Psychiatry 2019;176:512-
20.

Shukla DK, Chiappelli JJ, Sampath H et al. Aberrant frontostriatal connectiv-
ity in negative symptoms of schizophrenia. Schizophr Bull 2019;45:1051-9.
Abram SV, Wisner KM, Fox JM et al. Fronto-temporal connectivity predicts
cognitive empathy deficits and experiential negative symptoms in schizo-
phrenia. Hum Brain Mapp 2017;38:1111-24.

Choi SY, Ha M, Choi S et al. Altered intrinsic cerebellar-cerebral functional
connectivity is related to negative symptoms in patients with first-episode
psychosis. Schizophr Res 2023;252:56-63.

Vanes LD, Mouchlianitis E, Patel K et al. Neural correlates of positive and
negative symptoms through the illness course: an fMRI study in early psy-
chosis and chronic schizophrenia. Sci Rep 2019;9:14444.

Moura BM, van Rooijen G, Schirmbeck F et al. A network of psychopatholog-
ical, cognitive, and motor symptoms in schizophrenia spectrum disorders.
Schizophr Bull 2021;47:915-26.

Chang WC, Wong CSM, Or PCF et al. Inter-relationships among psychopa-
thology, premorbid adjustment, cognition and psychosocial functioning
in first-episode psychosis: a network analysis approach. Psychol Med 2020;50:
2019-27.

Oliver LD, Haltigan JD, Gold JM et al. Lower- and higher-level social cogni-
tive factors across individuals with schizophrenia spectrum disorders and
healthy controls: relationship with neurocognition and functional outcome.
Schizophr Bull 2019;45:629-38.

Halverson TE Orleans-Pobee M, Merritt C et al. Pathways to functional out-
comes in schizophrenia spectrum disorders: meta-analysis of social cogni-
tive and neurocognitive predictors. Neurosci Biobehav Rev 2019;105:212-9.
Keefe RSE, Fox KH, Harvey PD et al. Characteristics of the MATRICS Consen-
sus Cognitive Battery in a 29-site antipsychotic schizophrenia clinical trial.
Schizophr Res 2011;125:161-8.

Palmer BW, Heaton RK, Paulsen JS et al. Is it possible to be schizophrenic yet
neuropsychologically normal? Neuropsychology 1997;11:437-46.

Saykin AJ, Gur RC, Gur RE et al. Neuropsychological function in schizophre-
nia. Selective impairment in memory and learning. Arch Gen Psychiatry
1991;48:618-24.

Elvevag B, Goldberg TE. Cognitive impairment in schizophrenia is the core
of the disorder. Crit Rev Neurobiol 2000;14:1-21.

Dickinson D, Ramsey ME, Gold JM. Overlooking the obvious: a meta-analytic
comparison of digit symbol coding tasks and other cognitive measures in
schizophrenia. Arch Gen Psychiatry 2007;64:532-42.

Meier MH, Caspi A, Reichenberg A et al. Neuropsychological decline in
schizophrenia from the premorbid to the postonset period: evidence from a
population-representative longitudinal study. Am J Psychiatry 2014;171:91-
101.

Catalan A, Salazar de Pablo G, Aymerich C et al. Neurocognitive functioning
in individuals at clinical high risk for psychosis: a systematic review and meta-
analysis. JAMA Psychiatry 2021;78:859-67.

Nuechterlein KH, Subotnik KL, Green MF et al. Neurocognitive predictors of
work outcome in recent-onset schizophrenia. Schizophr Bull 2011;37(Suppl.
2):533-40.

Hedges EP, Dickson H, Tognin S et al. Verbal memory performance predicts
remission and functional outcome in people at clinical high-risk for psycho-
sis. Schizophr Res Cogn 2022;28:100222.

Bozikas VP, Andreou C. Longitudinal studies of cognition in first episode psy-
chosis: a systematic review of the literature. Aust N Z J Psychiatry 2011;45:93-
108.

Watson AJ, Harrison L, Preti A et al. Cognitive trajectories following onset of
psychosis: a meta-analysis. Br ] Psychiatry 2022;221:714-21.

Green ME Horan WP, Lee J. Social cognition in schizophrenia. Nat Rev Neu-
rosci 2015;16:620-31.

Savla GN, Vella L, Armstrong CC et al. Deficits in domains of social cognition
in schizophrenia: a meta-analysis of the empirical evidence. Schizophr Bull
2013;39:979-92.

Kohler CG, Walker JB, Martin EA et al. Facial emotion perception in schizo-
phrenia: a meta-analytic review. Schizophr Bull 2010;36:1009-19.

Bora E, Yucel M, Pantelis C. Theory of mind impairment in schizophrenia:
meta-analysis. Schizophr Res 2009;109:1-9.

Mancuso F Horan WP, Kern RS et al. Social cognition in psychosis: multi-
dimensional structure, clinical correlates, and relationship with functional
outcome. Schizophr Res 2011;125:143-51.

Mehta UM, Thirthalli ], Bhagyavathi HD et al. Similar and contrasting dimen-
sions of social cognition in schizophrenia and healthy subjects. Schizophr

45



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

46

Res 2014;157:70-7.

Riedel P, Horan WP, Lee J et al. The factor structure of social cognition in
schizophrenia: a focus on replication with confirmatory factor analysis and
machine learning. Clin Psychol Sci 2021;9:38-52.

Mehta UM, Thirthalli J, Subbakrishna DK et al. Social and neuro-cognition
as distinct cognitive factors in schizophrenia: a systematic review. Schizophr
Res 2013;148:3-11.

Fett AK]J, Viechtbauer W, Dominguez MdG et al. The relationship between
neurocognition and social cognition with functional outcomes in schizo-
phrenia: a meta-analysis. Neurosci Biobehav Rev 2011;35:573-88.

Lee TY, Hong SB, Shin NY et al. Social cognitive functioning in prodromal
psychosis: a meta-analysis. Schizophr Res 2015;164:28-34.

van Donkersgoed RJM, Wunderink L, Nieboer R et al. Social cognition in
individuals at ultra-high risk for psychosis: a meta-analysis. PLoS One 2015;
10:0141075.

Callicott JH, Ramsey NF, Tallent K et al. Functional magnetic resonance
imaging brain mapping in psychiatry: methodological issues illustrated in
a study of working memory in schizophrenia. Neuropsychopharmacology
1998;18:186-96.

Barch DM, Carter CS, Braver TS et al. Selective deficits in prefrontal cortex
function in medication-naive patients with schizophrenia. Arch Gen Psy-
chiatry 2001;58:280-8.

Van Snellenberg JX, Torres IJ, Thornton AE. Functional neuroimaging of
working memory in schizophrenia: task performance as a moderating vari-
able. Neuropsychology 2006;20:497-510.

Kraguljac NV, Srivastava A, Lahti AC. Memory deficits in schizophrenia: a
selective review of functional magnetic resonance imaging (fMRI) studies.
Behav Sci 2013;3:330-47.

Wu D, Jiang T. Schizophrenia-related abnormalities in the triple network: a
meta-analysis of working memory studies. Brain Imaging Behav 2020;14:971-
80.

Achim AM, Lepage M. Episodic memory-related activation in schizophre-
nia: meta-analysis. Br ] Psychiatry 2005;187:500-9.

Kelly S, Guimond S, Lyall A et al. Neural correlates of cognitive deficits across
developmental phases of schizophrenia. Neurobiol Dis 2019;131:104353.
Dutt A, Tseng HH, Fonville L et al. Exploring neural dysfunction in “clinical
high risk” for psychosis: a quantitative review of fMRI studies. ] Psychiatr Res
2015;61:122-34.

Lesh TA, Niendam TA, Minzenberg MJ et al. Cognitive control deficits in schiz-
ophrenia: mechanisms and meaning. Neuropsychopharmacology 2011;36:
316-38.

Barch DM, Ceaser A. Cognition in schizophrenia: core psychological and
neural mechanisms. Trends Cogn Sci 2012;16:27-34.

Heinrichs RW. The primacy of cognition in schizophrenia. Am Psychol 2005;
60:229-42.

Sheffield JM, Barch DM. Cognition and resting-state functional connectivity
in schizophrenia. Neurosci Biobehav Rev 2016;61:108-20.

Khalil M, Hollander P, Raucher-Chéné D et al. Structural brain correlates of
cognitive function in schizophrenia: a meta-analysis. Neurosci Biobehav Rev
2022;132:37-49.

Ochsner KN. The social-emotional processing stream: five core constructs
and their translational potential for schizophrenia and beyond. Biol Psychia-
try 2008;64:48-61.

Shamay-Tsoory SG. The neural bases for empathy. Neuroscientist 2011;17:18-
24,

Alcala-Lépez D, Vogeley K, Binkofski F et al. Building blocks of social cogni-
tion: mirror, mentalize, share? Cortex 2019;118:4-18.

Oliver LD, Vieira JB, Neufeld RWJ et al. Greater involvement of action simu-
lation mechanisms in emotional vs cognitive empathy. Soc Cogn Affect Neu-
rosci 2018;13:367-80.

Tacoboni M. Imitation, empathy, and mirror neurons. Annu Rev Psychol 2009;
60:653-70.

Molenberghs P, Cunnington R, Mattingley JB. Brain regions with mirror
properties: a meta-analysis of 125 human fMRI studies. Neurosci Biobehav
Rev 2012;36:341-9.

Bzdok D, Schilbach L, Vogeley K et al. Parsing the neural correlates of moral
cognition: ALE meta-analysis on morality, theory of mind, and empathy.
Brain Struct Funct 2012;217:783-96.

Carr L, Tacoboni M, Dubeau MC et al. Neural mechanisms of empathy in
humans: a relay from neural systems for imitation to limbic areas. Proc Natl
Acad Sci USA 2003;100:5497-502.

Carrington SJ, Bailey AJ. Are there theory of mind regions in the brain? A
review of the neuroimaging literature. Hum Brain Mapp 2009;30:2313-35.

219.

220.

221.

222,

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

Schurz M, Radua J, Aichhorn M et al. Fractionating theory of mind: a meta-
analysis of functional brain imaging studies. Neurosci Biobehav Rev 2014;42:
9-34.

Schurz M, Maliske L, Kanske P. Cross-network interactions in social cogni-
tion: a review of findings on task related brain activation and connectivity.
Cortex 2020;130:142-57.

Kronbichler L, Tschernegg M, Martin Al et al. Abnormal brain activation dur-
ing theory of mind tasks in schizophrenia: a meta-analysis. Schizophr Bull
2017;43:1240-50.

Taylor SE Kang J, Brege IS et al. Meta-analysis of functional neuroimaging
studies of emotion perception and experience in schizophrenia. Biol Psy-
chiatry 2012;71:136-45.

Jani M, Kasparek T. Emotion recognition and theory of mind in schizo-
phrenia: a meta-analysis of neuroimaging studies. World J Biol Psychiatry
2018;19(Suppl. 3):586-96.

WengY, Lin J, Ahorsu DK et al. Neuropathways of theory of mind in schizo-
phrenia: a systematic review and meta-analysis. Neurosci Biobehav Rev 2022;
137:104625.

Vucurovic K, Caillies S, Kaladjian A. Neural correlates of theory of mind and
empathy in schizophrenia: an activation likelihood estimation meta-analysis.
] Psychiatr Res 2020;120:163-74.

Vucurovic K, Caillies S, Kaladjian A. Neural correlates of mentalizing in indi-
viduals with clinical high risk for schizophrenia: ALE meta-analysis. Front
Psychiatry 2021;12:634015.

Fiorito AM, Aleman A, Blasi G et al. Are brain responses to emotion a reliable
endophenotype of schizophrenia? An image-based functional magnetic
resonance imaging meta-analysis. Biol Psychiatry 2023;93:167-77.

Erdeniz B, Serin E, Ibadi Y et al. Decreased functional connectivity in schizo-
phrenia: the relationship between social functioning, social cognition and graph
theoretical network measures. Psychiatry Res Neuroimaging 2017;270:22-31.
Mothersill O, Tangney N, Morris DW et al. Further evidence of alerted default
network connectivity and association with theory of mind ability in schizo-
phrenia. Schizophr Res 2017;184:52-8.

Choe E, Lee TY, Kim M et al. Aberrant within- and between-network con-
nectivity of the mirror neuron system network and the mentalizing network
in first episode psychosis. Schizophr Res 2018;199:243-9.

Schilbach L, Derntl B, Aleman A et al. Differential patterns of dysconnectivity
in mirror neuron and mentalizing networks in schizophrenia. Schizophr Bull
2016;42:1135-48.

Das P, Calhoun V; Malhi GS. Mentalizing in male schizophrenia patients is
compromised by virtue of dysfunctional connectivity between task-positive
and task-negative networks. Schizophr Res 2012;140:51-8.

Martin AK, Dzafic I, Robinson GA et al. Mentalizing in schizophrenia: a mul-
tivariate functional MRI study. Neuropsychologia 2016;93(Pt. A):158-66.
Mier D, Eisenacher S, Rausch F et al. Aberrant activity and connectivity of the
posterior superior temporal sulcus during social cognition in schizophrenia.
Eur Arch Psychiatry Clin Neurosci 2017;267:597-610.

Mukherjee P, Whalley HC, McKirdy JW et al. Altered amygdala connectivity
within the social brain in schizophrenia. Schizophr Bull 2014;40:152-60.
Happé E Cook JL, Bird G. The structure of social cognition: in(ter)depend-
ence of sociocognitive processes. Annu Rev Psychol 2017;68:243-67.
Viviano JD, Buchanan RW, Calarco N et al. Resting-state connectivity bio-
markers of cognitive performance and social function in individuals with
schizophrenia spectrum disorder and healthy control subjects. Biol Psychia-
try 2018;84:665-74.

Nair A, Jolliffe M, Lograsso YSS et al. A review of default mode network con-
nectivity and its association with social cognition in adolescents with autism
spectrum disorder and early-onset psychosis. Front Psychiatry 2020;11:614.
Gur RE, Calkins ME, Gur RC et al. The Consortium on the Genetics of Schizo-
phrenia: neurocognitive endophenotypes. Schizophr Bull 2007;33:49-68.
Boggio PS, Asthana MK, Costa TL et al. Promoting social plasticity in devel-
opmental disorders with non-invasive brain stimulation techniques. Front
Neurosci 2015;9:294.

Joyce EM, Roiser JP. Cognitive heterogeneity in schizophrenia. Curr Opin
Psychiatry 2007;20:268-72.

Liang SG, Greenwood TA. The impact of clinical heterogeneity in schizo-
phrenia on genomic analyses. Schizophr Res 2015;161:490-5.

Demjaha A, Lappin JM, Stahl D et al. Antipsychotic treatment resistance in
first-episode psychosis: prevalence, subtypes and predictors. Psychol Med
2017;47:1981-9.

Siskind D, Orr S, Sinha S et al. Rates of treatment-resistant schizophrenia
from first-episode cohorts: systematic review and meta-analysis. Br J Psy-
chiatry 2022;220:115-20.

World Psychiatry 23:| - February 2024



245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

Stokes I, Griffiths SL, Jones R et al. Prevalence of treatment resistance and
clozapine use in early intervention services. BJPsych Open 2020;6:107.
Haddad PM, Correll CU. The acute efficacy of antipsychotics in schizophre-
nia: areview of recent meta-analyses. Ther Adv Psychopharmacol 2018;8:303-
18.

Kennedy JL, Altar CA, Taylor DL et al. The social and economic burden of treat-
ment-resistant schizophrenia: a systematic literature review. Int Clin Psycho-
pharmacol 2014;29:63-76.

Kaar SJ, Natesan S, McCutcheon R et al. Antipsychotics: mechanisms under-
lying clinical response and side-effects and novel treatment approaches
based on pathophysiology. Neuropharmacology 2020;172:107704.

Kapur S, Mamo D. Half a century of antipsychotics and still a central role
for dopamine D2 receptors. Prog Neuropsychopharmacol Biol Psychiatry
2003;27:1081-90.

Howes OD, Kapur S. A neurobiological hypothesis for the classification of
schizophrenia: type A (hyperdopaminergic) and type B (normodopaminer-
gic). Br] Psychiatry 2014;205:1-3.

McCutcheon RA, Abi-Dargham A, Howes OD. Schizophrenia, dopamine and
the striatum: from biology to symptoms. Trends Neurosci 2019;42:205-20.
Potkin SG, Kane JM, Correll CU et al. The neurobiology of treatment-resistant
schizophrenia: paths to antipsychotic resistance and a roadmap for future
research. NPJ Schizophr 2020;6:1.

Jauhar S, Veronese M, Nour MM et al. Determinants of treatment response
in first-episode psychosis: an "*F-DOPA PET study. Mol Psychiatry 2019;24:
1502-12.

McCutcheon RA, Jauhar S, Pepper F et al. The topography of striatal dopa-
mine and symptoms in psychosis: an integrative positron emission tomogra-
phy and magnetic resonance imaging study. Biol Psychiatry Cogn Neurosci
Neuroimaging 2020;5:1040-51.

Kim S, Jung WH, Howes OD et al. Frontostriatal functional connectivity and
striatal dopamine synthesis capacity in schizophrenia in terms of antipsy-
chotic responsiveness: an ['*F]DOPA PET and fMRI study. Psychol Med
2019;49:2533-42.

Fox MD, Raichle ME. Spontaneous fluctuations in brain activity observed
with functional magnetic resonance imaging. Nat Rev Neurosci 2007;8:700-
11.

Sarpal DK, Argyelan M, Robinson DG et al. Baseline striatal functional con-
nectivity as a predictor of response to antipsychotic drug treatment. Am J
Psychiatry 2016;173:69-77.

Anticevic A, Hu X, Xiao Y et al. Early-course unmedicated schizophrenia
patients exhibit elevated prefrontal connectivity associated with longitudinal
change. ] Neurosci 2015;35:267-86.

Kraguljac NV, White DM, Hadley N et al. Aberrant hippocampal connectiv-
ity in unmedicated patients with schizophrenia and effects of antipsychotic
medication: a longitudinal resting state functional MRI study. Schizophr Bull
2016;42:1046-55.

Han S, Becker B, Duan X et al. Distinct striatum pathways connected to
salience network predict symptoms improvement and resilient function-
ing in schizophrenia following risperidone monotherapy. Schizophr Res
2020;215:89-96.

Nelson EA, Kraguljac NV, Maximo JO et al. Dorsal striatial hypoconnectiv-
ity predicts antipsychotic medication treatment response in first-episode
psychosis and unmedicated patients with schizophrenia. Brain Behav 2022;
12:€2625.

Nelson EA, Kraguljac NV, Maximo JO et al. Hippocampal hyperconnectivity
to the visual cortex predicts treatment response. Schizophr Bull 2023;49:605-
13.

Mehta UM, Ibrahim FA, Sharma MS et al. Resting-state functional connectiv-
ity predictors of treatment response in schizophrenia - A systematic review
and meta-analysis. Schizophr Res 2021;237:153-65.

Brunello N, Masotto C, Steardo L et al. New insights into the biology of schizo-
phrenia through the mechanism of action of clozapine. Neuropsychophar-
macology 1995;13:177-213.

Nordstrom AL, Farde L, Nyberg S et al. D1, D2, and 5-HT2 receptor occupancy
in relation to clozapine serum concentration: a PET study of schizophrenic
patients. Am J Psychiatry 1995;152:1444-9.

Tauscher J, Hussain T, Agid O et al. Equivalent occupancy of dopamine D1
and D2 receptors with clozapine: differentiation from other atypical antipsy-
chotics. Am J Psychiatry 2004;161:1620-5.

Blazer A, Chengappa KNR, Foran W et al. Changes in corticostriatal con-
nectivity and striatal tissue iron associated with efficacy of clozapine for
treatment-resistant schizophrenia. Psychopharmacology 2022;239:2503-14.
JiJL, Lencz T, Gallego J et al. Informing individualized multi-scale neural sig-

World Psychiatry 23:1 - February 2024

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

natures of clozapine response in patients with treatment-refractory schizo-
phrenia. medRxiv 2023; 2023.03.10.23286854.

Kumari V, Peters ER, Fannon D et al. Dorsolateral prefrontal cortex activity
predicts responsiveness to cognitive-behavioral therapy in schizophrenia.
Biol Psychiatry 2009;66:594-602.

Mason L, Peters ER, Dima D et al. Cognitive behavioral therapy normalizes
functional connectivity for social threat in psychosis. Schizophr Bull 2016;42:
684-92.

Mason L, Peters E, Williams SC et al. Brain connectivity changes occurring
following cognitive behavioural therapy for psychosis predict long-term
recovery. Transl Psychiatry 2017;7:e1001.

Guimond S, Ling G, Drodge J et al. Functional connectivity associated with
improvement in emotion management after cognitive enhancement ther-
apy in early-course schizophrenia. Psychol Med 2022;52:2245-54.

Wykes T, Brammer M, Mellers J et al. Effects on the brain of a psychological
treatment: cognitive remediation therapy: functional magnetic resonance
imaging in schizophrenia. Br J Psychiatry 2002;181:144-52.

Haut KM, Lim KO, MacDonald A 3rd. Prefrontal cortical changes following
cognitive training in patients with chronic schizophrenia: effects of practice,
generalization, and specificity. Neuropsychopharmacology 2010;35:1850-9.
Bor J, Brunelin J, dAmato T et al. How can cognitive remediation therapy
modulate brain activations in schizophrenia? An fMRI study. Psychiatry Res
2011;192:160-6.

Furtner J, SchopfV, Erfurth A et al. An fMRI study of cognitive remediation in
drug-naive subjects diagnosed with first episode schizophrenia. Wien Klin
Wochenschr 2022;134:249-54.

Matsuda Y, Makinodan M, Morimoto T et al. Neural changes following cog-
nitive remediation therapy for schizophrenia. Psychiatry Clin Neurosci 2019;
73:676-84.

Penadés R, Gonzalez-Rodriguez A, Cataldn R et al. Neuroimaging studies
of cognitive remediation in schizophrenia: a systematic and critical review.
World ] Psychiatry 2017;7:34-43.

Penadés R, Pujol N, Cataldn R et al. Brain effects of cognitive remediation
therapy in schizophrenia: a structural and functional neuroimaging study.
Biol Psychiatry 2013;73:1015-23.

Hooker CI, Bruce L, Fisher M et al. Neural activity during emotion recogni-
tion after combined cognitive plus social cognitive training in schizophrenia.
Schizophr Res 2012;139:53-9.

Hooker CI, Bruce L, Fisher M et al. The influence of combined cognitive plus
social-cognitive training on amygdala response during face emotion recog-
nition in schizophrenia. Psychiatry Res 2013;213:99-107.

Chopra S, Francey SM, O’'Donoghue B et al. Functional connectivity in anti-
psychotic-treated and antipsychotic-naive patients with first-episode psy-
chosis and low risk of self-harm or aggression: a secondary analysis of a ran-
domized clinical trial. JAMA Psychiatry 2021;78:994-1004.

Petrides G, Malur C, Braga R] et al. Electroconvulsive therapy augmentation
in clozapine-resistant schizophrenia: a prospective, randomized study. AmJ
Psychiatry 2015;172:52-8.

Chan CYW, Abdin E, Seow E et al. Clinical effectiveness and speed of response
of electroconvulsive therapy in treatment-resistant schizophrenia. Psychiatry
Clin Neurosci 2019;73:416-22.

Gong J, Cui LB, Zhao YS et al. The correlation between dynamic functional
architecture and response to electroconvulsive therapy combined with anti-
psychotics in schizophrenia. Eur ] Neurosci 2022;55:2024-36.

Yang X, XuZ, XiY et al. Predicting responses to electroconvulsive therapy in
schizophrenia patients undergoing antipsychotic treatment: baseline func-
tional connectivity among regions with strong electric field distributions.
Psychiatry Res Neuroimaging 2020;299:111059.

Jiang Y, Xu L, Li X et al. Common increased hippocampal volume but spe-
cific changes in functional connectivity in schizophrenia patients in remis-
sion and non-remission following electroconvulsive therapy: a preliminary
study. Neuroimage Clin 2019;24:102081.

Brunelin J, Adam O, Mondino M. Recent advances in noninvasive brain stim-
ulation for schizophrenia. Curr Opin Psychiatry 2022;35:338-44.

Hasan A, Strube W, Palm U et al. Repetitive noninvasive brain stimulation to
modulate cognitive functions in schizophrenia: a systematic review of pri-
mary and secondary outcomes. Schizophr Bull 2016;42(Suppl. 1):595-109.
Voineskos AN, Blumberger DM, Schifani C et al. Effects of repetitive tran-
scranial magnetic stimulation on working memory performance and brain
structure in people with schizophrenia spectrum disorders: a double-blind,
randomized, sham-controlled trial. Biol Psychiatry Cogn Neurosci Neuroim-
aging 2021;6:449-58.

Aleman A, Enriquez-Geppert S, Knegtering H et al. Moderate effects of non-

47



292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

48

invasive brain stimulation of the frontal cortex for improving negative symp-
toms in schizophrenia: meta-analysis of controlled trials. Neurosci Biobehav
Rev 2018;89:111-8.

Tseng PT, Zeng BS, Hung CM et al. Assessment of noninvasive brain stimu-
lation interventions for negative symptoms of schizophrenia: a systematic
review and network meta-analysis. JAMA Psychiatry 2022;79:770-9.
Guttesen LL, Albert N, Nordentoft M et al. Repetitive transcranial magnetic
stimulation and transcranial direct current stimulation for auditory halluci-
nations in schizophrenia: systematic review and meta-analysis. ] Psychiatr
Res 2021;143:163-75.

Kennedy NI, Lee WH, Frangou S. Efficacy of non-invasive brain stimulation
on the symptom dimensions of schizophrenia: a meta-analysis of ran-
domized controlled trials. Eur Psychiatry 2018;49:69-77.

Kubera KM, Barth A, Hirjak D et al. Noninvasive brain stimulation for the
treatment of auditory verbal hallucinations in schizophrenia: methods,
effects and challenges. Front Syst Neurosci 2015;9:131.

George MS, Wassermann EM, Williams WA et al. Daily repetitive transcranial
magnetic stimulation (rTMS) improves mood in depression. Neuroreport
1995;6:1853-6.

Hoffman RE, Boutros NN, Berman RM et al. Transcranial magnetic stimula-
tion of left temporoparietal cortex in three patients reporting hallucinated
“voices” Biol Psychiatry 1999;46:130-2.

Tik M, Hoffmann A, Sladky R et al. Towards understanding rTMS mecha-
nism of action: stimulation of the DLPFC causes network-specific increase in
functional connectivity. Neuroimage 2017;162:289-96.

Wang JX, Rogers LM, Gross EZ et al. Targeted enhancement of cortical-hip-
pocampal brain networks and associative memory. Science 2014;345:1054-7.
Hawco C, Voineskos AN, Steeves JKE et al. Spread of activity following TMS is
related to intrinsic resting connectivity to the salience network: a concurrent
TMS-fMRI study. Cortex 2018;108:160-72.

Siddiqi SH, Taylor SE Cooke D et al. Distinct symptom-specific treatment
targets for circuit-based neuromodulation. Am J Psychiatry 2020;177:435-46.
Elbau IG, Lynch CJ, Downar J et al. Functional connectivity mapping for
1'TMS target selection in depression. Am J Psychiatry 2023;180:230-40.

Chen AC, Oathes DJ, Chang C et al. Causal interactions between fronto-
parietal central executive and default-mode networks in humans. Proc Natl
Acad Sci USA 2013;110:19944-9.

Jardri R, Pooched A, Pins D et al. Cortical activations during auditory verbal
hallucinations in schizophrenia: a coordinate-based meta-analysis. Am J
Psychiatry 2011;168:73-81.

Bais L, Liemburg E, Vercammen A et al. Effects of low frequency rTMS treat-
ment on brain networks for inner speech in patients with schizophrenia and
auditory verbal hallucinations. Prog Neuropsychopharmacol Biol Psychiatry
2017;78:105-13.

Xie Y, Guan M, Cai Y et al. Impact of low-frequency repetitive transcranial
magnetic stimulation on functional network connectivity in schizophrenia
patients with auditory verbal hallucinations. Psychiatry Res 2023;320:114974.
Briend F, Leroux E, Delcroix N et al. Impact of r-TMS on functional connec-
tivity within the language network in schizophrenia patients with auditory
hallucinations. Schizophr Res 2017;189:142-5.

LiJ, CaoX, Liu S et al. Efficacy of repetitive transcranial magnetic stimulation
on auditory hallucinations in schizophrenia: a meta-analysis. Psychiatry Res
2020;290:113141.

Zollner R, Hiibener AF, Dannlowski U et al. Theta-burst stimulation for
auditory-verbal hallucination in very-late-onset schizophrenia-like psycho-
sis - A functional magnetic resonance imaging case study. Front Psychiatry
2020;11:294.

Andreasen NC, O’Leary DS, Flaum M et al. Hypofrontality in schizophre-
nia: distributed dysfunctional circuits in neuroleptic-naive patients. Lancet
1997;349:1730-4.

Wolkin A, Sanfilipo M, Wolf AP et al. Negative symptoms and hypofrontality
in chronic schizophrenia. Arch Gen Psychiatry 1992;49:959-65.

Schutter DJLG. Antidepressant efficacy of high-frequency transcranial mag-
netic stimulation over the left dorsolateral prefrontal cortex in double-blind
sham-controlled designs: a meta-analysis. Psychol Med 2009;39:65-75.
Dlabac-de Lange JJ, Liemburg EJ, Bais L et al. Effect of 'TMS on brain activa-
tion in schizophrenia with negative symptoms: a proof-of-principle study.
Schizophr Res 2015;168:475-82.

Huang H, Zhang B, Mi L et al. Reconfiguration of functional dynamics in
cortico-thalamo-cerebellar circuit in schizophrenia following high-frequency
repeated transcranial magnetic stimulation. Front Hum Neurosci 2022;16:
928315.

Bation R, Magnin C, Poulet E et al. Intermittent theta burst stimulation for

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

negative symptoms of schizophrenia - A double-blind, sham-controlled pilot
study. NPJ Schizophr 2021;7:10.

Liemburg EJ, Dlabac-De Lange JJ, Bais L et al. Effects of bilateral prefrontal
rTMS on brain activation during social-emotional evaluation in schizo-
phrenia: a double-blind, randomized, exploratory study. Schizophr Res
2018;202:210-1.

Fox MD, Buckner RL, White MP et al. Efficacy of transcranial magnetic stim-
ulation targets for depression is related to intrinsic functional connectivity
with the subgenual cingulate. Biol Psychiatry 2012;72:595-603.

Cash RFH, Zalesky A, Thomson RH et al. Subgenual functional connectivity
predicts antidepressant treatment response to transcranial magnetic stimu-
lation: independent validation and evaluation of personalization. Biol Psy-
chiatry 2019;86:e5-7.

Siddiqi SH, Weigand A, Pascual-Leone A et al. Identification of personalized
transcranial magnetic stimulation targets based on subgenual cingulate con-
nectivity: an independent replication. Biol Psychiatry 2021;90:e55-6.
Balderston NL, Roberts C, Beydler EM et al. A generalized workflow for con-
ducting electric field-optimized, fMRI-guided, transcranial magnetic stimu-
lation. Nat Protoc 2020;15:3595-614.

Paul AK, Bose A, Kalmady SV et al. Superior temporal gyrus functional con-
nectivity predicts transcranial direct current stimulation response in schizo-
phrenia: a machine learning study. Front Psychiatry 2022;13:923938.

Orlov ND, O’'Daly O, Tracy DK et al. Stimulating thought: a functional MRI
study of transcranial direct current stimulation in schizophrenia. Brain 2017;
140:2490-7.

Palm U, Keeser D, Hasan A et al. Prefrontal transcranial direct current stimu-
lation for treatment of schizophrenia with predominant negative symptoms:
a double-blind, sham-controlled proof-of-concept study. Schizophr Bull
2016;42:1253-61.

Palm U, Keeser D, Blautzik J et al. Prefrontal transcranial direct current stim-
ulation (tDCS) changes negative symptoms and functional connectivity MRI
(fcMRI) in a single case of treatment-resistant schizophrenia. Schizophr Res
2013;150:583-5.

Pycroft L, Stein J, Aziz T. Deep brain stimulation: an overview of history, meth-
ods, and future developments. Brain Neurosci Adv 2018;2:2398212818816017.
Ashkan K, Rogers P, Bergman H et al. Insights into the mechanisms of deep
brain stimulation. Nat Rev Neurol 2017;13:548-54.

Corripio I, Rolddn A, Sarr6 S et al. Deep brain stimulation in treatment resist-
ant schizophrenia: a pilot randomized cross-over clinical trial. EBioMedi-
cine 2020;51:102568.

Mayberg HS, Lozano AM, Voon V et al. Deep brain stimulation for treatment-
resistant depression. Neuron 2005;45:651-60.

Kisely S, Hall K, Siskind D et al. Deep brain stimulation for obsessive-compulsive
disorder: a systematic review and meta-analysis. Psychol Med 2014;44:3533-42.
Cascella N, Butala AA, Mills K et al. Deep brain stimulation of the substantia
nigra pars reticulata for treatment-resistant schizophrenia: a case report. Biol
Psychiatry 2021;90:e57-9.

Gault JM, Davis R, Cascella NG et al. Approaches to neuromodulation for
schizophrenia. ] Neurol Neurosurg Psychiatry 2018;89:777-87.

Corsico P. Psychosis, vulnerability, and the moral significance of biomedical
innovation in psychiatry. Why ethicists should join efforts. Med Health Care
Philos 2020;23:269-79.

Dutta RR, Picton B, Brown NJ et al. Schizophrenia and neurosurgery: sys-
tematic review and theories. Neurosurg Focus 2023;54:E7.

Gault JM, Hosokawa P, Kramer D et al. Postsurgical morbidity and mortal-
ity favorably informs deep brain stimulation for new indications including
schizophrenia and schizoaffective disorder. Front Surg 2023;10:958452.
Anticevic A, Halassa MM. The thalamus in psychosis spectrum disorder. Front
Neurosci 2023;17:1163600.

Giraldo-Chica M, Woodward ND. Review of thalamocortical resting-state
fMRI studies in schizophrenia. Schizophr Res 2017;180:58-63.

Tian Y, Margulies DS, Breakspear M et al. Topographic organization of the
human subcortex unveiled with functional connectivity gradients. Nat Neu-
rosci 2020;23:1421-32.

Rikhye RV, Wimmer RD, Halassa MM. Toward an integrative theory of tha-
lamic function. Annu Rev Neurosci 2018;41:163-83.

Ji JL, Spronk M, Kulkarni K et al. Mapping the human brain’s cortical-sub-
cortical functional network organization. Neuroimage 2019;185:35-57.
Nakajima M, Halassa MM. Thalamic control of functional cortical connectiv-
ity. Curr Opin Neurobiol 2017;44:127-31.

Crail-Melendez D, Atriano-Mendieta C, Carrillo-Meza R et al. Schizophrenia-
like psychosis associated with right lacunar thalamic infarct. Neurocase 2013;
19:22-6.

World Psychiatry 23:| - February 2024



342.

343.

344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

Arulpragasam AR, van’t Wout-Frank M, Barredo ] et al. Low intensity focused
ultrasound for non-invasive and reversible deep brain neuromodulation - A
paradigm shift in psychiatric research. Front Psychiatry 2022;13:825802.
Maiza O, Mazoyer B, Hervé PY et al. Impact of cognitive performance on the
reproducibility of fMRI activation in schizophrenia. J Psychiatry Neurosci
2010;35:378-89.

Gopal S, Miller RL, Michael A et al. Spatial variance in resting fMRI networks
of schizophrenia patients: an independent vector analysis. Schizophr Bull
2016;42:152-60.

Chen J, Rashid B, Yu Q et al. Variability in resting state network and func-
tional network connectivity associated with schizophrenia genetic risk: a
pilot study. Front Neurosci 2018;12:114.

Tepper A, Vasquez Nunez ], Ramirez-Mahaluf JP et al. Intra and inter-
individual variability in functional connectomes of patients with first epi-
sode of psychosis. Neuroimage Clin 2023;38:103391.

Pacheco J, Garvey MA, Sarampote CS et al. Annual Research Review: The
contributions of the RDoC research framework on understanding the neu-
rodevelopmental origins, progression and treatment of mental illnesses. ]
Child Psychol Psychiatry 2022;63:360-76.

Kas MJ, Penninx B, Sommer B et al. A quantitative approach to neuropsy-
chiatry: the why and the how. Neurosci Biobehav Rev 2019;97:3-9.

Doucet GE, Moser DA, Luber MJ et al. Baseline brain structural and func-
tional predictors of clinical outcome in the early course of schizophrenia.
Mol Psychiatry 2020;25:863-72.

Sarpal DK, Robinson DG, Lencz T et al. Antipsychotic treatment and func-
tional connectivity of the striatum in first-episode schizophrenia. JAMA Psy-
chiatry 2015;72:5-13.

Voineskos AN, Jacobs GR, Ameis SH. Neuroimaging heterogeneity in psy-
chosis: neurobiological underpinnings and opportunities for prognostic and
therapeutic innovation. Biol Psychiatry 2020;88:95-102.

Kapur S, Phillips AG, Insel TR. Why has it taken so long for biological psychi-
atry to develop clinical tests and what to do about it? Mol Psychiatry 2012;17:
1174-9.

Jacobs GR, Voineskos AN, Hawco C et al. Integration of brain and behavior
measures for identification of data-driven groups cutting across children
with ASD, ADHD, or OCD. Neuropsychopharmacology 2021;46:643-53.
Stefanik L, Erdman L, Ameis SH et al. Brain-behavior participant similarity
networks among youth and emerging adults with schizophrenia spectrum,
autism spectrum, or bipolar disorder and matched controls. Neuropsycho-
pharmacology 2018;43:1180-8.

Clementz BA, Sweeney JA, Hamm JP et al. Identification of distinct psychosis
biotypes using brain-based biomarkers. Am J Psychiatry 2016;173:373-84.
Dwyer DB, Chand GB, Pigoni A et al. Psychosis brain subtypes validated in
first-episode cohorts and related to illness remission: results from the PHE-
NOM consortium. Mol Psychiatry 2023;28:2008-17.

Wang B, Mezlini AM, Demir F et al. Similarity network fusion for aggregating
data types on a genomic scale. Nat Methods 2014;11:333-7.

Xia CH, Ma Z, Ciric R et al. Linked dimensions of psychopathology and con-
nectivity in functional brain networks. Nat Commun 2018;9:3003.
Hashimoto RI, Itahashi T, Okada R et al. Linked functional network abnor-
malities during intrinsic and extrinsic activity in schizophrenia as revealed
by a data-fusion approach. Neuroimage Clin 2018;17:69-79.

Drucaroff L], Fazzito ML, Castro MN et al. Insular functional alterations in
emotional processing of schizophrenia patients revealed by multivariate pat-
tern analysis fMRI. J Psychiatr Res 2020;130:128-36.

Tura E, Turner JA, Fallon JH et al. Multivariate analyses suggest genetic impacts
on neurocircuitry in schizophrenia. Neuroreport 2008;19:603-7.

Rodrigue AL, McDowell JE, Tandon N et al. Multivariate relationships between
cognition and brain anatomy across the psychosis spectrum. Biol Psychiatry
Cogn Neurosci Neuroimaging 2018;3:992-1002.

Yarkoni T, Westfall J. Choosing prediction over explanation in psychology:
lessons from machine learning. Perspect Psychol Sci 2017;12:1100-22.
Dwyer DB, Falkai P, Koutsouleris N. Machine learning approaches for clini-
cal psychology and psychiatry. Annu Rev Clin Psychol 2018;14:91-118.
Skatun KC, Kaufmann T, Doan NT et al. Consistent functional connectivity
alterations in schizophrenia spectrum disorder: a multisite study. Schizophr
Bull 2017;43:914-24.

Cui LB, Liu L, Wang HN et al. Disease definition for schizophrenia by func-
tional connectivity using radiomics strategy. Schizophr Bull 2018;44:1053-9.
SuiJ, Jiang R, Bustillo J et al. Neuroimaging-based individualized prediction
of cognition and behavior for mental disorders and health: methods and
promises. Biol Psychiatry 2020;88:818-28.

Marquand AF, Rezek I, Buitelaar J et al. Understanding heterogeneity in clini-

World Psychiatry 23:1 - February 2024

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

cal cohorts using normative models: beyond case-control studies. Biol Psy-
chiatry 2016;80:552-61.

Stone M. Cross-validatory choice and assessment of statistical predictions. J
R Stat Soc 1974;36:111-33.

KongR, LiJ, Orban C et al. Spatial topography of individual-specific cortical
networks predicts human cognition, personality, and emotion. Cereb Cortex
2019;29:2533-51.

Wang D, Li M, Wang M et al. Individual-specific functional connectivity
markers track dimensional and categorical features of psychotic illness. Mol
Psychiatry 2018;25:2119-29.

Bzdok D, Varoquaux G, Steyerberg EW. Prediction, not association, paves the
road to precision medicine. JAMA Psychiatry 2021;78:127-8.

Fusar-Poli P, Hijazi Z, Stahl D et al. The science of prognosis in psychiatry: a
review. JAMA Psychiatry 2018;75:1289-97.

Cao B, Cho RY, Chen D et al. Treatment response prediction and individu-
alized identification of first-episode drug-naive schizophrenia using brain
functional connectivity. Mol Psychiatry 2020;25:906-13.

Glover GH, Mueller BA, Turner JA et al. Function biomedical informatics
research network recommendations for prospective multicenter functional
MRI studies. ] Magn Reson Imaging 2012;36:39-54.

Ivleva EI, Bidesi AS, Keshavan MS et al. Gray matter volume as an intermedi-
ate phenotype for psychosis: Bipolar-Schizophrenia Network on Intermedi-
ate Phenotypes (B-SNIP). Am J Psychiatry 2013;170:1285-96.

Hawco C, Viviano JD, Chavez S et al. A longitudinal human phantom reli-
ability study of multi-center T1-weighted, DTI, and resting state fMRI data.
Psychiatry Res Neuroimaging 2018;282:134-42.

Addington J, Cadenhead KS, Cannon TD et al. North American Prodrome
Longitudinal Study: a collaborative multisite approach to prodromal schizo-
phrenia research. Schizophr Bull 2007;33:665-72.

Brady LS, Larrauri CA, AMP SCZ Steering Committee. Accelerating Medicines
Partnership® Schizophrenia (AMP* SCZ): developing tools to enable early
intervention in the psychosis high risk state. World Psychiatry 2023;22:42-3.
Satizabal CL, Adams HHH, Hibar DP et al. Genetic architecture of subcorti-
cal brain structures in 38,851 individuals. Nat Genet 2019;51:1624-36.

Radua J, Vieta E, Shinohara R et al. Increased power by harmonizing struc-
tural MRI site differences with the ComBat batch adjustment method in
ENIGMA. Neuroimage 2020;218:116956.

Wang D, Buckner RL, Fox MD et al. Parcellating cortical functional networks
in individuals. Nat Neurosci 2015;18:1853-60.

Kong R, Yang Q, Gordon E et al. Individual-specific areal-level parcella-
tions improve functional connectivity prediction of behavior. Cereb Cortex
2021;31:4477-500.

Poldrack RA, Laumann TO, Koyejo O et al. Long-term neural and physiologi-
cal phenotyping of a single human. Nat Commun 2015;6:8885.

Eickhoff SB, Milham M, Vanderwal T. Towards clinical applications of movie
fMRI. Neuroimage 2020;217:116860.

Vanderwal T, Eilbott J, Castellanos FX. Movies in the magnet: naturalistic
paradigms in developmental functional neuroimaging. Dev Cogn Neurosci
2019;36:100600.

Tagliazucchi E, Laufs H. Decoding wakefulness levels from typical fMRI
resting-state data reveals reliable drifts between wakefulness and sleep. Neu-
ron 2014;82:695-708.

Finn ES, Bandettini PA. Movie-watching outperforms rest for functional con-
nectivity-based prediction of behavior. Neuroimage 2021;235:117963.

Finn ES, Corlett PR, Chen G et al. Trait paranoia shapes inter-subject syn-
chrony in brain activity during an ambiguous social narrative. Nat Commun
2018;9:2043.

Faro SH, Mohamed FB. Functional MRI: basic principles and clinical appli-
cations. New York: Springer, 2006.

Ogawa S, Lee TM, Stepnoski R et al. An approach to probe some neural sys-
tems interaction by functional MRI at neural time scale down to millisec-
onds. Proc Natl Acad Sci USA 2000;97:11026-31.

Buckner RL, Bandettini PA, O’Craven KM et al. Detection of cortical activa-
tion during averaged single trials of a cognitive task using functional mag-
netic resonance imaging. Proc Natl Acad Sci USA 1996;93:14878-83.
Polimeni JR, Lewis LD. Imaging faster neural dynamics with fast fMRI: a
need for updated models of the hemodynamic response. Prog Neurobiol
2021;207:102174.

Smith SM, Beckmann CF, Andersson ] et al. Resting-state fMRI in the Human
Connectome Project. Neuroimage 2013;80:144-68.

Moeller S, Yacoub E, Olman CA et al. Multiband multislice GE-EPI at 7
tesla, with 16-fold acceleration using partial parallel imaging with appli-
cation to high spatial and temporal whole-brain fMRI. Magn Reson Med

49



396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

50

2010;63:1144-53.

Xu ], Moeller S, Auerbach EJ et al. Evaluation of slice accelerations using
multiband echo planar imaging at 3 T. Neuroimage 2013;83:991-1001.
Larkman DJ, Hajnal JV, Herlihy AH et al. Use of multicoil arrays for separa-
tion of signal from multiple slices simultaneously excited. ] Magn Reson
Imaging 2001;13:313-7.

Lavigne KM, Kanagasabai K, Palaniyappan L. Ultra-high field neuroimaging
in psychosis: a narrative review. Front Psychiatry 2022;13:994372.

Qin L, Gao JH. New avenues for functional neuroimaging: ultra-high field
MRI and OPM-MEG. Psychoradiology 2021;1:165-71.

Zaitsev M, Maclaren J, Herbst M. Motion artifacts in MRI: a complex problem
with many partial solutions. ] Magn Reson Imaging 2015;42:887-901.
Raimondo L, Oliveira LAF, Heij ] et al. Advances in resting state fMRI acquisi-
tions for functional connectomics. Neuroimage 2021;243:118503.

Power JD, Plitt M, Gotts SJ et al. Ridding fMRI data of motion-related influ-
ences: removal of signals with distinct spatial and physical bases in multi-
echo data. Proc Natl Acad Sci USA 2018;115:E2105-14.

Lynch CJ, Power JD, Scult MA et al. Rapid precision functional mapping of
individuals using multi-echo fMRI. Cell Rep 2020;33:108540.

DuPre E, Salo T, Ahmed Z et al. TE-dependent analysis of multi-echo fMRI
with tedana. ] Open Source Softw 2021;6:3669.

Satterthwaite TD, Ciric R, Roalf DR et al. Motion artifact in studies of func-
tional connectivity: characteristics and mitigation strategies. Hum Brain
Mapp 2019;40:2033-51.

Pardoe HR, Kucharsky Hiess R, Kuzniecky R. Motion and morphometry in
clinical and nonclinical populations. Neuroimage 2016;135:177-85.
Makowski C, Lepage M, Evans AC. Head motion: the dirty little secret of neu-
roimaging in psychiatry. ] Psychiatry Neurosci 2019;44:62-8.

Bullmore ET, Brammer MJ, Rabe-Hesketh S et al. Methods for diagnosis and
treatment of stimulus-correlated motion in generic brain activation studies
using fMRI. Hum Brain Mapp 1999;7:38-48.

Satterthwaite TD, Elliott MA, Gerraty RT et al. An improved framework
for confound regression and filtering for control of motion artifact in the
preprocessing of resting-state functional connectivity data. Neuroimage
2013;64:240-56.

Caballero-Gaudes C, Reynolds RC. Methods for cleaning the BOLD fMRI sig-
nal. Neuroimage 2017;154:128-49.

Parkes L, Fulcher B, Yiicel M et al. An evaluation of the efficacy, reliability,
and sensitivity of motion correction strategies for resting-state functional
MRI. Neuroimage 2018;171:415-36.

Ciric R, Wolf DH, Power JD et al. Benchmarking of participant-level con-
found regression strategies for the control of motion artifact in studies of
functional connectivity. Neuroimage 2017;154:174-87.

Aguirre GK, Zarahn E, D’Esposito M. The inferential impact of global signal
covariates in functional neuroimaging analyses. Neuroimage 1998;8:302-6.
Scholvinck ML, Maier A, Ye FQ et al. Neural basis of global resting-state fMRI
activity. Proc Natl Acad Sci USA 2010;107:10238-43.

Murphy K, Birn RM, Handwerker DA et al. The impact of global signal regres-
sion on resting state correlations: are anti-correlated networks introduced?
Neuroimage 2009;44:893-905.

Gotts SJ, Saad ZS, Jo HJ et al. The perils of global signal regression for group
comparisons: a case study of autism spectrum disorders. Front Hum Neuro-
sci 2013;7:356.

Saad ZS, Gotts SJ, Murphy K et al. Trouble at rest: how correlation patterns
and group differences become distorted after global signal regression. Brain
Connect 2012;2:25-32.

Yang GJ, Murray JD, Repovs G et al. Altered global brain signal in schizophre-
nia. Proc Natl Acad Sci USA 2014;111:7438-43.

Hahamy A, Calhoun V, Pearlson G et al. Save the global: global signal connec-
tivity as a tool for studying clinical populations with functional magnetic reso-
nance imaging. Brain Connect 2014;4:395-403.

Li]J, Bolt T, Bzdok D et al. Topography and behavioral relevance of the global
signal in the human brain. Sci Rep 2019;9:14286.

Simmons JP, Nelson LD, Simonsohn U. False-positive psychology: undisclosed
flexibility in data collection and analysis allows presenting anything as signifi-
cant. Psychol Sci 2011;22:1359-66.

Bowring A, Maumet C, Nichols TE. Exploring the impact of analysis software
on task fMRI results. Hum Brain Mapp 2019;40:3362-84.

Bowring A, Nichols TE, Maumet C. Isolating the sources of pipeline-variability
in group-level task-fMRI results. Hum Brain Mapp 2022;43:1112-28.

Haddad E, Pizzagalli F, Zhu AH et al. Multisite test-retest reliability and com-
patibility of brain metrics derived from FreeSurfer versions 7.1, 6.0, and 5.3.
Hum Brain Mapp 2023;44:1515-32.

425.

426.

427.

428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

440.

441.

442.

443.

444.

445.

446.

447.

448.

449.

450.

Glatard T, Lewis LB, Ferreira da Silva R et al. Reproducibility of neuroimaging
analyses across operating systems. Front Neuroinform 2015;9:12.

Wagner AS, Waite LK, Wierzba M et al. Fairy big: a framework for computa-
tionally reproducible processing of large-scale data. Sci Data 2022;9:80.
HuY, Li Q, Qiao K et al. PhiPipe: a multi-modal MRI data processing pipeline
with test-retest reliability and predicative validity assessments. Hum Brain
Mapp 2023;44:2062-84.

delaVega A, Rocca R, Blair RW et al. Neuroscout, a unified platform for gen-
eralizable and reproducible fMRI research. Elife 2022;11:e79277.

Niso G, Botvinik-Nezer R, Appelhoff S et al. Open and reproducible neuroim-
aging: from study inception to publication. Neuroimage 2022;263:119623.
Notter MP, Herholz P, Da Costa S et al. f/MRIflows: a consortium of fully auto-
matic univariate and multivariate fMRI processing pipelines. Brain Topogr
2023;36:172-91.

Raval V, Nguyen KP, Pinho M et al. Pitfalls and recommended strategies and
metrics for suppressing motion artifacts in functional MRI. Neuroinformat-
ics 2022;20:879-96.

Xu T, Kiar G, Cho JW et al. ReX: an integrative tool for quantifying and opti-
mizing measurement reliability for the study of individual differences. Nat
Methods 2023;20:1025-8.

Kay BP, Montez DF, Marek S et al. Motion impact score for detecting spurious
brain-behavior associations. bioRxiv 2022;2022.12.16.520797.

Xu T, Cho JW, Kiar G et al. A guide for quantifying and optimizing mea-
surement reliability for the study of individual differences. bioRxiv 2022;2022.
01.27.478100.

Steegen S, Tuerlinckx E Gelman A et al. Increasing transparency through a
multiverse analysis. Perspect Psychol Sci 2016;11:702-12.

Dafflon J, Da Costa PE Vasa F et al. A guided multiverse study of neuroimag-
ing analyses. Nat Commun 2022;13:3758.

Charpentier CJ, Faulkner P, Pool ER et al. How representative are neuroim-
aging samples? Large-scale evidence for trait anxiety differences between
fMRI and behaviour-only research participants. Soc Cogn Affect Neurosci
2021;16:1057-70.

Wylie GR, Genova H, DeLuca J et al. Functional magnetic resonance imag-
ing movers and shakers: does subject-movement cause sampling bias? Hum
Brain Mapp 2014;35:1-13.

Siegel JS, Mitra A, Laumann TO et al. Data quality influences observed links
between functional connectivity and behavior. Cereb Cortex 2017;27:4492-
502.

Nakua H, Hawco C, Forde NJ et al. Systematic comparisons of different qual-
ity control approaches applied to three large pediatric neuroimaging data-
sets. Neuroimage 2023;274:120119.

Pfefferbaum A, Sullivan EV, Hedehus M et al. In vivo detection and func-
tional correlates of white matter microstructural disruption in chronic alco-
holism. Alcohol Clin Exp Res 2000;24:1214-21.

Cousijn J, Wiers RW, Ridderinkhof KR et al. Grey matter alterations associ-
ated with cannabis use: results of a VBM study in heavy cannabis users and
healthy controls. Neuroimage 2012;59:3845-51.

Voineskos AN, Mulsant BH, Dickie EW et al. Effects of antipsychotic medi-
cation on brain structure in patients with major depressive disorder and
psychotic features: neuroimaging findings in the context of a randomized
placebo-controlled clinical trial. JAMA Psychiatry 2020;77:674-83.

Neufeld NH, Oliver LD, Mulsant BH et al. Effects of antipsychotic medica-
tion on functional connectivity in major depressive disorder with psychotic
features. Mol Psychiatry 2023; doi:10.1038/s41380-023-02118-8.

Yang C, TangJ, Liu N et al. The effects of antipsychotic treatment on the brain
of patients with first-episode schizophrenia: a selective review of longitudi-
nal MRI studies. Front Psychiatry 2021;12:593703.

Gell M, Eickhoff SB, Omidvarnia A et al. The burden of reliability: how mea-
surement noise limits brain-behaviour predictions. bioRxiv 2023;2023.02.09.
527898.

Tozzi SL, Fleming SL, Taylor ZD et al. Test-retest reliability of the human
functional connectome over consecutive days: identifying highly reliable
portions and assessing the impact of methodological choices. Netw Neuro-
sci 2020;4:925-45.

Noble S, Scheinost D, Constable RT. A decade of test-retest reliability of
functional connectivity: a systematic review and meta-analysis. Neuroimage
2019;203:116157.

Iraji A, Faghiri A, Fu Z et al. Moving beyond the “CAP” of the iceberg: intrin-
sic connectivity networks in fMRI are continuously engaging and overlap-
ping. Neuroimage 2022;251:119013.

Barber AD, Hegarty CE, Lindquist M et al. Heritability of functional connec-
tivity in resting state: assessment of the dynamic mean, dynamic variance,

World Psychiatry 23:| - February 2024


https://doi.org/10.1038/s41380-023-02118-8

451.

452.

453.

454.

455.

456.

457.

458.

459.

460.

461.

and static connectivity across networks. Cereb Cortex 2021;31:2834-44.
Braga RM, Buckner RL. Parallel interdigitated distributed networks within
the individual estimated by intrinsic functional connectivity. Neuron 2017;
95:457-71.e5.

Dworetsky A, Seitzman BA, Adeyemo B et al. Probabilistic mapping of human
functional brain networks identifies regions of high group consensus. Neuro-
image 2021;237:118164.

Seitzman BA, Gratton C, Laumann TO et al. Trait-like variants in human
functional brain networks. Proc Natl Acad Sci USA 2019;116:22851-61.
Anderson KM, Ge T, Kong R et al. Heritability of individualized cortical net-
work topography. Proc Natl Acad Sci USA 2021;118:e2016271118.

Keller AS, Pines AR, Sydnor V] et al. Personalized functional brain network
topography predicts individual differences in youth cognition. bioRxiv
2022;2022.10.11.511823.

Santo-Angles A, Salvador R, Gomar JJ et al. Interindividual variability of
functional connectome in schizophrenia. Schizophr Res 2021;235:65-73.
Seghier ML, Price CJ. Dissociating functional brain networks by decoding
the between-subject variability. Neuroimage 2009;45:349-59.

Sanfratello L, Caprihan A, Stephen JM et al. Same task, different strategies:
how brain networks can be influenced by memory strategy. Hum Brain Mapp
2014;35:5127-40.

Westlin C, Theriault JE, Katsumi Y et al. Improving the study of brain-be-
havior relationships by revisiting basic assumptions. Trends Cogn Sci 2023;
27:246-57.

Brucar LR, Feczko E, Fair DA et al. Current approaches in computational
psychiatry for the data-driven identification of brain-based subtypes. Biol
Psychiatry 2023;93:704-16.

Chen J, Patil KR, Weis S et al. Neurobiological divergence of the positive and
negative schizophrenia subtypes identified on a new factor structure of psy-
chopathology using non-negative factorization: an international machine
learning study. Biol Psychiatry 2020;87:282-93.

World Psychiatry 23:1 - February 2024

462.

463.

464.

465.

466.

467.

468.

469.

470.

471.

472.

Chand GB, Singhal P, Dwyer DB et al. Schizophrenia imaging signatures and
their associations with cognition, psychopathology, and genetics in the gen-
eral population. Am J Psychiatry 2022;179:650-60.

Liang S, Wang Q, Greenshaw AJ et al. Aberrant triple-network connectivity
patterns discriminate biotypes of first-episode medication-naive schizo-
phrenia in two large independent cohorts. Neuropsychopharmacology
2021;46:1502-9.

Greene AS, Shen X, Noble S et al. Brain-phenotype models fail for individuals
who defy sample stereotypes. Nature 2022;609:109-18.

Weinberger DR, Mattay V, Callicott ] et al. fMRI applications in schizophrenia
research. Neuroimage 1996;4(Pt. 3):S118-26.

Callicott JH, Mattay VS, Verchinski BA et al. Complexity of prefrontal cortical
dysfunction in schizophrenia: more than up or down. Am J Psychiatry 2003;
160:2209-15.

Kang K, Seidlitz J, Bethlehem RAI et al. Study design features that improve
effect sizes in cross-sectional and longitudinal brain-wide association stud-
ies. bioRxiv 2023;2023.05.29.542742.

Noble S, Spann MN, Tokoglu F et al. Influences on the test-retest reliability
of functional connectivity MRI and its relationship with behavioral utility.
Cereb Cortex 2017;27:5415-29.

Cash RFH, Hendrikse J, Fernando KB et al. Personalized brain stimulation of
memory networks. Brain Stimul 2022;15:1300-4.

Longenecker J, Genderson J, Dickinson D et al. Where have all the women
gone?: participant gender in epidemiological and non-epidemiological
research of schizophrenia. Schizophr Res 2010;119:240-5.

Mirin AA. Gender disparity in the funding of diseases by the U.S. National
Institutes of Health. ] Womens Health 2021;30:956-63.

Burkhard C, Cicek S, Barzilay R et al. Need for ethnic and population diver-
sity in psychosis research. Schizophr Bull 2021;47:889-95.

DOI:10.1002/wps.21159

51





