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Background

Working memory deficit, a key feature of schizophrenia, is a
heritable trait shared with unaffected siblings. It can be attributed
to dysregulation in transitions from one brain state to another.

Aims
Using network control theory, we evaluate if defective brain state
transitions underlie working memory deficits in schizophrenia.

Method

We examined average and modal controllability of the brain’s
functional connectome in 161 patients with schizophrenia, 37
unaffected siblings and 96 healthy controls during a two-back
task. We use one-way analysis of variance to detect the regions
with group differences, and correlated aberrant controllability to
task performance and clinical characteristics. Regions affected
in both unaffected siblings and patients were selected for gene
and functional annotation analysis.

Results

Both average and modal controllability during the two-back task
are reduced in patients compared to healthy controls and sib-
lings, indicating a disruption in both proximal and distal state
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Working memory is a foundational component of information pro-
cessing and problem-solving.! Working memory deficit is a key
feature of schizophrenia, which emerges before the onset of illness
and persists even after symptomatic remission, leading to a lifelong
cognitive burden. Considerable evidence points to working memory
deficit being an important endophenotype seen in both patients
with schizophrenia and their unaffected siblings who share their
genetic liability.>* Unlike patients, siblings are free from the influ-
ence of antipsychotics and chronic disease course. Therefore, study-
ing unaffected siblings reduces the treatment and illness confounds
when investigating the genetically mediated pathophysiology of
working memory deficits.

Brain state transitions

When executing a working memory task, systematic transition
through various global brain states (i.e. stable or quasi-stable, con-
dition-dependent organisation of whole-brain connectivity
profile/patterns that support adaptive functions)* along with an
adaptable reconfiguration of brain-wide interactions appear to be
necessary.””” Evidence indicates that patients with schizophrenia
exhibit notable alteration in this working memory-related reconfig-
uration. When performing working memory tasks, patients often
exhibit an inefficient topological arrangement within the compre-
hensive brain connectome. This inefficiency manifests as heigh-
tened segregation among brain networks, accompanied by a shift
in the distribution of network degrees towards a more uniform
pattern of connectivity.® When working memory-related dynamic
(time-varying) brain network characteristics are considered,
patients exhibit unstable activity,” disrupted connectivity'® and
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inappropriately heightened network flexibility.'" The heightened
network flexibility is also seen in unaffected relatives, albeit to a
lesser extent than in patients with schizophrenia, potentially repre-
senting a network-based intermediate phenotype associated with
genetic susceptibility to schizophrenia.'' We can obtain novel
insights into the genetically mediated failure modes in the
dynamic working memory system by studying functional network
reconfigurations during task performance in patients and siblings.

Application of control theory

Classical control theory offers a mathematical framework for under-
standing how the brain’s connectivity changes over time."? Its prin-
ciples, originating from engineering, suggest that the brain
transitions between different functional states or operating modes
in response to energy input; this enhances the system’s functionality
in response to demands.'>'? By analysing functional magnetic res-
onance imaging (fMRI) data, we can identify these different brain
states and how the brain’s network structure enables transitions
between them.

Average controllability and modal controllability stand out as the
most frequently utilised indicators of controllability.'> Average con-
trollability signifies the reciprocal of the average pulse response
energy (control input) required to facilitate the brain’s transition
to easily attainable states.'* Nodes exhibiting higher average con-
trollability demand less energy to change from their current state,
thereby indicating excellent flexibility in manoeuvring their operat-
ing mode in the ongoing brain state.'>'* Conversely, modal control-
lability serves to evaluate the nodes’ capacity to transition to
demanding brain states. Regions with higher modal controllability
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are positioned to drive the dynamics of a brain network towards
hard-to-reach states, which imposes low energy costs for complet-
ing complex goal-specific operations.'?

Previous fMRI work in healthy individuals indicates that during
working memory tasks, several nodes within the salience network
exhibited the highest average controllability across the entire
brain."® Meanwhile, the average controllability of the salience
network, frontoparietal network (FPN) and default mode network
(DMN; i.e. triple network) decreased with the escalation of the
task load"” (i.e. more input signals are required to enable transition).
First-episode never-treated patients with schizophrenia show higher
average controllability and lower modal controllability in the dorsal
anterior cingulate cortex compared to healthy controls at the resting
state.!? However, the control characteristics of the functional con-
nectome during working memory tasks are bound to differ from
those in the resting state; this has not yet been studied in schizophre-
nia. We also do not know whether the disrupted brain controllabil-
ity would be observed in unaffected siblings and thus influenced by
the genetic predisposition related to schizophrenia.

Objectives

The objective of this study was to characterise the functional network
controllability during working memory tasks in patients with schizo-
phrenia and unaffected, genetically related siblings. We employed the
tools of the control theory and investigated the brain controllability
across the brain in patients, their siblings and matched healthy con-
trols.'® We tested whether the degree of controllability of regions
showing inter-group differences varied with the observed working
memory performance and individual clinical characteristics. We
also conducted an out-of-sample imaging transcriptomic analysis
to explore the genetic relevance of regional aberrations in brain con-
trollability that are shared between patients and their siblings.'”

Method

Participants

The study cohort comprised 172 patients with schizophrenia, 43
unaffected siblings and 102 healthy controls. All participants were
right-handed native Chinese speakers and signed written informed
consent to participate in this study. The authors assert that all pro-
cedures contributing to this work comply with the ethical standards
of the relevant national and institutional committees on human
experimentation and with the Helsinki Declaration of 1975, as
revised in 2013. All procedures involving human participants
were approved by the medical ethics committee of the Second
Xiangya Hospital, Central South University, reference (2021)
National Review (Science and Technology) No. (015). Detailed
information for recruitment is provided in Supplementary
Material 1, available at https:/doi.org/10.1192/bjp.2024.225.

Magnetic resonance imaging data acquisition and
preprocessing

Magnetic resonance imaging (MRI) data were acquired using a
Siemens Allergra 3-T scanner. A working memory paradigm was
implemented in the scanner. Detailed scanning parameters and pre-
processing procedure are provided in Supplementary Material 2.
There were 11 patients with schizophrenia, six unaffected siblings
and six healthy controls excluded owing to large head motion and
failures in the normalisation and registration to Montreal
Neurological Institute space. The final analysis cohort comprised
161 patients with schizophrenia, 37 unaffected siblings and 96
healthy controls. No significant differences were observed in the
overall count of interpolated displaced volumes among all groups
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(mean + s.d.: patients with schizophrenia 10.9 + 15.2, unaffected sib-
lings 9.9 £ 13.7, healthy controls 10.1 + 14.1, P = 0.661).

Working memory task paradigm

We adopted the n-back task as the working memory paradigm, and
the ‘zero-back’ and ‘two-back’ loads were applied in our research. A
detailed description of this paradigm is given in Supplementary
Material 3 and Supplementary Fig. 1.

Controllability calculation

Before calculating the average and modal controllability, we reorga-
nised the preprocessed fMRI data. For each participant, we separ-
ately concatenated the fMRI volumes obtained under the four
blocks of the ‘zero-back’ load and the four blocks of the ‘two-
back’ load, and we generated these two loads of fMRI data with
80 volumes each. We extracted the mean time series from each of
the 264 nodes using 6 mm spheres defined by the Power atlas,'®
and generated a 264 x 264 symmetric matrix for each participant
by computing the Pearson correlation coefficients between the
time series for each pair of regions of interest (ROIs). The resultant
matrix was converted to normally distributed scores by using
Fisher’s z transformation.

Then, we computed the average and modal controllability in the
matrix that was constructed on ‘zero-back’ and ‘two-back’ loads,
separately. Calculation of controllability was based on prior neuro-
imaging studies and employed control theory notations.'> Network
controllability reflects the ability of external control energy to drive
the current network state to other desired target states (see Fig. 2).
Average controllability measures the ability of a node to drive the
brain to all possible easy-to-reach configurations by considering
the average input energy cost. Higher average controllability of a
node indicates a more crucial role in enabling transitions of the
network system between states. Modal controllability mathematic-
ally evaluates the ability of a node to control all the dynamic
modes of the network. Higher modal controllability of a node indi-
cates a stronger ability to drive the dynamics towards hard-to-reach
configurations. Details of the computation of these metrics are pro-
vided in Supplementary Material 4.

Statistical analysis

We utilised SPSS statistical software (version 22 for Windows) to
compare demographic and clinical characteristics as well as working
memory task performance across groups. Differences in age, years of
education, accuracy and response time under the ‘zero-back’ and
‘two-back’ loads were analysed using one-way analysis of variance
(ANOVA) tests. Gender differences were assessed using x2 tests.

For the statistical analysis of controllability metrics, we employed
MATLAB 2018 software for Windows (Mathworks, Natick,
Massachusetts, USA; https://www.mathworks.com/). Controllability
data for each participant were subjected to group analysis using the
one-way ANOVA test to examine group differences. Gender, age,
years of education and head motion parameters were included as cov-
ariates in the analysis of controllability metrics to account for poten-
tial confounding factors. We corrected all data for multiple
comparisons using false discovery rate (FDR) correction at P < 0.05.
Then, post hoc tests were performed between each two-group pair
using a threshold at P < 0.05 with Tukey correction to examine the
distinction of the controllability among patients with schizophrenia,
unaffected siblings and healthy controls groups respectively.

We performed correlation analyses to investigate whether the
regionally altered controllability (i.e. excluding the effects of
gender, age, years of education and head motion parameters) corre-
lated with cognitive performance (including n-back task
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performance, Wechsler Adult Intelligence Scale (WAIS) informa-
tion, and WAIS digit symbol subscales) or clinical characteristics
(scores of Scale for Assessment of Positive Symptoms (SAPS),
Scale for Assessment of Negative Symptoms (SANS), illness dur-
ation and antipsychotic dosage) in schizophrenia.

Exploratory analysis

We further conducted an imaging transcriptomic analysis estimat-
ing the spatial correlation between the regions with shared changes
between patients with schizophrenia and unaffected siblings and an
established gene expression atlas. These ROIs were defined as the
regions in which both the patients with schizophrenia and
unaffected siblings showed significant controllability difference
(post hoc t-test (P-Tukey <0.05) after F-test (P-fdr <0.05)) com-
pared to healthy controls, in the same direction (i.e. the controllabil-
ity in both groups was higher or lower than that of healthy controls).

Imaging transcriptomic analysis

We used the Brain Annotation Toolbox (BAT; version 1.1 for
Windows, Institute of Science and Technology for Brain-Inspired
Intelligence, Fudan University, Shanghai, China; http://istbi.fudan.
edu.cn/bat/index.html) to perform genetic and functional annotation
analysis on the selected regions.'” BAT was employed to extract func-
tional information from Neurosynth and gene expression profiles
from the Allen Human Brain Atlas (AHBA). This process was
based on brain regions defined by clusters of voxels. The permutation
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analysis was performed 5000 times to ensure robustness. Other para-
meters for genetic and functional annotations included a ROI size set
at 6 mm and a minimal sample size of five. These parameters were
chosen to optimise the functional and genetic annotation process
and enhance the reliability of the results.

Enrichment analysis

The derived differentially expressed genes were uploaded to the
Database for Annotation, Visualization, and Integrated Discovery
(DAVID) (https:/david.ncifcrf.gov/). Gene Ontology database ana-
lysis was conducted, specifically focusing on three domains: the bio-
logical process, cellular component and molecular function. In
addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database for Homo sapiens sets was utilised for gene function and
pathway enrichment analysis. To determine statistical significance,
the threshold for significance was set at a FDR-adjusted P-value of
less than 0.05. This approach controlled type-1 error from multiple
tests and ensured that the identified gene functions and pathways
were less likely to be false positives.

Results

Participants characteristics

Demographic and clinical findings of this study cohort are pre-
sented in Table 1. Patients with schizophrenia were younger than
unaffected siblings (P <0.001) and healthy controls (P <0.001).

Table 1 Demographic, clinical and neurocognitive information
Patients with Unaffected Healthy controls

Variables schizophrenia (N = 161) siblings (N = 37) (N=96) Flt/y? P Post hoc Tukey significance

Age (years) 17.91+3.26 21.94 +6.19 20.69 + 3.67 26.011  <0.001*  Healthy controls > patients with
schizophrenia: P <0.001;
unaffected siblings > patients with
schizophrenia: P < 0.001

Gender (M/F) 84/77 13/24 49/47 3.603 0.165  N/A

Education (years) 10.62 +2.32 11.83+3.05 13.18 +3.16 28.161 <0.001*  Healthy controls > unaffected
siblings: P =0.030;
healthy controls > patients with
schizophrenia: P <0.001;
unaffected siblings > patients with
schizophrenia: P=0.042

SAPS score 26.18 +£19.02 N/A N/A N/A N/A N/A

SANS score 37.95 +28.63 N/A N/A N/A N/A N/A

Total dosage (mg/d)? 425+ 270 N/A N/A N/A N/A N/A

lliness duration (months) 20.35+23.13 N/A N/A N/A N/A N/A

WAIS-CR information 15.31+6.09 16.07 +5.41 19.07 +5.43 13,514 <0.001* Healthy controls > unaffected
siblings: P =0.023;
healthy controls > patients with
schizophrenia: P <0.001

WAIS-CR digit symbol 62.00+17.90 84.14 +15.12 88.21+17.12 79.059 <0.001* Healthy controls > patients with
schizophrenia: P <0.001;
unaffected siblings > patients with
schizophrenia: P <0.001

ACC of zero-back load (%) 81+22 90 + 22 95+9 15.062 <0.001* Healthy controls > patients with
schizophrenia: P <0.001;
unaffected siblings > patients with
schizophrenia: P=0.031

Response time of zero- 554 + 135 514 + 69 494 +75 9.009 <0.001* Healthy controls < patients with

back load (ms) schizophrenia: P <0.001

ACC of two-back load (%) 61+44 74+22 79+18 8.659 <0.001* Healthy controls > patients with
schizophrenia: P <0.001

Response time of two- 725197 689 + 159 661+ 138 3930  0.021* Healthy controls < patients with

back load (ms) schizophrenia: P=0.016

N/A, not applicable; SAPS, Scale for Assessment of Positive Symptoms; SANS, Scale for Assessment of Negative Symptoms; WAIS-CR, Wechsler Adult Intelligence Scale-Chinese Revised;

??A%tijcsilléﬁoct\{c dosage refers to dose equivalents for chlorpromazine calculated using the classical mean dose method.°

* P <0.05.
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Besides, there was a ‘ladder’ pattern of education years among the
three groups (F=28.161, P <0.001; healthy controls > unaffected
siblings: P =0.030; healthy controls > patients with schizophrenia:
P <0.001; unaffected siblings > patients with schizophrenia:
P=0.042). In terms of working memory task performance, the
healthy controls performed better than the patients with schizo-
phrenia at both the ‘zero-back’ (P<0.001) and ‘two-back’
(P<0.001) loads. The difference between the siblings and the
other two groups was not significant for the two-back load. For
the ‘zero-back’ load, unaffected siblings performed better than the
patients with schizophrenia (P=0.031). Detailed information is
presented in Table 1.

Controllability metrics
Average controllability

Under ‘zero-back’ load, one-way ANOVA revealed a significant
omnibus difference of average controllability across all diagnostic
groups in the visual network (node numbers 2) and ventral atten-
tion network (VAN, node numbers 1) (see Supplementary Table 1
and Supplementary Fig. 3); under ‘two-back’ load, one-way ANOVA
revealed a significant omnibus difference of average controllability
across all diagnostic groups in the sensorimotor network (SMN,
node numbers2), auditory network (node numbers?2), visual
network (node numbers 2) and memory retrieval network (MRN,
node numbers 1) (see Table 2 and Fig. 1).

Modal controllability

Under ‘zero-back’ load, one-way ANOVA revealed a significant
omnibus difference of modal controllability across all diagnostic
groups in the DMN (node numbers2) and FPN (node numbers 1)
(see Supplementary Table 1 and Supplementary Fig. 4); Under
‘two-back’ load, one-way ANOVA revealed a significant omnibus
difference of modal controllability across all diagnostic groups in
the DMN (node numbers 24), FPN (node numbers 13), salience
network (node numbers9), cingulo-opercular network (CON, node
numbers 1) and dorsal attention network (DAN, node numbers 2)
(see Table 2 and Fig. 1).

Interestingly, patients with schizophrenia exhibited lower
average and modal controllability in all detected regions compared
to healthy controls and unaffected siblings. Unaffected siblings gen-
erally exhibited increased controllability compared with healthy
controls in most detected regions. Under ‘two-back’ load, compared
with healthy controls, patients with schizophrenia and unaffected
siblings both showed lower average controllability in the right-
hand paracentral lobule (P-fdr=0.035) and the right-hand
Rolandic operculum (P-fdr = 0.035). Details are shown in Table 2
and Fig. 2. To examine the influence of gender and antipsychotic
dose, we also conducted a stratified analysis and observed no signifi-
cant differences in controllability between genders or dose-based
subgroups in patients (see Supplementary Tables 2-5).

In the Pearson correlation analysis, the average controllability
during both ‘zero-back’ and ‘two-back’ loads showed poor correl-
ation with cognitive performance and clinical characteristics
among patients. However, higher modal controllability in some of
the affected regions (‘zero-back’ two nodes in the DMN; ‘two-
back’: 13 nodes in the DMN, five nodes in the salience network
and one node in the FPN) was seen in association with better per-
formance of the corresponding task load. Besides, higher modal
controllability of certain regions (‘zero-back’ one node in the
DMN and one node in the FPN; ‘two-back’: five nodes in the
FPN, two nodes in the DMN and two nodes in the salience
network) was associated with lower prescribed antipsychotic dose.
In two DMN regions, modal controllability was negatively
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correlated with the scores of SANS (‘two-back’). We also performed
the correlation analysis in unaffected siblings and healthy controls.
Unaffected siblings shared a similar correlation relationship
between working memory performance and modal controllability
in several nodes (one node in the DMN and one node in the
FPN) under ‘two-back’ load. Detailed information is shown in
Supplementary Tables 6-13, and Figs. 5 and 6. However, no signifi-
cant correlation relationship survives FDR correction.

Exploratory analysis

The right-hand paracentral lobule and right-hand Rolandic opercu-
lum both showed shared changes in controllability in both patients
with schizophrenia and unaffected siblings; imaging transcriptomic
analysis was focused on these ROIs.

The functional annotation analyses identified nine functional
labels consistently related to the regions showing aberrant average
controllability — nociceptive, pain, sensation, multisensory, touch,
pressure, somatosensory, primary somatosensory and secondary
somatosensory functions (see Fig. 2). However, no significant
results were observed after FDR correction.

The genetic annotation analyses identified 36 genes with spa-
tially relative overexpression for regions with aberrant average con-
trollability (P-fdr <0.05). For the Gene Ontology enrichment
analysis, in terms of the molecular function, calmodulin binding
(P-fdr =0.015, RGS4, NOS2, ADCY1, CAMK2G, KCNH1) repre-
sented statistically significant enrichment. In terms of the KEGG
pathway, insulin secretion (P-fdr=0.014, ADCY1l, ATPI1Al,
CAMK2G) represented statistically significant enrichment (see
Fig. 2). No prominent enrichment was observed in terms of bio-
logical processes and cellular components. Detailed information
on genetic annotation analysis is provided in Supplementary
Tables 14 and 15. We also performed post hoc enrichment analysis
for regions with altered controllability in patients but not in siblings
(compared to healthy controls) to gain insights into illness-specific
biological mechanisms; the significantly enriched gene expression
abnormalities identified in the gene enrichment analysis are pre-
dominantly associated with synaptic functions (see Supplementary
Material 5 and Supplementary Fig. 7).

Discussion

We report four novel findings on the controllability of the func-
tional connectome during a working memory task in patients
with schizophrenia, unaffected siblings and healthy controls. First,
controllability differs between groups during task performance,
especially when there is higher working memory demand (two-
back). Patients show reduced average controllability compared
with healthy controls and siblings, especially in the unimodal
sensory networks (visual network, auditory network and SMN).
This indicates reduced flexibility in shifting to task-free (relatively
easy-to-reach) brain states. Second, lower modal controllability in
patients is predominantly seen in the triple network regions of the
default mode, frontoparietal and salience network, indicating that
these regions require more ‘energy’ (in the sense of external
inputs) to reach the relatively demanding states needed for
complex cognitive operations. Third, at an uncorrected threshold,
lower modal controllability relates to poor working memory task
performance in some regions and higher dose of antipsychotics in
other regions. Fourth, unaffected siblings had preserved control-
lability metrics that were numerically higher than healthy controls
across most brain regions. Nonetheless, like patients, they also
had reduced controllability in the paracentral lobule and Rolandic
operculum when compared to healthy controls. Spatial
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Table 2 Controllability difference across patients with schizophrenia, unaffected siblings and healthy controls at the ‘two-back’ load

MNI space Post hoc Tukey significance Mean (controllability)
Healthy Healthy Unaffected
controls versus  controls versus siblings versus
unaffected patients with patients with Healthy Unaffected Patients with
ROI No. Network Brain region X y z FDR-corrected P siblings schizophrenia schizophrenia controls siblings schizophrenia
Average controllability
25 SMN R_Postcentral gyrus 29 -39 59 <0.001* 0.678 <0.001* 0.001* 0.0194 0.0321 -0.0190
39# SMN R_Paracentral lobule 2 -28 60 <0.001* 0.035* <0.001* 0.697 0.0313 —0.0059 -0.0173
63 Auditory network  R_Superior temporal gyrus 58 -16 7 <0.001* 0.217 <0.001* 0.187 0.0329 0.0058 -0.0209
714 Auditory network  R_Rolandic operculum 56 -5 13 <0.001* 0.040* <0.001* 0.244 0.0347 0.0005 —-0.0208
151 Visual network L_Lingual gyrus -15 =72 -8 <0.001* 0.537 0.001* 0.001* 0.0178 0.0341 —-0.0185
161 Visual network R_Inferior temporal gyrus 42 66 -8 <0.001* 0.009* 0.015* <0.001* 0.0096 0.0534 -0.0180
136 MRN R_Precuneus 4 48 51 <0.001* 0.461 <0.001* <0.001* 0.0216 0.0421 —-0.0226
254 uncertain R_Middle temporal gyrus 46 47 17 <0.001* 0.028* 0.033* <0.001* 0.0077 0.0411 -0.0140
Modal controllability
79 DMN L_Middle temporal gyrus -46  -61 21 <0.001* 0.696 <0.001* 0.001* 0.0007 0.0011 —-0.0007
83 DMN L_Middle temporal gyrus -68 =23 -16 <0.001* 0.991 <0.001* 0.013* 0.0008 0.0008 -0.0007
86 DMN L_Angular gyrus —44  —65 35 <0.001* 0.633 <0.001* <0.001* 0.0010 0.0015 —0.0009
87 DMN L_Precuneus -39 =75 44 <0.001* 0.647 <0.001* 0.001* 0.0009 0.0014 —0.0008
96 DMN R_Angular gyrus 52 -59 36 <0.001* 0.513 <0.001* <0.001* 0.0010 0.0017 —-0.0010
97 DMN R_Superior frontal gyrus 23 33 48 <0.001* 0.619 0.001* 0.001* 0.0007 0.0013 —-0.0007
98 DMN L_Medial frontal gyrus -10 39 52 <0.001* 0.464 0.001* <0.001* 0.0007 0.0015 —0.0008
99 DMN L_Superior frontal gyrus -16 29 53 <0.001* 0.688 <0.001* 0.001* 0.0008 0.0014 —0.0008
101 DMN R_Superior frontal gyrus 22 39 39 <0.001* 0.392 <0.001* <0.001* 0.0007 0.0014 —0.0008
102 DMN R_Medial frontal gyrus 13 55 38 <0.001* 0.131 <0.001* <0.001* 0.0007 0.0018 —0.0008
104 DMN L_Superior frontal gyrus -20 45 39 <0.001* 0.921 <0.001* 0.004* 0.0008 0.0010 —-0.0007
105 DMN R_Medial frontal gyrus 6 54 16 <0.001* 0.274 0.001* <0.001* 0.0007 0.0017 —0.0008
108 DMN R_Medial frontal gyrus 9 54 3 <0.001* 0.834 <0.001* 0.002* 0.0008 0.0012 —0.0008
112 DMN L_Medial frontal gyrus -2 38 36 <0.001* 0.640 <0.001* <0.001* 0.0010 0.0016 -0.0010
113 DMN L_Anterior cingulate gyrus -3 42 16 <0.001* 0.233 0.004* <0.001* 0.0006 0.0015 —0.0007
114 DMN L_Superior frontal gyrus -20 64 19 <0.001* 0.430 <0.001* <0.001* 0.0007 0.0014 —0.0008
115 DMN L_Medial frontal gyrus -8 48 23 <0.001* 0.228 0.001* <0.001* 0.0007 0.0017 —0.0008
119 DMN R_Middle temporal gyrus 65 =31 -9 <0.001* 0.906 <0.001* <0.001* 0.0009 0.0011 —0.0008
121 DMN R_Medial frontal gyrus 13 30 59 <0.001* 0.630 <0.001* <0.001* 0.0008 0.0013 —0.0008
127 DMN Cerebelum_Crus1_R 28 =77 =32 <0.001* 0.957 <0.001* 0.002* 0.0008 0.0009 —0.0007
128 DMN R_Middle temporal gyrus 52 7 =30 <0.001* 0.606 0.001* 0.001* 0.0006 0.0011 —0.0006
130 DMN R_Angular gyrus 47 -50 29 <0.001* 0.277 <0.001* <0.001* 0.0008 0.0017 —0.0008
137 DMN L_Inferior frontal gyrus —46 31 -13 <0.001* 0.912 <0.001* 0.001* 0.0012 0.0009 —-0.0009
139 DMN R_Inferior frontal gyrus 49 35 =12 <0.001* 0.832 <0.001* 0.001* 0.0007 0.0010 —0.0007
177 FPN L_Inferior parietal gyrus -53 =49 43 <0.001* 0.998 <0.001* 0.003* 0.0009 0.0010 —0.0008
178 FPN L_Superior frontal gyrus -23 1 64 <0.001* 0.977 <0.001* 0.003* 0.0009 0.0010 —0.0008
181 FPN R_Middle orbital frontal gyrus 34 54 13 <0.001* 0.307 <0.001* <0.001* 0.0008 0.0017 —0.0009
190 FPN R_Inferior parietal gyrus 49  -42 45 <0.001* 0.394 <0.001* <0.001* 0.0010 0.0019 —-0.0010
192 FPN R_Inferior parietal gyrus 44 -53 47 <0.001* 0.318 <0.001* <0.001* 0.0009 0.0019 -0.0010
193 FPN R_Middle frontal gyrus 32 14 56 <0.001* 0.307 0.001* <0.001* 0.0008 0.0018 —0.0009
194 FPN R_Angular gyrus 37 —65 40 <0.001* 0.240 <0.001* <0.001* 0.0007 0.0016 —0.0008
195 FPN L_Inferior parietal gyrus -42 =55 45 <0.001* 0.699 <0.001* <0.001* 0.0010 0.0015 —-0.0009
196 FPN R_Middle frontal gyrus 40 18 40 <0.001* 0.397 <0.001* <0.001* 0.0008 0.0015 —-0.0008
(Continued)
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Table 2

ROI No.

197
198
199
200
204
207
213
214
215
216
218
219
220
50
259
264
9
1"
84
184
185

(Continued)

Network

FPN

FPN

FPN

FPN

Salience network
Salience network
Salience network
Salience network
Salience network
Salience network
Salience network
Salience network
Salience network
CON

DAN

DAN

Uncertain
Uncertain
Uncertain
Uncertain
Uncertain

Brain region

L_Middle frontal gyrus
L_Middle orbital frontal gyrus
R_Inferior parietal gyrus
R_Middle orbital frontal gyrus
R_Supramarginal gyrus
R_Inferior frontal gyrus, triangular part
L_Supplementary motor area
L_Middle frontal gyrus
L_Anterior cingulate gyrus
R_Middle cingulate gyrus
R_Superior frontal gyrus
R_Middle frontal gyrus
L_Middle frontal gyrus
L_Superior frontal gyrus
L_Inferior parietal gyrus
R_Paracental lobule
R_Middle temporal gyrus
R_Inferior temporal gyrus
L_Middle temporal gyrus
Cerebelum_Crus2_R
Cerebelum_Crus1_R

X

-34
—42
3
43
55
48
-1
-28
0

5
31
26
-39
-16
-33
29
65
55
-58
17
35

MNI space

z

=15

FDR-corrected P

<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*

Post hoc Tukey significance

Mean (controllability)

Healthy
controls versus
unaffected
siblings
0.100
0.551
0.655
0.169
0.597
0.349
0.429
0.154
0.366
0.527
0.112
0.074
0.373
0.428
0.374
0.994
0.943
0.178
0.995
0.877
0.855

Healthy
controls versus
patients with
schizophrenia

<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*

0.001*
<0.001*
<0.001*

0.001*
<0.001*
<0.001*

0.001*
<0.001*
<0.001*
<0.001*

Unaffected
siblings versus
patients with
schizophrenia

<0.001*
<0.001*

0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*
<0.001*

0.005*

0.003*
<0.001*
<0.001*

0.003*

0.001*

Healthy
controls

0.0007
0.0008
0.0008
0.0007
0.0008
0.0006
0.0008
0.0007
0.0007
0.0008
0.0008
0.0006
0.0007
0.0008
0.0007
0.0008
0.0007
0.0005
0.0012
0.0010
0.0006

Unaffected

siblings
0.0019
0.0015
0.0013
0.0018
0.0014
0.0013
0.0017
0.0017
0.0014
0.0014
0.0019
0.0017
0.0015
0.0015
0.0015
0.0009
0.0009
0.0013
0.0011
0.0007
0.0009

Patients with
schizophrenia

—0.0009
—0.0008
—0.0008
—0.0008
—0.0008
—0.0006
—0.0009
—0.0008
—0.0007
—0.0008
—0.0009
—0.0007
—0.0008
—0.0008
—0.0007
—0.0007
—0.0006
—0.0006
—-0.0010
—0.0007
—0.0006

ROI No., index number of the node in the Power Atlas;"® MNI, Montreal Neurological Institute; SMN, sensory/somatomotor network; MRN, memory retrieval network; DMN, default mode network; FPN, frontoparietal task control network; CON, cingulo-opercular task control
network; DAN, dorsal attention network; ROI, region of interest; FDR, false discovery rate; L, left; R, right.
* P <0.05. The controllability values mentioned above are all the residual values of the de-covariant variables.
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Fig. 1 Brain regions with group differences in average and modal controllability across all groups under ‘two-back’ load (omnibus test): (a), (f)
distribution of whole-brain controllability; (b), (g) distribution of each large-scale brain network controllability; (c), (h) brain regions showed
significantly different controllability across all groups; (d), (i) proportion of detected nodes in each large-scale network; (e), (j) heat map of average

controllability and circle heat map of modal controllability each node across all groups. DAN, dorsal attention network; VAN, ventral attention
network; FPN, frontoparietal network; MRN, memory retrieval network; DMN, default mode network; CON, cingulo-opercular network; SMN,
sensory/somatomotor network; HCs healthy controls; SBs, unaffected siblings; SZs, patients with schizophrenia.

correspondence of gene expression revealed associations with cal-
modulin binding and insulin secretion pathways. Taken together,
these observations provide a nuanced mechanistic framework for
working memory deficits in schizophrenia.

We observed large scale inter-group differences in controllabil-
ity across patients with schizophrenia and unaffected siblings versus
healthy controls during two-back tasks. Compared to healthy con-
trols, patients with schizophrenia exhibited a decline in controllabil-
ity (both modal controllability and average controllability) at all
identified regions. Our finding suggests that when manipulating
items in working memory, patients with schizophrenia may have
a poorer ability to control brain state transitions compared to
healthy controls, giving rise to performance deficits that increase
with demand. In contrast, unaffected siblings demonstrated an
insignificant tendency for increased controllability in the majority
of regions compared to healthy controls. Similar distinctive altera-
tions in brain function have been previously reported in studies
focused on unaffected siblings and are considered a potential mani-
festation of resilience/compensation to the disease.”""** The inter-
group differences in controllability during working memory tasks
extended to a broader range of regions with an increased task
load. This finding suggests that higher working memory task
loads may elicit a greater number of disease-related functional aber-
rations, aligning with findings from previous research.”

When examining the two controllability metrics - modal and
average controllability - distinct differences in inter-group brain
regions are notable. Modal controllability assesses the capability of
brain nodes to transition into states that are relatively challenging
to attain, such as cognitively demanding states.'> The involvement
of the triple network system - the DMN, FPN and salience

https://doi.org/10.1192/bjp.2024.225 Published online by Cambridge University Press

network - in reduced modal controllability among patients is consist-
ent with its critical role in the execution of working memory and its
proposed involvement in the working memory deficits of schizophre-
nia.** During the working memory tasks in healthy controls, there is a
decrease in functional connectivity within the DMN and an increase
in functional connectivity within the FPN, and the salience network
serves a modulatory role in the functional connectivity changes
within these two networks.>** Compared to healthy controls, patients
with schizophrenia fail to suppress DMN activity and show higher
DMN-FPN functional connectivity during task execution,”® which
may relate to aberrant signals from the salience network.”’ Our
current findings indicate that triple network dysfunction during
working memory tasks in patients with schizophrenia may arise
from the higher energy requirements to attain the functional states
necessary for performing working memory tasks.

Another notable finding is that, in patients with schizophrenia,
the modal controllability in selected regions of the DMN and sali-
ence network was lower in those with reduced working memory
performance, but these correlations were only shared in part with
unaffected siblings. Unaffected siblings have the most pronounced
controllability values among the three groups; thus, the relationship
between controllability and cognitive function might be more
complex, possibly involving nonlinear/compensatory factors in
this group. Besides, the modal controllability in regions of the
FPN was lower in those receiving higher antipsychotic dosage.
This implies that either a higher dose of antipsychotics may prefer-
entially reduce the modal controllability of the FPN or lower FPN
controllability may result in a clinical profile that eventually gets
higher prescription doses of antipsychotics. This is consistent with
the prior observations of the impact of antipsychotic medication
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Fig.2 Regions where aberrant controllability occurs in both patients with schizophrenia and unaffected siblings, with the results of subsequent
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schizophrenia and unaffected siblings; (b) average controllability gradient across all groups; (c) word cloud map of functional annotation analysis;
(d) result of genetic enrichment analysis. KEGG, Kyoto Encyclopedia of Genes and Genomes.

on the activity and functional connectivity of the FPN.>**° It is
important to note that these results did not survive FDR correction,
and a dose-based split group analysis revealed no differential dose
effect. But in the absence of data on adherence to treatment and
cumulative exposure, we cannot rule out the effect of antipsychotics
on FPN controllability. Longitudinal studies that compare the con-
trollability among medicated and unmedicated patients are required
for more definitive theories to emerge.

Average controllability evaluates the average capacity to transit
into states that are more readily achievable.'” Disparities in average
controllability between groups are predominantly localised in
regions associated with primary sensory perception functions,
including the auditory network, visual network and SMN, implying
a potential deficiency of state transitions in sensory subsystems
(compared to transmodal/multimodal regions), especially when

https://doi.org/10.1192/bjp.2024.225 Published online by Cambridge University Press

cognitive load is higher. Prior work indicates that during working
memory tasks, the visual network and SMN in patients with
schizophrenia exhibit distinct temporal profiles of segregation and
integration compared with those in healthy controls.*® The somato-
sensory cortex not only selectively retains corresponding sensory
information temporarily’' but also demonstrates flexible recruit-
ment by the FPN during task execution to complement the comple-
tion of working memory under different sensory patterns.’* The
well-documented sensorimotor and sensory gating impairments
in patients with schizophrenia are attributed to their inability to
effectively filter out irrelevant external and internal stimuli. This
deficiency may result in misperceptions, sensory overload, distract-
ibility and cognitive fragmentation.*®> We have previously reported a
link between working memory deficits in schizophrenia and aber-
rant functional connections in brain regions contributing to the
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integration of sensory and motor resources.>* The findings of this
study may contribute new insights into the role of sensorimotor
regions in the working memory deficits observed in schizophrenia.

Unaffected siblings and patients with schizophrenia share a
decline in controllability in the paracentral lobule and Rolandic
operculum compared to healthy controls. This finding suggests a
potentially relevant association with the vulnerability observed in
unaffected siblings. Grey matter volume (GMV) loss of the paracen-
tral lobule has been reported in patients with schizophrenia and
their concordant twin pairs.>> Interestingly, the operculum
showed GMYV increase in first-episode schizophrenia and in those
at genetically high risk for schizophrenia,”® but reduced functional
connectivity during cognitive tasks in patients with schizophrenia.'’
We note specific gene expression patterns in these affected regions
that may be relevant to uncover the bioenergetic pathways contrib-
uting to schizophrenia. The gene enrichment analysis suggested that
the detected areas are involved in the molecular function of cal-
modulin binding. Calmodulin was suggested to be a central integra-
tor of synaptic plasticity, and its unique regulatory properties allow
the integration of several forms of signal transduction and the regu-
lation of contextual memory.”” It is important to note that the
shared alteration in controllability in patients and siblings does
not imply genetic causation, but may result from shared environ-
mental influences as well as gene-environment interactions.

The enrichment of the insulin secretion pathway observed in
transcriptomics analysis is relevant to schizophrenia. Insulin plays
important roles in neuronal circuitry formation, synaptic mainten-
ance, neuronal survival, dendritic arborisation and learning and
memory.*® While gene enrichment related to insulin secretion has
been reported in schizophrenia, it is typically associated with per-
ipheral metabolism®® with limited insights to date on its impact
on the brain function. Besides, we found that the differences
between patients with schizophrenia and healthy controls were
associated with a gene enrichment and expression pattern related
to the synaptic function, which aligns with previous findings
linking synaptic dysfunction, neural function and the pathogenesis
of schizophrenia.*’

Our study has some notable limitations. First, we were unable to
collect a large sample of age-matched siblings, reducing the variabil-
ity in this group, although we had sufficient power to demonstrate
regional group differences in unaffected siblings versus healthy con-
trols. Second, the effects of medication and the duration of illness
cannot be disentangled from the severity of illness per se in schizo-
phrenia. As antipsychotic medication was used only in the patients
with schizophrenia, we were unable to eliminate this confound in
inter-group comparisons. We did not observe a dose-related effect
on controllability for most regions in patients with schizophrenia.
Nevertheless, we cannot entirely discount the influence of medica-
tion. Longitudinal studies preferably in drug-naive participants are
needed for conclusive proof. Because of the limited n-back loads
used (zero- and two-back), we were not able to study state transi-
tions (controllability) at higher loads. Finally, we lacked in-sample
gene expression data from the brain tissue of the same participants
who undertook working memory fMRI; gene annotations from
public databases may not correspond to the actual regional expres-
sion in individual patients.

In conclusion, patients with schizophrenia show lower control-
lability of multiple brain functional networks during working
memory tasks, with these differences intensifying under heightened
task load. The differences in modal controllability manifest in the
DMN, FPN and salience network, while the differences in average
controllability are concentrated in the visual network, auditory
network and SMN. Shared regional abnormalities in controllability
in siblings and patients occur in regions with higher expression of
calmodulin binding and insulin secretion pathway genes; this
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effect may arise from shared genetic/environmental influence
within families. Our work distinguishes the nature of control
signal aberrations in sensory processing versus transmodal
regions in working memory deficits in schizophrenia. It also
raises the question of the role of insulin signalling, calcium dynam-
ics and more broadly bioenergetic aberrations in the cognitive fea-
tures of schizophrenia.
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