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Abstract

Background: Schizophrenia is proposed as a disorder of dysconnectivity. However, examination
of complexities of dysconnectivity has been challenging. Structural covariance networks (SCN)
provide important insights into the nature of dysconnectivity. This systematic review examines
the SCN studies that employed statistical approaches to elucidate covariation of regional
morphometric variations.

Methods: A systematic search of literature was conducted for peer-reviewed publications using
different keywords and keyword combinations for schizophrenia. Fifty-two studies met the
criteria.

Results: Early SCN studies began using correlational structure of selected regions. Over the

last 3 decades, methodological approaches have grown increasingly sophisticated from examining
selected brain regions using correlation tests on small sample sizes to recent approaches that

use advanced statistical methods to examine covariance structure of whole-brain parcellations

on larger samples. Although the results are not fully consistent across all studies, a pattern
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of fronto-temporal, fronto-parietal and fronto-thalamic covariation is reported. Attempts to
associate SCN alterations with functional connectivity, to differentiate between disease-related
and neurodevelopment-related morphometric changes, and to develop “causality-based” models
are being reported. Clinical correlation with outcome, psychotic symptoms, neurocognitive and
social cognitive performance are also reported.

Conclusions: Application of advanced statistical methods are beginning to provide insights
into interesting patterns of regional covariance including correlations with clinical and cognitive
data. Although these findings appear similar to morphometric studies, SCNs have the advantage
of highlighting topology of these regions and their relationship to the disease and associated
variables. Further studies are needed to investigate neurobiological underpinnings of shared
covariance, and causal links to clinical domains.
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INTRODUCTION

Dysconnectivity among key brain regions rather than single regional pathology is proposed
to underlie schizophrenia. We mean “dysconnection/dysconnectivity” as impairments/
malfunctioning of the connections/connectivity in contrast to disconnection/disconnectivity,
which refers to an absence of connections among regions (Stephan et al, 2009). Examining
dysconnectivity is challenging because of the complexities in the qualitative nature of
dysconnectivity, quantifying the degree of deviation from the norm, and causally linking
dysconnectivity with the disease and its manifestations. These challenges are compounded
for /n vivo neuroimaging data because of poor spatial and temporal resolutions.

Structural magnetic resonance imaging, diffusion weighted imaging (DWI) and functional
magnetic resonance imaging (fMRI) are extensively used to investigate dysconnectivity.
Structural covariance networks (SCNs) constructed using regional volumes, cortical
thickness, gyrification, and surface area can capture patterns of covariation of brain regions
within and between subjects. Investigation of SCNs using these measures is supported by
replicated differences in brain morphometry between schizophrenia and healthy subjects and
their association with clinical variables. GM volume alterations have been associated with
delusion severity (Prasad et al, 2004a; Prasad et al, 2004b), prognosis (Dazzan et al, 2015;
Mitelman et al, 2003; Prasad et al, 2005), and neurocognitive impairments in schizophrenia
(Czepielewski et al, 2017), healthy subjects (Goodkind et al, 2015), and subjects at-risk

for psychosis (Cannon et al, 2015; Prasad et al, 2010). More than 50 regions have showed
reduced volumes (Shenton et al, 2001), cortical thickness (Padmanabhan et al, 2015) and
surface area (van Erp et al, 2018) while some have shown larger volumes, e.g., putamen
(Ellison-Wright et al, 2008). Meta-analyses have reported inconsistent gray matter (GM)
loss across the regions (Chan et al, 2011; Ellison-Wright et al, 2008; Honea et al, 2005;
Steen et al, 2006; Vita et al, 2006) although some were more consistently altered, e.g.,
anterior cingulate cortex (ACC) and insula (Chan et al, 2011; Ellison-Wright et al, 2008).
These inconsistencies may be attributed to differences in methodologies, MRI data, illness
duration and medications.
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DWI measures anisotropy of water diffusion from which diffusion metrics (e.g., fractional
anisotropy, radial diffusivity) are calculated indexing white matter (WM) integrity and
diffusion stream count. These metrics can reveal an altered “wiring diagram” at the
macroscale or mesoscale. Structural connectivity partly explains how brain regions interact
to affect behavioral output. Functional connectivity that involves correlation of time-series of
hemodynamic data reflecting synchronous hemodynamic response among nodes can further
inform behavioral manifestations. Since the correspondence between functional and WM
connections is generally low, ranging between 0.3-0.5 (Suarez et al, 2020), understanding
structural topology can help in better qualitative appreciation and quantitative estimation of
dysconnectivity. This review will focus on SCNs and their implications for understanding
the pathophysiology of schizophrenia.

SCNs can highlight topology of brain structures that can be analyzed to reveal hierarchical
brain organization, intrinsic cortical organization, and mutual influence of changes in
regional measures. These features are replicated at both individual and population levels,
which is a clear advantage of examining SCNs (Alexander-Bloch et al, 2013). Between-
group comparison using regions-of-interest (ROI) or voxel-based morphometry (VBM)
approaches cannot provide such data. Further, SCNs of the human brain significantly
differs from random networks (Bullmore and Sporns, 2009, 2012) suggesting that the
shared variations of brain regions are not random. This is supported by prior studies

that reported greater between-subject variability of regional volumes compared to between-
subject differences in whole-brain volume (Kennedy et al, 1998) and that between-subject
differences in one region frequently covary with between-subject differences in other regions
(Lerch et al, 2006).

Examination of such covariance in schizophrenia began almost as soon as MRI was
deployed to investigate the brain biology of schizophrenia. Widespread use of neuroimaging,
computation-based morphometric parcellations and applications of advanced mathematical
and statistical approaches have enabled examination of covariance structure of multiple
brain regions. The focus of this review is to discuss what has been learned about covariation
of brain regions so far, to summarize evolving methodologies, to clarify the biological and
pathophysiological significance of SCN to schizophrenia, and to chart future directions.

2. METHODS

The PubMed, Psychinfo and Embase databases were searched using different keywords and
combinations for peer-reviewed papers published until July 04, 2021, yielding a number of
papers: “structural covariance” (n=11,159), “structural covariance network” (n=1274) and
“structural covariance network AND schizophrenia” (n=80), “structural covariance AND
schizophrenia” (n=316), “morphometric covariance” (n=495), “morphometric covariance
AND schizophrenia” (n=26), “source based morphometry” (n=262), “source based
morphometry AND schizophrenia” (n=33) (Fig 1). Citations within these papers were also
searched. The inclusion criteria were that the manuscripts should: (a) be published in a
peer-reviewed journal, (b) address schizophrenia, (c) describe image acquisition, processing,
and statistical/mathematical procedures, and (d) compare with appropriate healthy subjects.
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Sixty-eight published studies that examined SCN using either statistical or mathematical
approaches met the inclusion criteria. To adequately deal with these two approaches, this
review is divided into two parts. Part | will describe 53 studies using statistical methods
to build and analyze the SCNs. Part Il will describe the studies that used graph theoretic
approaches along with studies that examined persons at risk for schizophrenia.

3. RESULTS
3.1. STATISTICAL METHODS USED IN STRUCTURAL COVARIANCE STUDIES

Statistical approaches were the mainstay until the mid-2000s after which mathematical
approaches using graph theory gained popularity. Selected statistical approaches are
described. Some studies relied mainly on correlational approaches, but recent studies have
applied multivariate approaches.

Correlations: Although the SCN is called a covariance network, the networks are built
using correlations. Correlation and covariance both quantify the relation between variation
in two variables, but correlation is normalized to —1 and 1 whereas covariance is not.
Suppose there are morphometric measures of ROIs for 77subjects, i.e., /70bservations on
cortical thickness at each ROI. Correlation coefficients are calculated for each pair of ROIs
giving one group-level network for each group. Networks can be thresholded to examine
binary networks consisting of binary edges. The Pearson, Spearman, or partial correlations
have been used to study networks. Along with the property of positive semi-definiteness, a
correlation network provides a measure of similarity between ROIs. The SCNs can then be
examined using various statistical procedures (Table 1).

Source-based morphometry (SBM)—Source-based morphometry (SBM) is a data-
driven algorithm which provides a multivariate extension to VBM using independent
components analysis (ICA). SBM does not require a priori region selection. After
preprocessing using VBM to create voxelwise map of GM concentration/volume or WM
measures at each voxel, the voxels from the 3D image are unwrapped into a single row.
ICA is applied to a subject-by-voxel GM or WM matrix resulting in a loading matrix and
component matrix. The rows of the component matrix and columns of the loading matrix
are then considered in pairs. The component rows indicate how one component contributes
to different brain voxels. #tests can be performed on each column of loading coefficient to
examine which components show group difference among the loading components (Table
2).

Principal Components Analysis (PCA)—Principal Components Analysis (PCA) is a
dimension reduction technique used to find a few principal directions, or weighted linear
combinations of measurements, that explain most of the variability in data. Given A/sample
observations on p variables, first the sample covariance matrix is calculated, and then
mutually orthogonal eigenvectors or principal directions are recorded. In an SCN, the data
may consist of the observations from A subjects on p ROIs. The first principal component
(PC) is computed by the dot product between the first eigenvector and the observations on
the subject, leading to AV observations on the first PC. The next PCs are computed using the
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same procedure. Orthogonality ensures that the /7 PC is uncorrelated with the previous 7 -
1 PCs and the first PC represents a direction along which measurements exhibit maximum
variance; the second PC maximizes variance over directions orthogonal to the first PC and
S0 on. This process is also used in Principal Components Regression (PCR) where, given
observations on a response variable and predictor variables, the desired number of PCs are
calculated and used to predict the response through linear regression. Predictors measured
in different units should be standardized to calculate eigenvectors of the correlation matrix
instead of covariance matrix.

Partial Least Squares (PLS) Regression—Partial Least Squares (PLS) Regression is
based on PCA but overcomes the unsupervised approach of PCR. The PCs of the predictor
variables are used instead of the predictors themselves to predict the response variable.
However, the directions that best explain the predictors may not be the best directions to
predict the response (James et al, 2013). The problem of response variables not contributing
to the dimensionality reduction in PCR is alleviated by the supervised approach of PLS
regression. Given response variable Yand features X3, -, X), the first PLS direction

is computed as Uy = Y7 _ | ¢1;X;, where ¢y, are the regression coefficients obtained by

regressing Yon Xjfor each 7separately. Next, each X7is regressed on U; and the residuals
are recorded and interpreted as the unexplained information from the first PLS direction. In
place of the original predictors, these residuals are used in a similar fashion to compute the
second PLS direction, U5, and so on. The number of directions is chosen usually via cross-
validation. In both PCA and PLS, bias decreases with increasing number of dimensions but
variance increases. In SCN, PLS correlation (PLSC) is considered. Two matrices X, Y are
considered where X is a matrix of brain activity and for seed-based PLSC, Y is a matrix

of voxel intensities. A singular value decomposition R @ o XTY = UVT is computed
where the matrices of left singular vectors U and right singular vectors V are called silences
(Krishnan et al, 2011; Spreng et al, 2019).

Granger Causality (GC)—Granger Causality (GC) has been successfully adopted into
neuroscience to study the causal effect of one time series on another. Suppose y;is an
auto-regressive time series of order pand one wishes to test if another time series x;
Granger-causes y; Then the following model,

ve=ag+tapyy— 1+t apy— ptPgXp— gt BXp—pte

is formed, where €,is white noise and r>q. F-tests are then used to check which of the
lagged values of x;survive. If all the coefficients B, -, B, fail to be significant, then
it is said that x;does not Granger-cause y; Thus, when GC is detected, it implies that
knowledge of x;is helpful in the future prediction of y;(Table 3).

3.2. STRUCTURAL COVARIANCE STUDIES

3.2.1. Studies Examining Selected Brain Regions—Early studies examined
the fronto-temporal regions. Shenton et al (1992) reported both positive and negative
correlations of GM volumes among several regions within the temporal lobe in patients.
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Brier et al (1992) examined the GM and WM volumes of the prefrontal cortex (PFC),
caudate and limbic regions and reported correlations between the prefrontal WM and limbic
GM volumes among patients. Neither study found significant correlations among controls.
Wible et al (1995) replicated Shenton et al (1992) findings. By including PFC GM and WM,
replicated Brier et al (1992) results, and also found covariations among controls. Bullmore
et al (1998) reported positive correlations in fronto-temporal regions among controls but
negative or no correlations in patients. Averaging regional volumes from both hemispheres
on a larger sample, Woodruff et al (1997) reported stronger correlations in controls than in
patients for the fronto-temporal regions except between the dorsolateral PFC (DLPFC) and
ventrolateral PFC.

Later studies reported correlation of thalamus with ventricles in patients but with
hippocampus in controls (Portas et al, 1998), higher fronto-parietal correlations in patients
(Niznikiewicz et al, 2000), and different patterns of correlations in patients and controls in
the heteromodal association cortices (Buchanan et al, 2004). Chen et al (2014b) reported
differences in covariance among insula, amygdala and parietal regions between patients and
controls in a network of regions selected based on metanalysis.

Multivariate statistical methods were also used to examine SCN of selected regions. Corradi-
Dell’ Acqua et al (2012) used PLS approach to structural equation modeling (SEM). SEM
analyzes structural relationship between real variables and latent constructs to build models
of processes that would give rise to the observed data. They found coefficients of paths
connecting the thalamus to the anterior insula, and the DLPFC to the amygdala were larger,
while path from the entorhinal cortex to the DLPFC was smaller in patients compared to
controls demonstrating dysconnectivity among these regions. However, details on statistical
analysis were not provided (Table 3).

3.1.2. Whole brain parcellation-based SCN—Some SCN studies examined
structural covariance either within regional network specialization, seed-based SCN or
regions regulating cognitive processing using multivariate and correlational approaches.

3.1.2.1. Whole-brain SCN Studies Examining Regional Network Specialization: When
inter-regional and interlobar covariance was examined separately, patients showed both
stronger and weaker coupling. Stronger coupling between the frontal lobes, frontal-limbic
and temporal-subcortical but weaker frontal-subcortical coupling was observed in patients.
Two subnetworks were identified. Greater coupling between limbic to frontal, and limbic

to parieto-temporal regions weaker coupling between frontal-parieto-occipital and among
medial temporal regions was noted Inter-regional couplings within the lobes showed
pairwise correlations of regions spread out in every lobe/region in both patients and controls
(Collin et al, 2013).

Whole thalamic GM did not correlate with prefrontal and medial temporal (Mitelman et
al, 2005a) but pulvinar nucleus volume negatively correlated with prefrontal and temporal
regions in patients. posterior parietal, and occipital regions while rostral frontal and frontal
eye field WM volumes negatively correlated with thalamus in patients (Mitelman et al,
2006). Healthy controls showed different pattern where GM volumes but not most WM

Schizophr Res. Author manuscript; available in PMC 2023 February 01.
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regions showed correlations (Mitelman et al, 2005a) and centromedian nucleus positively
correlated with frontal regions (Mitelman et al, 2006). also reported several findings
suggestive of fronto-temporal dysconnectivity in patients compared to controls (Mitelman et
al, 2005b; Mitelman et al, 2005c).

Hierarchical brain organization showed global and selected supraregional covariance
structure alterations in schizophrenia. Supraregional anatomy was defined by authors

as structural changes in multiple brain areas as opposed to global measures and

regional volume changes (Wright et al, 1999). Using singular value decomposition to
extract PCs of GM volumes to identify altered brain organization at these levels, they
showed that the global (GM-ventricular system) and supra-regional (fronto-temporal
system) were orthogonal to each other and suggested that two different processes may
underlie this pattern. The assumption was that the supraregional alterations reflect shared
neurodevelopmental influences.

3.1.2.2. Seed-based SCNs: Six studies examined the covariation of one or more regions
selected as “seed(s)” based on study-specific hypothesis to examine covariation with
morphometry of other regions using different approaches. While Clos et al (2014), Abbs

et al (2011) and Spreng et al (2019) examined volumes, others examined cortical thickness.
Buchy et al (2017) and Kuang et al (2017) used the Pearson correlation to build the
network and used the Mapping Anatomical Correlation Across Cerebral Cortex (MACACC)
program which was designed to test seed-based anatomical covariance and compare across
groups (Lerch et al, 2006). Moberget et al (2018) used a meta-analytic approach while

Clos et al (2014) used SCN, resting fMRI and meta-analytic connectivity modeling. Abbs
et al (2011) examined gender differences in covariation among regions showing sexual
dimorphism and also involved in verbal memory regulation in schizophrenia. Spreng et

al (2019) used PLS regression in a seed-based SCN within the networks that regulate
cognitive domains to determine consistent SCN network alterations and the relationship of
covariance network score with psychopathology. Given different methods, seed-regions and
morphometric measures used, the results also differed.

The ventrolateral PFC seeded SCN did not show case-control differences (Kuang et al,
2017). Right somatosensory cortex and bilateral fusiform face area-seeded SCN showed
higher covariance in controls than patients (Buchy et al, 2017). Cerebellum-seeded analysis
showed positive correlations of cerebellar volume with cortical thickness of fronto-temporal
regions (Moberget et al, 2018). SCN using anterior insula as a seed reported that the
network from each method showed correlations with the neighboring regions strongly and
the functional implications were different for each of the methods (Clos et al, 2014).

Abbs et al (2011) selected ACC, PFC, hippocampus, parahippocampal gyrus, and inferior
parietal cortex. They reported sex differences in covariance patterns in the inferior parietal
lobule, PFC, ACC, and hippocampus. Sex differences in covariance in the inferior parietal
lobule-ACC were associated with sex differences in verbal memory performance.

3.1.2.3. SCNs of networks associated with cognitive domains: Examination of cognitive
domain networks in first-episode and chronic schizophrenia yielded different results. The
first-episode patients but not controls showed positive correlations in executive control

Schizophr Res. Author manuscript; available in PMC 2023 February 01.
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network whereas controls but not patients showed positive correlations in auditory regions
(Zhang et al, 2020). Chronic patients showed reductions in structural integrity in the
fronto-parietal control and salience networks but not in other networks. SCN scores did

not correlate with severity of psychopathology (Spreng et al, 2019). These studies examined
different sets of networks and used different statistical approaches as well. While Spreng

et al used VBM and PLS on whole-brain, Zhang et al (2020) used independent correlation
analyses by selecting one representative region for each network

Combining SCN and rsfMRI showed that dysconnectivity in schizophrenia may not be
primarily due to DMN dysconnectivity but instead influenced by regions outside the DMN
(anterior temporoparietal junction and precuneus). In addition, coupling of the DMN with
larger networks to be a problem rather than deficits within the DMN, and a dissociation
between structural and functional alterations within the network (Lefort-Besnard et al,
2018).

Deficits in theory of Mind (ToM), a social cognition construct, showed stronger fronto-
temporal covariance compared to high ToM group before and after covarying 1Q in a surface
area-based SCN. Adding medication status as a covariate showed stronger covariance in left
caudal MFG and the right MTG in low compared to high ToM group, and left MTG and the
left STG in high compared to low ToM group (Raucher-Chéné et al, 2020).

Normative modeling, a novel method to examine SCNs at individual level, involves building
a group-level SCN of healthy subjects and then adding one patient at a time to the normative
model resulting in a “perturbed SCN” for each patient. Z-score of correlation coefficient of
perturbed SCN was used to build individual differential SCN (IDSCN) using the Z-scores
as the weight of each edge. Using this method, Liu et al (2021) found the IDSCNs of
patients were highly heterogenous, e.g., only 28% of edges were shared by more than one
patient. This method revealed greater heterogeneity in the fronto-temporo-parietal network.
When group-level SCN was compared with the IDSCNS, each patient contributed differently
with small effects whereas accumulated differences contributed more strongly. Despite

this heterogeneity, hippocampus-putamen/pallidum edges could subgroup patients and was
associated with selected genetic variants.

3.1.2.4. Source based morphometry: SBM revealed finite number of components
consisting of highly covarying GM regions. Xu et al (2009a) reported 5 GM source networks
consisting of bilateral temporal, thalamus, basal ganglia, parietal, and frontal-temporal
regions, and many WM tracts connecting these regions (Xu et al, 2009b). Compared to
VBM, SBM could identify more group differences in regional volume (Kasparek et al, 2010;
Xu et al, 2012). Associations with severity of formal thought disorder (Palaniyappan et al,
2015), positive symptoms on PANSS (Gupta et al, 2017) and short-term clinical outcome
(Li et al, 2019) were also reported. SBM is proposed to be able to subtype psychosis

based on differential association of positive and negative symptoms with IFG and brain
stem, respectively (Rahaman et al, 2020). Many regions common to both schizophrenia

and bipolar disorder (BD) were identified in the cortical areas suggesting continuum of
psychasis (Sorella et al, 2019).
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Association of multiple ICs with ECT response (Wolf et al, 2016), earlier onset of cannabis
use (Penzel et al, 2021) and inflammation (Quide et al, 2021) are also reported. SBM
identified 25 spatially distinct mostly modestly heritable components; some were associated
with 27 linkage disequilibrium-independent genetic variants. Among these, DMN network
was associated with schizophrenia (Rodrigue et al, 2020). Another study showed association
of SBM-derived heritable insula-MPFC component with SZ (Sprooten et al, 2015).

3.1.2.5. Causality-based structural covariance: An exploration of causality of structural
covariance across different durations of illness showed that an increasing duration of illness
correlated positively with increasing number of regions showing volume reductions. Jiang et.
al. (2018) constructed pseudo-time series of GM volume data according to increasing rank
of schizophrenia illness duration using the GC model. The volume reduction began in the
thalamus as the primary hub of the network with ‘causal’ progression to volume reductions
in a predictable manner to the frontal lobe, then to the temporal and the occipital lobe
followed by the cerebellum.

4. DISCUSSION

Structural covariance is a phenomenon where between-subject differences in one region
covary with between-subject differences in other regions providing topological information
about the brain as a complex network of interconnected regions. Statistically built SCNs can
highlight network level abnormalities and altered brain organization underlying a disorder.
Published studies have used different statistical approaches to examine SCNs for patient-
control differences, and network correlates of cognitive impairments, psychopathology, and
outcome. Each study pursued different goals by selecting different sets of brain regions

and reported covariance among different regions and correlation with psychopathology and
clinical outcome. However, there have been very few attempts to replicate the results, so far.
Some studies have examined covariation at the regional level while others have examined
the entire brain. No study reported negative findings. For these reasons, it is challenging

to meta-analyze these studies. It is unclear if there is a file drawer effect. Despite these
shortcomings, recent studies have been focusing on developing novel methods to understand
structural covariance in schizophrenia.

Notwithstanding divergent approaches and observed results, certain discernible patterns

of covariations in the fronto-temporal, fronto-parietal and thalamofrontal networks with a
modest degree of consistency are reported (Breier et al, 1992; Collin et al, 2013; Corradi-
Dell’ Acqua et al, 2012; Mitelman et al, 2005b; Mitelman et al, 2005c; Niznikiewicz et al,
2000; Portas et al, 1998; Shenton et al, 1992; Wible et al, 2001; Wible et al, 1995). These
studies examined hypothesis-based selection of a few regions and whole brain search for
volume differences and used correlations and multivariate statistics to report dysconnections
in these networks. ROI-based studies have reported altered volume, thickness, and surface
area measures in many of the regions included in these networks. Thus, structural covariance
highlights differences in within-subject covariation patterns between schizophrenia and
controls beyond between-subject regional variations that could help elucidate underlying
mechanisms.

Schizophr Res. Author manuscript; available in PMC 2023 February 01.
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There are several inconsistent findings. Initial observations of regional covariations in
patients but not in controls (Breier et al, 1992; Shenton et al, 1992) was not supported

by later studies that reported different patterns of correlations among controls (Buchanan et
al, 2004; Bullmore et al, 1998; Portas et al, 1998), and even stronger correlations in controls
than in patients (Woodruff et al, 1997). Such inconsistent findings may have resulted

from heterogeneity in the shared variations, not controlling for all covariates or failure

to control for the effect of covariation among excluded regions on the selected regions,
called conditional correlations in many studies. Shenton et al (1992) used ICV-corrected
volumes whereas Breier et al (1992) used partial correlations controlling for age and sex.
Chen et al (2014b) regressed out the effects of age, sex, ICV and the volumes of other
ROIs not included in the network (conditional correlation), Portas et al (1998) controlled
for ICV, SES and age. Buchanan et al (2004) adjusted for other volumes examined but not
for ICV. Niznikiewicz et al (2000) used both the raw volumes and ICV-corrected volumes,
separately. In addition, correlational approaches to construct a group level network may be
affected by the presence of unaccounted latent variables. Further, these studies employed 1.5
and 3 Tesla MRI data with slice thickness between 1.5 mm to 3 mm. Such variations in
data acquisition could also affect the morphometric measures and thus the resulting SCNs.
Refined parcellations provided different covariation patterns, e.g., while whole thalamic
volume did not show covariance with cortical BAs, thalamic nuclei showed interesting
patterns of covariance. This suggests that using more refined parcellations could provide
more useful information (Mitelman et al, 2005a; Mitelman et al, 2006). This could also
suggest that changes in morphometric measurements could affect the SCN patterns.

Inter-regional and inter-lobar covariance examination was an interesting approach. Although
interlobar covariance supported fronto-temporal, subcortical-to-frontal and within temporal
lobes connectivity, inter-regional covariance was observed across several regions within
each lobe (Collin et al, 2013). Maturational deficits were proposed as one of the reasons

for interlobar connectivity differences. Bullmore et al (1998) used SCNs to discriminate
between neurodevelopmental and disease-related morphometric changes with some success.

Methodologically sophisticated studies and rigorous designs examining whole brain using
advanced statistical approaches such as PCA, PLS, SEM, seed-based network analysis

and NBS highlighted the complexity of SCNs in schizophrenia including a possibility of
SCN alterations reflecting functional connectivity abnormalities. Spreng et al (2019) and
Zhang et al (2020) showed stronger structural covariance within selected cognitive brain
networks and, structural networks overlapping onto well-established functional network
alterations. Although the findings were not fully concordant, the results suggested that the
SCNs may not be mere statistical correlations and supported concurrent examination of
structural and functional networks to understand the structure-function relationship. Patterns
of structural covariance show a complex relationship with functional connectivity (Clos

et al, 2014; Lefort-Besnard et al, 2018). Variation in a region could “causally” affect
connected regions (Jiang et al, 2018) raising a possibility of volume loss “spreading’ to other
regions with disease progression. However, there are several caveats. This study used ranked
illness durations that were several years apart as pseudo-time series in a cross-sectional
sample. GC applications are used for linear features of signals but “spreading” volumes and
disease progression may not be linear. Compensatory mechanisms for volume loss are not
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considered. Further, GC is not true causality and does not account for latent confounding
effects of medications, comorbidities, and pathophysiological processes affecting the disease
progression and volume changes. These intriguing findings encourage investigation of
schizophrenia as a dysconnection disorder by applying mathematical approaches (see Part

).

Studies examining the clinical significance of SCN alterations related to insight, prognosis
and impairments in cognitive domains such as verbal memory, emotion identification and
social cognition also do not show concurrence. For example, poor outcome showed different
regions with stronger or weaker correlations in different brain regions when different sets

of regions are examined using correlational methods (Mitelman et al, 2005b; Mitelman et
al, 2005c¢) and SBM (L. et al, 2019). Regional correlations with severity of hallucinations
(Modinos et al, 2009), negative formal thought disorder (Palaniyappan et al, 2015), positive
symptoms on PANSS (Gupta et al, 2017) were reported but Spreng et al (2019) did

not find an association of structural covariance scores with psychotic symptom severity.
Psychopathology severity evaluated using different scales and sample sizes, variability in
psychopathology severity depending on treatment status and illness duration could also
have contributed to inconsistencies. Associations with facial emotion detection (Buchy et al,
2017), cognitive insight (Kuang et al, 2017), and ToM deficits (Raucher-Chéné et al, 2020)
have also been reported. Replications are required for these associations.

In summary, published studies report many discernible patterns of correlations and their
associations with psychopathology, inflammation, heritability, and cognition that are similar
to the ROI-based or whole-brain morphometric studies. However, a major advantage of
investigating SCNs is that they highlight topology of these regions and their relationship to
the disease and associated clinical variables. Many existing studies have the drawbacks of
small sample size, scanner differences, different morphometric measures, e.g., volume and
density, and non-uniform control for covariates including treatment interventions; the latter
may have complex associations with GM morphometric measures. Medications (Keshavan
et al, 1994) and psychotherapy (Eack et al, 2008; Eack et al, 2010) may increase the volume
of brain regions, but have not been replicated (Lieberman et al, 2005), and the relationship
between amount and duration medications and GM changes is not linear (Roiz-Santiafiez

et al, 2015). Repeating the analysis with and without medications as a covariate did not
yield different results in one study (Collin et al, 2013). More refined gray matter measures
such as membrane phospholipid precursor and catabolite levels that index neuronal and glial
membrane expansion and contraction in the neuropil also did not show replicated evidence
of the association of antipsychotic medications with expansion or contraction of neuropil
that contribute to volume (discussed in (Prasad et al, 2016)). A longitudinal MRI study
showed brain volume reductions (Ho et al, 2003) that concurs with animal studies (Lewis,
2011). Despite these diverse findings, while controlling for antipsychotic medications should
be a standard practice, a better option should be to report both with and without controlling
for medications. Recent studies that are methodologically sophisticated should consider
strengthening the study designs to address these. Further, guidelines need to be developed to
make studies more uniform in their core approaches so that the findings are meta-analyzable.
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5. FUTURE DIRECTIONS

An important caveat is that the correlations do not imply causation and hence can lead to
spurious impressions of “connection” or “connectedness” in an SCN. Logical next steps
include investigation of the extent to which SCN-connectivity maps on to WM connectivity.
It is likely that the structure-function relationship will not be linear (Clos et al, 2014;
Lefort-Besnard et al, 2018). Studies that clarify such complex relationships could help better
explain the meaning of dysconnectivity revealed by the SCNs.

Future studies should examine whole-brain regional covariance by including functional and
WM networks employing advanced multivariate statistics to unravel correlational patterns
across modalities. Correlations with clinical and cognitive variables using standard scales/
batteries are also needed. The discipline of statistical network analysis is witnessing rapid
methodological and inferential advances for analyzing graph-structured data and network
characteristics encountered in SCNs. Statistical network models could be highly flexible and
can capture higher order network structures such as transitivity, reciprocity and assortativity
(Loyal and Chen, 2020). Among them stochastic block models and their variants could
provide highly flexible approaches to investigate networks (Holland et al, 1983). These
methods are beginning to be applied in schizophrenia (Pavlovic et al, 2014). The prospect
of applying advanced statistical network analysis techniques - and general random graph
models to better understand SCNs and schizophrenia - warrants optimism.
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Records identified through database
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Records identified through database
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morphometry AND schizophrenia

(n=34)

A4

Records after removing
papers not meeting

\ 4

criteria
(n=32)

Records excluded:
fMRI/EEG (8); DTI (2);
review (2); SCN not
examined (11);
methods
development (5); not
on SZ (10); enzyme
network (1); No MRI
(2); Misc. (2); SBM
papers (6*)
(n=49)

'

Records after removing
papers not meeting
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(n=21)

Full-text articles assessed
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(n=32)

A 4

Full-text articles assessed
for eligibility
(n=21)

\4

Studies included in the
systematic review
(n=53)

A 4

Records excluded:
Method only (1); No
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enzyme network (1);
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Studies using correlational
methods
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Studies using multivariate
statistical methods

Fig. 1.

PRISMA 2009 Flow Diagram.
*These studies were included in the other bin.
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Table 3

Page 31

Multivariate statistical approaches to investigate structural covariance networks in schizophrenia.

Multivariate statistical approaches

Partial Least SQ

1 Spreng 90 chronic SZ discovery and 90

etal. demographically matched HC; 71

(2019) chronic SZ replication sample
and 74 demographically matched
HC.

To use a novel Seed-based
approach using multivariate
statistical approach to identify
large scale SCNs.

Lasso-like regression

2 Lefort- Resting state and structural MRI
Besnard et data from 5 different samples
al. (2018) acquired in Europe and USA

(241 SZ and 241 HC).

To examine interactions between
structural and functional
networks involving DMN
subnodes to gain insights into
schizophrenia psychopathology.

Machine learning model

3 Castroet 110 SZand 124 HC

al. (2014) Components that have consistent
contribution to the classification
model and are less sensitive
to inter-subject and inter-site
variability.

Structural Equation Modeling

4 Corradi- 68 chronic SZ patients and 77

Dell’ matched HC

Acqua et Goals were to extend

al. (2012) observations of frontal and
mediotemporal region alterations
by including thalamus and insula.

Seed-based partial least square
multivariate approach

Examination of networks involved

in salience, default, motor, visual,
frontoparietal, and dorsal attention based
on functional architecture.

Main goal was to test whether SCNs

can show robust and replicable network-
level alterations in patients compared to
controls.

For each participant, a composite
structural covariance network score was
calculated that indexed a network pattern
identified by the latent variables and
integrity of individual’s network integrity.
This score is mathematically expressed
as the dot product of GM voxel value in
each participant’s normalized segmented
image and the corresponding voxel
weight in the spatial pattern derived from
the thresholded PLS group result image.

Focused on three networks, namely the
default mode, salience, and the dorsal
attention networks.

Examined the structural network
concordance with the functional networks
and, also the across network covariation.
DMN subnodes included the dorsomedial
PFC, primary motor cortex and temporo-
parietal junction.

DMN subnodes were supplemented by
nodes of salience and dorsal attention
networks.

1.5 or 3 Tesla MRI data with 1.5 mm
slices. SPM5 was used to segment the
images using unified segmentation.

Used a machine learning approach

based on resampling techniques to find
consistent patterns of GM concentration
differences. Consistent regions detected
using SBM.

Separated the brain into four components.

1.5 Tesla MRI data with 1.5 mm

slices were examined for volumetric
correlations among 5 ROIs: DLPFC,
anterior insula, amygdala, thalamus, and
entorhinal cortex.

Across two SZ samples, reliable and robust
reductions in structural integrity of the fronto-
parietal control and salience networks were
found but not in the default, dorsal attention,
motor, and sensory networks.

Structural covariance scores did not correlate
with symptoms measured on PANSS, but
patients showed across-subject relationship for
all structural networks consistently.

Certain patterns emerged suggesting that

the structural covariance score may be a
trait-like measure with strong-across network
relationship where same subjects might have
low/high network covariance across networks.

Using precision matrix (sparse inverse
covariance estimates), authors report
functional covariation between the right and
the left temporo-parietal junction of the DMN
to be significantly different between the HC
and SZ whereas the temporoparietal junction
and primary motor cortex showed structural
covariation.

Functional intra-network covariance was noted
in the anterior temporo-parietal junction
followed by dorsomedial PFC showing

the highest number of disrupted functional
connections in the default mode network.

In the dorsal attention network, the left inferior
parietal sulcus showed highest number of
edges with significant disruption in SZ.

In the salience network, SZ subjects showed
disruption in the mid-cingulate cortex.
Default mode network subnodes in the
precuneus and the rostro-dorsal dorsomedial
prefrontal cortex are the target regions with
highest structural disturbances in SZ.

Multivariate analysis performed by Bagging
SVM is capable of detecting relevant
components that would be rendered irrelevant
to schizophrenia based on univariate tests.

It may be possible to replicate these results on
multiple datasets.

Three out of the four components showed an
increase in GM concentration in HC when
compared to SZ.

Right anterior insula and DLPFC showed
volume changes.

Coefficient of the path connecting thalamus to
anterior insula, DLPFC to amygdala was larger
in patients than in controls.

Coefficient of the path connecting entorhinal
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Multivariate statistical approaches

5Liuetal. Used 7 datasets:

(2021) Initial dataset: 107 drug-naive
first-episode SZ (FES) and 71
HC.

Validation dataset #1: 44 drug-
naive FES patients, 47 HC.
Validation dataset #2: 166 drug-
naive FES patients, 58 HC.
Chronic dataset #1: 124 SZ
patients, 132 HC.

Chronic dataset #2: 67 SZ
patients and 74 HC from the
COBRE.

Chronic dataset #3: 103 SZ
patients and 89 HC from MCIC.
A CHR dataset: 99 high-risk
individuals, and 97 HC.

Goals were to use normative
models in stratifying individual
patients and to externally validate
normative models with symptoms
and genotypes

Granger causality

97 SZ and 126 HC examined
To assess causal relationship of
structural alterations among the
brain regions

Patients were grouped into
duration of illness of 0-10 year
(Stage 1), 11-20 years (Stage 2)
and > 20 years (Stage 3) 5-year
interval staging was also used
that had 6 groups

6 Jiang et
al. (2018)

Scan data obtained on either 3T or 1.5 T
scanners.

VBM and CAT12 were used for initial
processing AAL2 atlas was used for
parcellation.

Used the normative model that was
developed in bioinformatics to construct
individual-specific gene expression
networks.

Group level SCN of HC was first built
after which one patient was added to
create perturbation network.

Perturbation networks were developed for
each patient.

From the Z-scores, individual differential
SCNs were built.

The three chronic and one CHR datasets
were used to explore the stability of our
results across different disease stages.

3 Tesla MRI data acquired at 1 mm
thickness was processed using CAT12 in
SPM12.

Used Granger causality where
morphometric data were ranked
according to progression. The method
was called causal SCN (CaSCN) to
understand the progressive alterations of
structural brain network throughout the
duration of illness.

GM volume data of patients sequenced
according to the ranks of the SZ duration
from low to high that is analogous to
time-series information.

This pseudo-time series was used to
apply Granger Causality to construct seed
based CaSCN.

Positive Granger Causality value
indicated that the same GM volume
alteration in the regions lagged the seed
atrophy suggesting that the reduction
was driven by the seed; negative value
suggested compensatory effect.

to DLFPC was smaller in patients than in
controls

SZ patients were highly heterogenous in their
SCNs.

Despite high degree of heterogeneity,
hippocampus and bilateral putamen/globus
pallidus edges grouped patients into two
opposing covariance patterns.

Among the 4317 edges about 1/3rd edges were
significantly different, and only about 28% of
these were shared by at least 2 patients.
Altered edges correlated with higher
hallucinatory scores.

Comparison of group level SCN with

the IDSCNs showed that the accumulated
differences in each patient contributed more
strongly.

Five variants of 4 genes were associated with
edges of the hippocampus and putamen.
CHR subjects showed similar group
differences as the patients and two subtypes
were present even before the onset of the
illness.

SZ showed reduced volumes in the thalamus,
basal ganglia, frontal lobe, insula, pre- and
postcentral gyrus, bilateral temporal gyrus,
occipital cortex, and cerebellum with no
regions showing increased volume.

Duration of illness negatively correlated with
volumes of regions.

In stage 1, only thalamus volume was reduced.
In stage 2, thalamus + prefrontal, insula and
sensorimotor cortex were reduced. In stage 3,
in addition to these, occipital, temporal and
cerebellum showed reductions.

CaSCN analysis that used thalamus as the seed
showed positive Granger Causality value to
the frontal, cingulate, insula, sensorimotor and
other cortices.

Authors suggest that thalamus may be a hub
of brain regions showing volume reductions,
which spreads to other regions

Abbreviations used: ACC, Anterior Cingulate Cortex; BD, Bipolar disorder; CAT, Computational Anatomy Toolbox; DLPFC, Dorsolateral
Prefrontal Cortex; DMN, Default Mode Network; FDR. False Discovery Rate; GIFT, Group ICA for fMRI Toolbox; GLM, General Linear Model;
GM: Gray Matter; HC, Healthy Controls; ICA, Independent Component Analysis; 1Q, Intelligence Quotient; HC, Healthy Controls; MDD, Major
Depressive Disorder; MPFC, Medial Prefrontal Cortex; MTG, Middle Temporal Gyrus; PANSS, Positive and Negative Symptoms Scale; PFC,
Prefrontal cortex; ROI, Region-of-Interest; SBM, Source based morphometry; SCN, Structural Covariance Network; SPM, Statistical Parametric
Mapping; STG, Superior Temporal Gyrus; SZ, Schizophrenia; ToM, Theory of Mind; VBM, Voxel-based morphometry
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