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ARTICLE INFO ABSTRACT

Keywords: Background: Brain structural alterations and cognitive dysfunction are independent predictors for poor clinical
Partial least squares correlation outcome in schizophrenia, and the associations between these domains remains unclear. We employed a novel,
Treatment-resistant schizophrenia multiblock partial least squares correlation (MB-PLS-C) technique and investigated multivariate cortico-cognitive
g:agir:tsl;?mmre patterns in patients with treatment-resistant schizophrenia (TRS) and matched healthy controls (HC).

MRI Method: Forty-one TRS patients (age 38.5 + 9.1, 30 males (M)), and 45 HC (age 40.2 + 10.6, 29 M) underwent

3T structural MRIL. Volumes of 68 brain regions and seven variables from CANTAB covering memory and ex-
ecutive domains were included. Univariate group differences were assessed, followed by the MB-PLS-C analyses
to identify group-specific multivariate patterns of cortico-cognitive coupling. Supplementary three-group ana-
lyses, which included 23 non-affected first-degree relatives (NAR), were also conducted.

Results: Univariate tests demonstrated that TRS patients showed impairments in all seven cognitive tasks and
volume reductions in 12 cortical regions following Bonferroni correction. The MB-PLS-C analyses revealed two
significant latent variables (LVs) explaining > 90% of the sum-of-squares variance. LV1 explained 78.86% of the
sum-of-squares variance, describing a shared, widespread structure-cognitive pattern relevant to both TRS pa-
tients and HCs. In contrast, LV2 (13.47% of sum-of-squares variance explained) appeared specific to TRS and
comprised a differential cortico-cognitive pattern including frontal and temporal lobes as well as paired asso-
ciates learning (PAL) and intra-extra dimensional set shifting (IED). Three-group analyses also identified two
significant LVs, with NARs more closely resembling healthy controls than TRS patients.

Abbreviations: MB-PLS-C, Multiblock Partial Least Squares Correlation; PAL, Paired Associates Learning; IED, Intra-extra Dimensional Set Shifting; LV, Latent
Variable; TRS, Treatment Resistant Schizophrenia; BMI, Body Mass Index; HC, Healthy Control; NAR, Non-affected Relatives; M.L.N.I., Mini International Neuro-
psychiatric Interview; PANSS, Positive and Negative Syndrome Scale; GAF, Global Assessment of Functioning; SOFAS, Social and Occupational Functioning
Assessment Scale; WTAR, Wechsler Test of Adult Reading; CANTAB, Cambridge Neuropsychological Test Automated Battery; MPRAGE, Magnetization-Prepared
Rapid Acquisition Gradient Echo; SSP, Spatial Span; SWM, Spatial Working Memory; TIV, Total Intracranial Volume; NSSD, Normalized Structure Salience
Difference.
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Conclusions: MB-PLS-C analyses identified multivariate brain structural-cognitive patterns in the latent space that

may provide a TRS signature.

1. Introduction

Schizophrenia is a heritable psychiatric disorder (Hilker et al., 2018)
characterized by positive and negative symptoms, as well as broad
cognitive dysfunction and abnormalities in brain structure and function
(Kochunov et al., 2020; van Erp et al., 2018). Recent modelling suggests
that around 22% of schizophrenia patients do not respond adequately to
antipsychotic treatment and are considered treatment resistant (TRS)
(Mgrup et al., 2020). Clozapine is the treatment of choice for those with
TRS, however, only about 40% of those on clozapine respond well,
leading to an 11-fold higher burden of disease in those with TRS
compared to responders (Nucifora et al., 2019). Across the
schizophrenia-spectrum, the most profound cognitive and brain struc-
tural deficits are observed in patients with TRS (Spangaro et al., 2021;
Wannan et al., 2019). Given that cognitive impairments are one of the
strongest predictors of functional disability in schizophrenia (Bowie and
Harvey, 2006), identifying differential patterns of brain structure-
cognition relationships in TRS compared to healthy controls is an
important step towards identifying TRS-specific mechanisms or treat-
ment targets for cognitive impairments.

For several decades, schizophrenia research has attempted to un-
derstand relationships between cognitive deficits and brain structural
abnormalities. While localised brain abnormalities have been linked to
specific cognitive deficits (Karantonis et al., 2021), it is less clear how
patterns of interrelated cognitive dysfunctions map onto distributed
patterns of structural brain abnormalities - particularly in less frequently
studied populations such as TRS. One method for investigating patterns
of relationships between variables is partial least squares correlations
analysis (PLS-C): a statistical method which integrates information from
multiple data blocks into a single multivariate model (Krishnan et al.,
2011; Van Roon et al., 2014). The PLS-C technique identifies latent
patterns of associations across multimodal data (e.g., neuroimaging,
cognitive, and clinical measures) and between experimental groups.

Recent studies have applied PLS-C techniques in both first-episode
and chronic schizophrenia populations. In antipsychotic-naive, first-
episode schizophrenia, differential patterns of brain structure-cognition
relationships were observed in patients versus healthy controls (Jessen
et al., 2019). In chronic schizophrenia, cognitive deficits were found to
map onto a network of brain regions centered on the default mode and
visual networks (Kirschner et al., 2020). These studies highlight the
utility of PLS-C for identifying patterns of brain structure-cognition re-
lationships in psychiatric disorders. However, conventional application
of PLS-C on clinical data is typically limited to testing two groups and
renders challenges regarding interpretability because of difficulties in
‘back translating’ the identified latent patterns to a few specific input
variables. Also, the effects of covariates are not modelled by conven-
tional PLS-C and it is a standard practice in PLS-C research to control for
covariates, either through residualisation (Jessen et al., 2019; Xu et al.,
2003) or in post hoc analyses with covariates residing in the native space
(Xu et al., 2003).

We here apply our recently developed extended multiblock PLS-C
method (MB-PLS-C), which extends the PLS-C model to enable covari-
ate representation in the latent space, along with an integrated inter-
pretation framework (Syeda et al., 2021). The proposed method enables
1) covariate blocks for each modality of interest, 2) decomposition of the
input correlation matrix into additive components to aid with inter-
pretation of the latent variables (LVs), 3) calculation of a new metric
denoted as normalized structure salience difference (NSSD) to evaluate
between-group differences in salience strengths, and 4) between-group
comparisons for > 2 groups.

In this study of patients with treatment-resistant schizophrenia (TRS)
as well as age- and sex-matched healthy controls (HCs) we first tested for
unimodal group differences in brain volumes across 68 predefined re-
gions, and in seven cognitive tasks covering memory and executive
domains. Next, we employed our multiblock partial least squares cor-
relation (MB-PLS-C) technique to tease out brain structural-cognitive
patterns, which are discriminatory of TRS. Finally, to explore the heri-
table component of these brain structure-cognition relationships, we
conducted 3-group MB-PLS-C analyses with the inclusion of a smaller
group of non-affected, first-degree relatives (NAR).

2. Methods
2.1. Participants

The study was approved by the Melbourne Health Human Research
Ethics Committee (MHREC ID 2012.069). All participants provided
written informed consent prior to inclusion. Ninety-six individuals with
TRS were recruited from inpatient and outpatient clinics in Melbourne,
Australia between 2012 and 2018. TRS participants were resistant to
antipsychotic treatment, defined as no prior response to at least two
antipsychotics of two different chemical classes for at least six weeks
each at dosages equivalent to > 400 mg/d chlorpromazine, and having
either been prescribed or treated with clozapine at the time of assess-
ment (Kane et al., 1988; Suzuki et al., 2012). Inclusion criteria included
a diagnosis of schizophrenia as verified by the Mini International
Neuropsychiatric Interview (M.LN.L) (Lecrubier et al., 1997), aged
18-65 years, and undergoing clozapine treatment.

Healthy control participants (n = 67) were frequency matched for
age and sex with TRS participants. They were recruited from the general
community, and exclusion criteria included (1) previous or current
history of psychiatric, neurological disorders or substance abuse or
dependence, (2) prior or current use of antipsychotic medication, (3)
premorbid IQ < 70, (4) impaired thyroid function, or (5) history of
significant head injury and seizures. The M.LN.I. was used to rule out
current or past psychopathology in healthy controls (Lecrubier et al.,
1997). Thirty-eight non-affected, first-degree relatives (NAR) (siblings
or parents) were initially identified through the participants with
schizophrenia and then approached for consent and participation. Par-
ticipants with at least one missing variable-of-interest were excluded,
resulting in a final sample of 45 HCs, 41 TRS and 23 NAR participants.

2.2. Clinical assessment

Clinical symptom severity was assessed using the Positive and
Negative Syndrome Scale (PANSS) (Kay et al., 1987), with social and
occupational functioning measured with the Global Assessment of
Functioning (GAF) (Hall et al.,1995) and the Social and Occupational
Functioning Assessment Scale (SOFAS) (Goldman et al., 1992).

2.3. Cognitive/behaviour assessment

Premorbid IQ was assessed with the Wechsler Test of Adult Reading
(WTAR) (Holdnack et al., 2001). A total of seven CANTAB metrics
assessing memory and executive function were selected pre-hoc based
on the opinion of two experts (CP and BF) and previous studies (Wannan
et al., 2019; Jessen et al., 2019; Pantelis et al., 2009) (Table 1).
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Table 1

CANTAB and premorbid cognitive metrics.

Cognitive test

Cognitive variable

Cognitive functions
assessed

Premorbid
intelligence
Paired Associates

Weschler test of adult
reading - UK (WTAR-UK)
Total errors (PAL-TE)

Intellectual function prior
to illness onset
Visual memory, new

Learning (PAL) learning

Stages completed (PAL-SC)*

Intra-Extra Interdimensional shift (IED-
Dimensional Set 18)

Shift (IED)

Visual discrimination,
flexibility of attention

Extradimensional shift (IED-
ES)
Spatial span length Spatial span length (SSP-SL)
(SSP-SL)
Spatial working
memory (SWM)

Visuospatial working
memory

Executive function,
strategy, working memory

Strategy (SWM-S)

Total errors (SWM-TE)

* These variables are recomputed as max(V)-V, where V is the variable of in-
terest to ensure intuitive comparability with other cognitive variables, where a
smaller value describes better cognitive performance.

2.4. MRI acquisition

T;-weighted magnetic resonance images were acquired using an
optimized Magnetization-Prepared Rapid Acquisition Gradient Echo
(MPRAGE) sequence on a Siemens Avanto 3T Magnetom TIM Trio
scanner. The acquisition parameters and image processing protocol are
presented in the Supplementary Material. Briefly, images were processed
using FreeSurfer version 6.0 (https://surfer.nmr.mgh.harvard.edu) to
segment gray-white matter tissue (Fischl et al., 2004). The cortical
surface was parcellated into 68 regions (Desikan-Killiany atlas), (Desi-
kan et al., 2006) and cortical volume, surface area, and thickness esti-
mates were computed.

3. Statistical analyses

Univariate between-group differences in the demographic, clinical,
cognitive and cortical variables were assessed using an appropriate
statistical test depending on the distribution of the data (see Supple-
mentary Material for details).

3.1. Multiblock partial least squares correlation analyses

A two-group extended MB-PLS-C framework was employed to
investigate the latent relationships between brain structure and cogni-
tive measures in TRS and HC cohorts (Syeda et al., 2021). MB-PLS-C
identifies multivariate patterns of maximal covariance between
disjoint data-blocks, each consisting of multiple variables and observa-
tions from the same experimental groups. Mathematical formulation of
MB-PLS-C has been presented in the Supplementary Material. Briefly, MB-
PLS-C was employed to determine the combined patterns of association
between four training data blocks (n = 30 per group, see Supplementary
Material for more details): cognition block, X, cortical block, ¥, cogni-
tion covariate block, Cx and cortical covariate block Cy. Data block X
was constructed from the cognitive variables in Table 1, and Cx con-
tained age, sex and premorbid-IQ. Similarly, data block ¥ was con-
structed from regional cortical volumes. The cortical covariate block Cy
included age, sex, BMI and total intracranial volume, which have all
been associated with cortical volumes. Group-specific block cross-
correlation matrices were constructed and combined to form a single
cross-correlation matrix, R, which was decomposed into latent compo-
nents using singular value decomposition. The latent components
described a pattern of features or saliences in cortical, cognitive, and
covariate domains.

To establish statistical validity of the patterns arising from MB-PLS-
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C, a number of non-parametric tests were employed including: 1) per-
mutation testing to assess statistical significance, 2) bootstrapping to
estimate salience-specific confidence intervals, 3) cross-validation to
assess generalizability of the MB-PLS-C model (LV-specific cortico-
cognitive correlation coefficient) (Kirschner et al., 2020). Further
description of these tests is presented in the Supplementary Material.

Finally, a three-group extended MB-PLS-C framework was imple-
mented by extending the four data-blocks, X, Y, Cx, Cy, to include NAR
participants, followed by construction of the cross-correlation matrix, R,
singular value decomposition and statistical testing.

3.2. Interpretation of cortical and cognitive saliences

The LV-specific patterns of cortical volume and cognitive saliences
describe contributions of individual cortical volume and cognitive var-
iables to their respective latent variables (see Eqs S1-S3 in the Supple-
mentary Material). Cortical volume saliences describe group-wise
patterns where, for each cortical volume variable, the polarity of the
between-group saliences indicated their relationship, i.e., saliences with
same polarity showed a shared pattern and saliences with opposite po-
larity described a differential pattern across groups. On the other hand,
the cognitive saliences described an overall pattern with averaged
contributions from all groups.

The strength of cortico-cognition coupling between a cortical volume
salience and a cognitive salience is characterized by their product (Eq
S3), with a larger value of the product indicating stronger cortico-
cognitive associations and the polarity of the product indicating the
direction of the association.

3.3. Normalized between-group structural salience difference (NSSD)

The cortical latent variables are the weighted linear combination of
cortical volumes, with the weights defined by the group-wise structural
pattern of cortical saliences. To assess group differences in the cortical
patterns between healthy controls and TRS patients, a normalized
measure of between-group structure salience difference (NSSD) for the i
th LV and j th cortical volume variable is defined as:

K = |utic| — \“ij;rRS|’

Spool

where |x| is the absolute value. u;zc and u;; 1rs are the j th cortical sa-
liences of the HC and TRS groups for the i th LV, respectively. sy is the
pooled expected variation in the salience strengths calculated from
combined confidence intervals: s; = uf, +lLl§{Lg,g € {HC, TRS}, where
uf, uf’: are the lower and upper confidence intervals from the bootstrap
estimation.

A positive NSSD value indicates stronger contribution of the j th HC
salience to the i th cortical LV compared to the j th TRS salience. Simi-
larly, a negative NSSD value indicates that the j th TRS salience con-
tributes more strongly to the i th cortical LV compared to the j th HC
salience. Saliences contributing equally to the i th cortical LV across both
groups will have lower NSSD values.

3.4. Supplementary Post-hoc analyses

Cortical volumes are a product of cortical thickness and surface area.
Given the different genetic and environmental influences on these two
measures (Panizzon et al., 2009; Rakic et al., 1988; Habets et al., 2011),
in supplementary analyses we applied our MB-PLS-C framework sepa-
rately across cortical thickness and surface area in order to determine
whether our volumetric findings were driven by thickness, surface area,
or both. To assess the similarity between naturally occurring variations
in cortical volumes and the latent cortical patterns from the MB-PLS-C
analysis, correlations between the allometric scaling maps (Reardon
et al., 2018) and latent cortical patterns were computed. Further details
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are provided in the Supplementary Materials.

In the TRS group, the associations between significant LVs and
confounding variables (chlorpromazine equivalent dose, tobacco,
cannabis, alcohol use and PANSS positive, negative and general scores.)
were assessed post hoc using Spearman’s rank correlation analysis.
Details are provided in Supplementary Materials.

4. Results
4.1. Univariate assessments

Patients with TRS and HCs showed no significant differences in age,
sex and total intracranial volume (Table 2).

4.2. Two-group PLS

4.2.1. Latent components of multiblock cross-correlation matrix, R

The two-group MB-PLS-C analyses were significant (omnibus test, p
= le-4). The singular value decomposition of the input multiblock corre-
lation matrix, R, into additive components, described component-
specific correlations between cortical volumes and cognitive variables
and covariates in the latent space (Fig. 1). Two significant LVs were
present, explaining 92.33% of sum-of-squares block covariance
(Table 3). Below, we separately present the two latent patterns per-
taining to these two LVs.

Table 2
Demographic and clinical characteristics of participants with treatment resistant
schizophrenia and healthy controls.

Characteristic Participants with Healthy controls Test

treatment (n = 45) statistic
resistant
schizophrenia (n
=41)
n % n %
Male 29 70.73 30 66.67 ¥2=0.76
Mean SD Mean SD
Age 38.56 9.12 40.26 10.68 U =846
BMI, kg/cm? 30.90 6.96 24.24 5.93 t=4.78"
Chlorpromazine equivalent ~ 881.54  563.76  — - -
dose
Modified PANSS'
Positive 15.77 6.11 7.29 0.66 X2 =
55.18*
Negative 15.26 6.06 6.75 1.18 12 =
49.59*
General 27.82 7.08 15.71 1.16 12 =
62.48*
Total 58.84 16.17 29.77 2.21 ’2 =
58.69*
GAF 49.62 14.44 80 11.71 12 =
42.26*
SOFAS 49.84 14.82 80.31 11.88 x2 =
44.28*
Illness duration — psychotic 16.85 7.51 - - -
symptoms, years
Intracranial Volume, mm> 1.57e6 1.60e5 1.53e6 1.49e5 F=0.42
Total brain volume 1.13e6 1.21e5 1.15e6 1.19e5 F=3.26
(without ventricles),
mm®
F=
21.06*
" p <001

 Metrics n4 (Lack of spontaneity and flow of conversation) and g16 (Active
social avoidance) were excluded from calculations due to incomplete data, Total
score min = 28, max = 196.

¥ The F-statistic reports the group effect in the analysis of covariance with sex
and age as covariates.

# This F-statistic reports the group effect in the analysis of covariance with
total intracranial volume, sex and age as covariates.
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4.2.2. First latent pattern

The first latent component, LV1 (identified in Fig. 1B and Table 3),
explained 78.86% of the variance (p = le-4), and identified overall
negative associations between brain regional volumes and cognitive
measures in both patients and controls. The covariate blocks for LV1
revealed that total intracranial volume and male sex were positively
associated with cortical volumes, whereas BMI was negatively corre-
lated across both groups.

The cortical volume saliences in LV1 described a common cortical
pattern shared by both TRS patients and HC groups, as all reliable sa-
liences were negatively weighted (Fig. 2A-B). In TRS individuals, largest
saliences were present in the frontal, temporal and parietal regions: lef
superior temporal and supramarginal gyri and right inferior temporal,
precentral, and middle temporal regions. In contrast, the largest con-
tributions to the pattern in HC were observed in frontal, cingulate and
occipital regions: right medial orbitofrontal cortex, isthmus of cingulate
gyrus, lateral occipital regions and left rostral middle frontal gyrus.

The shared cognitive pattern in LV1 contained reliable contributions
from IED-ES, PAL-TE, SSP-SL, SWM-S, and SMW-TE variables (See
Table 1 for task descriptions). The pattern mapped more strongly to the
TRS group (Fig. 2C). The LV-specific NSSD metric described the degree
of group differences in the cortical saliences (Fig. 2D and Table S4). In
LV1, the strongest NSSD regions in the HC group were the cuneus,
pericalcarine and the isthmus region of the cingulate gyrus bilaterally.
Strongest NSSD regions in the TRS group were the precentral gyrus
bilaterally, right entorhinal and left posterior cingulate, medial orbito-
frontal and superior temporal regions.

Within the training sample, cortical LV1 correlated strongly with
cognition LV1 in the TRS group (r = 0.53, p = 0.002) and moderately in
the HC group (r = 0.37, p = 0.044) (Fig. 2E). Similar correlations were
observed in out-of-sample and cross-validated data. In LV1, significant
moderate cortico-cognition correlations remained after covariate
adjustment in the TRS group (r = 0.46, p = 0.002) and the HC group (r =
0.30, p = 0.037) (Fig. 2F). The difference in correlations between the
two groups was not significant (z = -0.88, p = 0.19). For the cortical and
cognitive saliences, a converging trend was found after 20 samples per
group suggesting high stability of LV1 in both TRS and HC groups
(Fig. 2G-H).

4.2.3. Second latent pattern

In contrast to LV1, the second latent component, LV2 (explained
13.47% of the variance, p = 8e-4), identified in Fig. 1C and Table 3,
showed group-wise differences between cognition-cortical volume cor-
relations. In TRS, overall negative correlations were present between
cortical volumes and cognitive variables. Conversely, in HC, the cogni-
tive measures generally correlated positively with the cortical volumes.

In the TRS group, the strongest reliable saliences were present in
cingulate and temporal regions: the caudal anterior cingulate cortex and
the superior temporal, inferior temporal and rostral middle frontal gyri
in the left hemisphere and the inferior and middle temporal gyri in the
right hemisphere (Fig. 3A-B). In the HC group, largest saliences were
observed in frontal and temporal regions: inferior temporal, superior
frontal and medial orbitofrontal gyri in the left hemisphere and the
superior frontal and paracentral gyri in the right hemisphere.

The differential cognitive-structural pattern (in cingulate and tem-
poral regions) between TRS and HC constituted reliable contributions
from IED and PAL (Fig. 3C). In LV2, stronger NSSD regions in the HC
group were the bilateral superior frontal, left precuneus and rostral
anterior cingulate, right pars triangularis, paracentral and superior
temporal regions. Moderately stronger NSSD regions in the TRS group
were observed in left parahippocampus, right entorhinal, lingual,
supramarginal and inferior temporal regions, indicating larger weights
of these regions in the TRS cortical LV2 compared to controls (Fig. 3D
and Table S4).

In the training sample, cortical LV2 correlated moderately to
cognition LV2 in the TRS group (r = 0.57, p = 8.8e-4) and weakly in the
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Fig. 1. Decomposition of input multiblock cross-correlation matrix into additive components using MB-PLS-C framework. A) The input matrix is composed of four
disjoint data blocks with multivariate measures of brain structure, cognition and covariates (30 HC, 30 TRS). B-C) The first two components corresponding to the
significant latent variables, LV1 and LV2, describe correlations in the latent space between cortical, cognitive and covariate measures across patients and healthy

controls (right side of the equation).

Table 3

Block-wise contributions of latent variables to the singular values of the signif-
icant latent components (LV1 and LV2) and sum-of-squares covariance
explained.

Latent Contribution to ¢;* (%) Sum-of- p-
component squares value
block  block2 block3 block4 ¢ SC
1 UiLe)  WLLy) (ALLe)
(L¥Ly)
LV1 31.62 1.04 64.98 2.36 78.86 le-4
LV2 80.66  3.08 15.7 0.54 13.47 8e-4

" 6; and & are the singular value and percent sum-of-squares crossblock
covariance corresponding to the ith significant LV, i € {1,2}. See East. S3, S4 and
S5.

HC group (r = 0.28, p = 0.13) (Fig. 3E). The cross-validated and out-of-
sample data showed generalizable correlations in the TRS group, and
unreliable correlations in the HC group, demonstrating reliable cortico-
cognitive coupling only in the individuals with TRS. An important point
to note here is the inversion of the polarity of the correlations between
cortical LV2 and cognition LV2 in the TRS group, as the negative sa-
liences in the product defined by Eq. S2 (Supplementary Material) flip the
direction of associations in the latent space, therefore, care must be
taken in the interpretation of the latent patterns in a clinical context.

After covariate adjustment, moderate positive correlations were
observed between cortical and cognition dimensions (r = 0.36, p =
0.028) in the TRS group and no significant correlations were observed in
the HC group (Fig. 3F). Significant differences between the correlation
coefficients of TRS and HC groups were present (z = —2.07, p = 0.02),
suggesting significant cortico-cognition associations in the TRS group
only (Fig. 3G). The cortical and cognitive saliences showed a converging
trend after 20 participants per group (Fig. 3G-H).

4.3. Three-group PLS

4.3.1. Three-group input multiblock cross-correlation matrix

The three-group input cross-correlation matrix described correla-
tions between data blocks and covariate blocks (Figure S10) in the HC,
TRS and NAR groups. In the NAR group, mostly negative correlations
were observed between cortical volumes and IED, SSP and SWM mea-
sures. Positive cortico-cognitive correlations were present mostly be-
tween PAL and cortical volumes. Cognitive variables showed mixed
correlations with cognitive covariates.

4.3.2. Latent components of three-group multiblock cross-correlation
matrix

The three-group MB-PLS-C analyses were significant (omnibus test, p
< le-6). The singular value decomposition of R, into additive compo-
nents described component-specific latent cortico-cognitive associations
(Figure S11). Two significant LVs explained 84.39% of block covariance.

The first latent variable, LV1 (explained sum-of-squares variance
71.19%, p < le-6), identified negative cortico-cognitive associations in
the HC, TRS and NAR groups, except for cortico-PAL-SC associations
where mostly positive correlations were observed. TIV and sex showed
strong positive correlations with cortical volumes, whereas BMI was
negatively correlated across all three groups.

The second latent variable, LV2 (explained sum-of-squares variance
12.47%, p = 0.021), showed group-wise differences between cognitive
variables and cortical volume correlations. In the TRS group, overall
negative correlations were present between cortical volumes and
cognitive variables, except in SWM-TE which showed weak positive
correlations with the cortical volume measures. In HC, the trends were
reversed with cognitive measures correlating positively with cortical
volumes, except in the case of SWM-TE. NAR showed weak cortico-
cognitive correlations and the overall pattern matched more closely to
the HC group.

4.3.3. Three-group patterns of cortical and cognitive saliences

For LV1, the cortical volume saliences described a common cortical
pattern shared by all three groups with negatively weighted reliable
saliences (Fig. 4A-B). In individuals with TRS, largest saliences were
present in the temporal, parietal, cingulate and frontal regions. In the HC
group, the largest contributions to the pattern came from the frontal and
temporal regions. Strongest contributions in NARs were present in pa-
rietal and occipital structures. The cognitive pattern contained reliable
contributions from IED-ES, SSP-SL, SWM-S and SMW-TE variables
(Fig. 4C). No definite trend was observed between the sample size and
LV1 saliences (Fig. 4D-E).

LV2 described a differential pattern of cortical regions, with positive
reliable saliences in the HC and NAR groups, and negative reliable sa-
liences in the TRS group (Fig. S5A-B). In the TRS and HC groups, strongest
reliable saliences were present in the cingulate, frontal, and temporal
regions. Occipital, frontal, cingulate and temporal regions were the
strongest contributor to the NAR pattern. The cognitive pattern had
reliable contributions from IED and PAL measures and the TRS group
mapped in the opposite direction to the HC and NAR groups (Fig. 5C).
The cortical and cognitive saliences showed a converging trend after 15
participants per group (Fig. 5D-E).
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Fig. 2. The first latent cortico-cognitive pattern. A) Group-specific cortical saliences (weights of cortical variables) in the healthy controls (HC) and TRS patients. B)
Common between-group cognitive saliences. Reliable contributions from all cognitive variables, except IED-IS and PAL-SC. C) A bar graph of group-wise cortical
saliences in the HC (green) and TRS (red) groups with 95% confidence intervals (black lines) and color-coded lobe information. All reliable cortical saliences are
negative. D) Regional Normalized structure salience difference between the HC and TRS groups. A positive value (green) indicates stronger regional salience in the
HCs and a negative value (red) shows stronger TRS saliences. E) LV1 Cortico-cognitive correlations in the training and test samples, and the mean, and standard
deviation of the distribution of correlation coefficients from Monte Carlo cross-validation. F) Post hoc latent cortico-cognitive correlations after LV-specific covariate
adjustments. Significant moderate correlations in both groups. Non-significant Fisher’s r-to-z test suggests no between-group differences in LV1 cortico-cognitive
coupling. G-H) The effect of sample-size on salience strength. The cortico-cognitive patterns converge after 20 samples per group.

4.3.4. Three-group covariate adjustment in latent space

For each significant LV, the effects of covariate LVs were regressed
out from corresponding cortical and cognitive LVs (Figure S14). In LV1,
no significant cortico-cognition correlations were observed after

covariate adjustment. For LV2, strong positive cortico-cognitive corre-

lations were observed (p = 0.53, p = 0.010) in the NAR group and no
significant correlations were observed in the HC and TRS groups. A
significant difference between the correlation coefficients of TRS and HC
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Fig. 3. The second latent cortico-cognitive pattern. A) Group-specific cortical saliences (weights of cortical variables) in the healthy controls (HC) and TRS patients
showing a differential cortical pattern between groups. B) Common between-group cognitive saliences. Only PAL and IED related variables contributed significantly
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Fig. 4. The first latent cortico-cognitive pattern from three-group MB-PLS-C. A) Group-specific cortical saliences (weights of cortical variables) in the HC, TRS and
NAR groups. B) A radial bar graph of group-wise cortical saliences with 95% confidence intervals (black lines) and color-coded lobe information. All reliable cortical
saliences are negative. C) Cognitive saliences from averaged cognitive performance across both groups. IED-IS and PAL measures contributed unreliably to the
pattern, whereas similar contributions to the cognitive pattern arose from IED-ES and SWM measures. D) The effect of sample-size on salience strength.

groups was present (z = —2.07, p = 0.02,), suggesting a significant
cortico-cognition association in the TRS group only. Fisher’s z-test be-
tween HC-TRS, HC-NAR and TRS-NAR showed no significant correlation
differences between groups in both LV1 and LV2.

4.3.5. Supplementary posthoc analyses

Two-group MB-PLS-C using cognitive measures and cortical surface
area revealed two significant LVs, explaining 92.32% of sum-of-squares
block covariance. These latent variables closely resembled those
observed in our cortical volume analyses, with LV1 identifying overall
negative associations between brain cortical surface area and cognitive
measures in both patients and controls (Figure S5), and LV2 identifying
group-wise differences between cognition-cortical surface area correla-
tions (Figure S6). The cognitive tasks and brain regions contributing to
these LVs overlapped substantially with those observed in the two-group
MB-PLS-C using cortical volumes.

Conversely, two-group MB-PLS-C using cognitive measures and
cortical thickness revealed only one significant LV, explaining 60.82% of
the variance. This LV identified a common cortical pattern shared by
both TRS patients and HC groups (Figure S7).

The comparison between the allometric scaling maps from (Reardon

et al., 2018) and the latent cortical volume patterns from LV1 and LV2
showed that the allometric scaling maps were significantly correlated to
cortical patterns in LV1 bilaterally across both TRS and HC groups.
However, in LV2, significant correlations between the allometric scaling
were only observed in the healthy controls. Further details are provided
in the Supplementary Materials.

Significant correlations were found between PANSS negative scores
and cortical and cognitive LVs 1 and 2. PANSS general scores also
significantly correlated with cortical and cognitive LVs 1 and 2. No
significant correlations were found between latent variables and cloza-
pine equivalent dose, tobacco, cannabis, alcohol use and PANSS positive
scores. Details provided in Supplementary Materials.

5. Discussion

This is the first study to use a novel multivariate pattern analysis
(MB-PLS-C) of brain gray matter structure and cognition in treatment-
resistant schizophrenia (TRS) patients compared with healthy controls
(HC) and non-affected relatives (NAR) of TRS patients. As expected,
univariate analyses showed gross impairments in TRS in both brain
structural and cognitive domains. In the two-group MB-PLS-C analysis
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Fig. 5. The second three-group latent cortico-cognitive pattern. A) Group-specific cortical saliences (weights of cortical variables). B) A bar graph of group-wise
cortical saliences with 95% confidence intervals (black lines) and color-coded lobe information. All reliable cortical saliences are negative in the TRS group and
positive in the HC and NAR groups. C) Cognitive saliences from averaged cognitive performance across both groups. Only IED and PAL measures contributed reliably
to the pattern. D) The effect of sample-size on salience strength. The cortical and cognitive patterns start converging after 15 samples per group.

(TRS and HC), we identified a two-component latent signature of TRS
which collectively explained > 90% of the sum-of-squares variance (LV1
and LV2). The first component described a pattern of cortico-cognitive
coupling shared by both HCs and TRS patients. The second component
indexed a differential pattern, with only TRS patients demonstrating a
reliable pattern, suggesting a possible TRS-specific signature. In sup-
plementary three-group analyses incorporating NARs, a similar two-
component latent signature was observed (>90% of sum-of-squares
variance explained), with a shared first component across the three
groups and a differential second component. The NAR group better
matched the HCs in both components.

In the main TRS vs HC analysis, LV1 explained ~ 79% of the sum-of-
squares variance and was significant in both groups. TRS patients
showed a stronger mapping of brain structural profile to the pattern of
cognitive deficits than did HCs, however, in post hoc analyses there was
no statistically significant between-group differences in the LV1 cortico-
cognitive coupling. Statistically reliable cognitive measures in LV1 arose
predominantly from measures of executive function (spatial working
memory, spatial short-term memory span, and attentional set-shifting)
with a contribution from associative memory. LV1 was characterized

by a global pattern of brain structure saliences, with relationships
observed across widespread cortical regions in both TRS patients and
HCs. In both groups, larger volumes were associated with better
cognitive performance across multiple tasks, suggesting that LV1 may
capture neurodevelopmentally-driven global cognitive capacity that is
relevant to both TRS patients and healthy people. Indeed, our previously
reported PLS-C analyses in an independent cohort of antipsychotic-
naive, first-episode schizophrenia patients also revealed that spatial
working memory mapped to a global, shared brain structural pattern in
both patients and controls and, similar to the current study, the pattern
was stronger in patients ( Jessen et al., 2019). Taken together, these
studies indicate the pattern represented by LV1 would be consistent with
a neurodevelopmentally derived pattern that is not unique to schizo-
phrenia. Further evidence to support the neurodevelopmental un-
derpinnings of LV1 comes from our supplementary analyses, which
demonstrated that this LV is driven primarily by surface area, which is
largely determined during prenatal development, rather than cortical
thickness, which changes dynamically across the lifespan (Panizzon
et al., 2009; Rakic et al., 1988; Habets et al., 2011). Furthermore, TRS
patients and healthy controls demonstrated significant correlations
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between their LV1 cortical patterns and the allometric scaling maps
reported by (Reardon et al., 2018), which capture naturally occurring
variations in total cortical area that are evolutionary- and develop-
mentally-driven.

In contrast, the differential pattern of brain structure-cognition re-
lationships identified in LV2, (explaining ~ 13.5% of the sum-of-squares
variance), suggested a specific signature distinguishing TRS patients
from healthy individuals. Statistically reliable cognitive measures in LV2
included associative memory and attentional set-shifting ability. Inter-
estingly, both the brain regions and cognitive tasks implicated in LV2
have been shown evidence of decline across illness stages, (Pantelis
et al.,, 2009; Leeson et al., 2009) indicating that LV2 may represent
illness-specific neuroprogressive processes in TRS patients. In an inde-
pendent sample, we previously demonstrated that performance on the
PAL task deteriorates over time in individuals with schizophrenia-
spectrum disorders following psychosis onset (Wannan et al., 2018).
Similarly, IED performance has been shown to be more strongly
impaired in individuals with chronic schizophrenia compared to those
with first-episode psychosis, suggestive of deterioration of this ability
over the course of the illness (Pantelis et al., 2003; Pantelis et al., 2009;
Hutton et al., 1998; Pantelis et al., 1999). Accordingly, we did not
observe a relationship between IED and brain structure in our PLS-C
analyses of antipsychotic-naive, first-episode schizophrenia patients
(Jessen et al., 2019). Furthermore, the strongest brain structure sa-
liences associated within LV2 in patients were observed across the
frontal and temporal lobes, regions which demonstrate progressive grey
matter loss across numerous longitudinal studies (Dietsche et al., 2017;
Pantelis et al., 2003), including at transition to psychosis. These frontal
and temporal regions, (Fernandes et al., 2004; Jemel et al., 2003; Aalto
et al., 2005; Henson and Fletcher, 2001) along with the posterior pari-
etal lobe, which was also implicated in the patient group, are heavily
implicated in performance on both memory and attentional tasks
(Ciaramelli et al., 2008; Ciaramelli et al., 2020; Uncapher and Wagner,
2009; Berryhill and Olson, 2008). Thus, our findings suggest there may
be a dynamic interplay between gray matter volume in these regions,
which consistently show longitudinal volume reductions in schizo-
phrenia, and performance on the PAL and IED tasks in those who
develop TRS. Furthermore, the lack of associations between the LV2
cortical pattern in the TRS group and the allometric scaling maps point
towards the illness-specific origins of the LV2 cortical pattern which is
different from the naturally occurring variations in the cortical volumes.
Interestingly, the LV2 cortical pattern in the healthy controls correlated
strongly with the allometric scaling maps, further evidencing that the
differential LV2 cortical pattern is arising from illness-specific
mechanisms.

In the MB-PLS-C analyses, the novel latent variable-specific repre-
sentation of the covariate blocks enables assessment of the confounding
effects in the latent space instead of through pre-PLS-C data residuali-
zation, and hence offers the ability to control for the LV-specific con-
founding effects. (Syeda et al., 2021) The proposed normalized structure
salience difference (NSSD) identifies regions of most reliable structure
salience differences between groups. The group differences in the latent
variables can arise from two factors: 1) Differences in the original data, i.
e., group differences in the raw data are preserved in the latent space,
and/or 2) group-differences in the cortical pattern (region- and group-
wise saliences). The NSSD identifies the regions with largest group-
differences in the cortical pattern whilst suppressing the regions
contributing equally to the pattern across both groups, thereby isolating
the foci of differences in cortical signatures for TRS compared with HC.

In LV1, the NSSD metrics of healthy controls showed a stronger
differential mapping of brain regions associated with visual information
processing (cuneus, pericalcarine regions) onto the common cognitive
pattern. Conversely, TRS patients showed a stronger mapping of fronto-
temporal association areas onto the common cognitive pattern. In LV2
HCs had the largest NSSD metrics in higher-order association areas in
frontal, temporal, and parietal cortices. Interestingly, in post-hoc
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analyses, the cortico-cognitive coupling was absent in healthy controls,
suggesting that volume losses in healthy controls in these regions do not
correlate to the LV2 pattern of cognitive deficits, and therefore may not
represent pathological processes. Thus, healthy individuals may have a
higher degree of cortico-cognitive flexibility and greater latitude in
brain structure, such that minor changes are not associated with
impaired performance, indicative of greater cognitive reserve in healthy
persons. In TRS patients, temporal and parietal lobe volume reductions
were strongly coupled with impairments in associative memory and
attentional set-shifting. Post-hoc analyses also revealed significant latent
cortico-cognitive coupling in TRS patients. The presence of significant
brain structure-cognition relationships in TRS patients but not healthy
controls may represent loss of brain plasticity and compensatory pro-
cesses in TRS patients, reflecting disease-related pathology. Interest-
ingly, in our previous PLS-C analyses of antipsychotic-naive patients,
brain structure was largely preserved, compared to HCs, yet the cortico-
cognitive coupling was also only present in patients. Thus, even in the
absence of apparent brain volume loss, patients at the earliest stage of
schizophrenia are dependent on brain structure when cognitively chal-
lenged (Jessen et al., 2019).

Potential confounding factors of current antipsychotic medication
dosage and substance use did not explain brain or cognitive saliences in
either LVs (Supplementary Material). This is particularly relevant for LV2,
which appears to represent a ‘TRS signature’, and suggests that these
cortico-cognition relationships are not driven by antipsychotic medica-
tion or substance use. Significant relationships were observed between
brain structure and cognition saliences and PANSS negative and general
symptoms in both LVs. These findings are consistent with previous
studies, which have found that cognitive and negative symptoms are not
only correlated in their severity in schizophrenia, but also share similar
onset, temporal course, prognostic importance, and correlations with
functional outcomes (Harvey et al., 2006). Our findings are also
consistent with previous PLS studies, which found stronger loading for
negative symptoms rather than positive symptoms in relation to brain
structure ( Kirschner et al., 2020).

In our supplementary analyses, we conducted a 3-group PLS analysis
including a smaller sample of non-affected first-degree relatives of the
TRS patients. Consistent with our two-group analysis, this 3-group PLS
identified two LVs. LV13g0up captured a common pattern of brain
structure-cognition relationships across all three groups, with strong
similarity to the two-group cognitive pattern in LV1. In unaffected
family members, the strongest LV13_goup saliences were observed in the
precuneus bilaterally. This brain region is known to be implicated in
response inhibition, shifting attention between motor targets, and vi-
suospatial mental operations, which would be key functions that are
required for successful performance on the touchscreen CANTAB tasks.
LV23.group also showed a similar pattern of brain structure-cognition
relationships as seen in our two-group analysis, with the PAL and IED
tasks once again contributing to this LV.

Our findings should be considered in the context of several limita-
tions. A major limitation of the study is the absence of a treatment-
responsive or medication-naive schizophrenia sample with which to
compare our TRS sample. Thus, it is not possible to determine whether
the observed pattern is unique to TRS, or whether it represents a broader
signature for schizophrenia or antipsychotic usage. Future studies
including a treatment-responsive sample are needed to address this
limitation. In addition, PLS analyses are complex multivariate models
and in the current analyses the number of input variables exceeds the
number of subjects. To minimize the risk of overfitting, we established
the statistical validity of the patterns by running a number of non-
parametric tests (data provided in Figs. 2 and 3, panels D and E). In
the two-group analyses, the cortical and cognitive saliences converged
after 20 participants per group (Fig. 2G-H, 3G-H), suggesting sufficient
power in our main analyses. Although our novel MB-PLS-C framework
enabled modelling of the effects of age, sex, total intracranial volume,
and BMI which are shared between groups, the potential confounding
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effect of illness-related factors such as life-time medication exposure and
substance use could not be integrated in the PLS model. Our finding that
medication exposure and substance use did not explain our findings are
therefore based on post-hoc correlational analyses between the variables
and the identified LVs. Finally, data were not available to determine
response to clozapine, and therefore we were unable to identify in-
dividuals who were potentially ultra-treatment-resistant.

In summary, our novel extended multiblock PLS-C approach suggests
a widely shared pattern of cortico-cognitive relationships in TRS pa-
tients and HC (LV1). However, ~13% of the cortico-cognitive relation-
ships revealed a differential pattern of relationships between TRS and
HC (LV2). The opposing pattern of brain structure-cognition relation-
ships seen in LV2 was specifically driven by PAL and IED, with the
strongest cortical saliences observed across the frontal and temporal
lobes - regions which are more severely affected as the illness becomes
more chronic. This dissociable pattern may provide a signature of TRS,
though comparison with a treatment-responsive sample is needed to
confirm whether this signature is TRS-specific. It is not known if such a
signature is apparent from illness onset or evolves during its course,
which should be investigated in future longitudinal studies of patients
experiencing a first-episode of illness. Mapping the trajectory of TRS
from illness onset would provide important information for early
intervention to ameliorate or prevent TRS developing.
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