
659

Schizophrenia Bulletin vol. 49 no. 3 pp. 659–668, 2023 
https://doi.org/10.1093/schbul/sbac177
Advance Access publication 19 November 2022

© The Author(s) 2022. Published by Oxford University Press on behalf  of the Maryland Psychiatric Research Center.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://
creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the 
original work is not altered or transformed in any way, and that the work is properly cited. For commercial re-use, please contact journals.permissions@
oup.com

Controllability of Functional Brain Networks and Its Clinical Significance in First-
Episode Schizophrenia

Qian Li1,2,3,6, Li Yao1,2,3,6, Wanfang You1,2,3,6, Jiang Liu4, Shikuang Deng4, Bin Li4, Lekai Luo1,2,3, Youjin Zhao1,2,3, 
Yuxia Wang1,2,3, Yaxuan Wang1,2,3, Qian Zhang1,2,3, Fenghua Long1,2,3, John A. Sweeney1,5, Shi Gu4, Fei Li*,1,2,3, , and 
Qiyong Gong1,2,3,

1Huaxi MR Research Center (HMRRC), Department of Radiology, West China Hospital of Sichuan University, Chengdu 610041, 
Sichuan, P.R. China; 2Research Unit of Psychoradiology, Chinese Academy of Medical Sciences, Chengdu 610041, Sichuan, P.R. 
China; 3Functional and Molecular Imaging Key Laboratory, Sichuan University, Chengdu 610041, Sichuan, P.R. China; 4Department 
of Computer Science and Engineering, University of Electronic Science and Technology of China, Chengdu, China; 5Department of 
Psychiatry and Behavioral Neuroscience, University of Cincinnati, Cincinnati, OH 45219, USA
6These authors contributed equally to this work.
*To whom correspondence should be addressed; Huaxi MR Research Center (HMRRC), Department of Radiology, West China 
Hospital of Sichuan University, No 37 Guo Xue Lane, Chengdu 610041, Sichuan, P.R. China; tel: +86 (0)28 8542 3503,  
e-mail: charlie_lee@qq.com

Background and Hypothesis:  Disrupted control of brain state 
transitions may contribute to the diverse dysfunctions of cog-
nition, emotion, and behavior that are fundamental to schizo-
phrenia. Control theory provides the rationale for evaluating 
brain state transitions from a controllability perspective, which 
may help reveal the brain mechanism for clinical features such 
as cognitive control deficits associated with schizophrenia. 
We hypothesized that brain controllability would be altered in 
patients with schizophrenia, and that controllability of brain 
networks would be related to clinical symptomatology.  Study 
Design:  Controllability measurements of functional brain net-
works, including average controllability and modal controlla-
bility, were calculated and compared between 125 first-episode 
never-treated patients with schizophrenia and 133 healthy 
controls (HCs). Associations between controllability metrics 
and clinical symptoms were evaluated using sparse canonical 
correlation analysis.  Study Results:  Compared to HCs, pa-
tients showed significantly increased average controllability 
(PFDR = .023) and decreased modal controllability (PFDR = 
.023) in dorsal anterior cingulate cortex (dACC). General 
psychopathology symptoms and positive symptoms were pos-
itively correlated with average controllability in regions of de-
fault mode network and negatively associated with average 
controllability in regions of sensorimotor, dorsal attention, 
and frontoparietal networks.  Conclusions:  Our findings sug-
gest that altered controllability of functional activity in dACC 
may play a critical role in the pathophysiology of schizo-
phrenia, consistent with the importance of this region in cog-
nitive and brain state control operations. The demonstration 

of associations of functional controllability with psychosis 
symptoms suggests that the identified alterations in average 
controllability of brain function may contribute to the severity 
of acute psychotic illness in schizophrenia. 
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Introduction

Considerable evidence documents alterations of brain 
connectivity in schizophrenia, including dysfunction of 
the ability to adaptively switch into and out of brain 
states.1,2 Consideration of both connectivity and dynamics 
of brain activity is a promising approach for character-
izing brain dysfunction in psychiatric disorders.3 Most 
previous studies of brain networks focused on the eval-
uation of the connectome without consideration of dy-
namics and state transitions in activity states over time.4,5

Brain state transitions are crucial for supporting 
adaptive cognitive, emotional, and behavioral functions 
by selectively organizing appropriate brain states in task-
relevant brain networks.6 Disrupted control of brain 
states may contribute to the diverse dysfunctions of cog-
nition, emotion, and behavior that are fundamental to 
schizophrenia.7 Classical control theory provides the ra-
tionale and mathematical procedures for evaluating both 
brain connectivity and its dynamic change over time. 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
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Its model and methods originated from engineering re-
search, and are rooted in the idea that energetic input 
modulates transitions from a current state of activity to 
another desired state to improve system function rele-
vant to current demands.8 Human brain regions and the 
networks they comprise can alter functional states and 
drive transitions to different states, which corresponds to 
state transformations in the engineering control process 
framework.Average controllability and modal control-
lability are the most popular controllability metrics. 
Average controllability represents the inverse of the av-
erage impulse response energy (control input) that sup-
ports the transition of brain states.9 Impulse response 
denotes the total magnitude and extent of signal spread 
which relies on the links of a given node with others in 
the brain network.9 Functional hub nodes, preferentially 
located in the default mode network (DMN), tend to 
have higher average controllability.10 These hub nodes 
have dense connections with other brain regions, thus 
can drive the transition of brain states with lower en-
ergy input. Modal controllability evaluates the ability of 
nodes to drive shifts into difficult-to-reach brain states.11 
Easy-to-reach states are states where the control system 
can drive from the current state to another state with rel-
atively little energy, which is close to the resting state of 
the brain. Hard-to-reach states are the opposite, and in-
clude states needed to perform complex cognitive opera-
tions. Higher modal controllability of nodes is associated 
with lower nodal strength.12 Higher modal controllability 
predominantly resided in weakly connected cognitive 
control networks such as frontoparietal network (FPN) 
which plays roles in task-control initiation and adjust-
ment, and cingulo-opercular network (CON) is charac-
terized by task stable maintenance.13

Previous studies of healthy individuals have shown 
that during performance of tasks requiring activity in 
specific task networks, average controllability of func-
tional brain networks decreases while modal controlla-
bility increases, reflecting increasing energy demand in 
task states from a control perspective.12 Controllability 
metrics have been shown to predict performance on cog-
nitive tasks.12 One study of depressed patients by Fang 
et al.14 found increased global average controllability and 
decreased global modal controllability, which predicted 
the effects of drug treatment. From a psychopharma-
cology perspective, photoswitchable muscarinic agon-
ists have been shown to manipulate the control of state 
transitions,15 indicating that observation of brain con-
trollability can provide an index of target engagement 
for drug treatments. Thus, applications of control theory 
and controllability metrics may represent a promising ap-
proach for developing a deeper understanding of brain 
dysfunction in schizophrenia. However, there has yet to 
be a study investigating the alteration of brain intrinsic 
controllability in schizophrenia and its association with 
clinical symptom severity.

In the present study, we tested for altered brain net-
work controllability in acutely ill, first-episode, never-
treated patients with schizophrenia relative to healthy 
controls (HCs), and examined relations of identified con-
trollability alterations to psychotic symptom severity. We 
hypothesized that: (1) brain controllability would be al-
tered in patients with schizophrenia, and (2) altered con-
trollability of brain networks would be related to clinical 
symptomatology.

Methods

Participants

Detailed inclusion and exclusion criteria are provided in 
supplementary materials, but in summary, participants 
were 18–60 years old and right-handed. We included 125 
first-episode never-treated patients with schizophrenia 
and 133 HCs in our final analyses. There were no signif-
icant between-group differences in age, sex, or education 
years (table 1).

Data Acquisition and Preprocessing

Details of magnetic resonance imaging (MRI) acqui-
sition and data preprocessing are presented in supple-
mentary methods. Time series were extracted from the 
preprocessed functional MRI images within defined 
anatomic regions using the Power functional template.16 
Each region of interest (ROI) was defined using a sphere 
with a 3 mm radius centered on the peak coordinates of 

Table 1.  Demographic and Clinical Characteristics for First-
Episode Never-Treated Patients With Schizophrenia and Healthy 
Controls

Patients  
(n = 125)

Controls  
(n = 133) P Value

Age, years 24.3 ± 7.1 
(18–46)

26.1 ± 7.7 
(18–52)

.055

Gender, male/female 55/70 64/69 .507
Education, years 12.6 ± 2.9 

(3–20)
13.2 ± 3.0 

(2–19)
.079

Illness duration, month 8.1 ± 9.4 
(0.03–36)

— —

PANSS scores
Total score 89.6 ± 16.6 

(46–127)
— —

Positive symptoms 25.1 ± 6.5 
(7–39)

— —

Negative symptoms 18.6 ± 7.8 
(7–40)

— —

General psychopathology 
symptoms

45.9 ± 9.7 
(20–71)

— —

Note: Values in the table were presented as mean±standard devi-
ation (range). P value of gender was computed by chi-square test 
and P values of age and education were calculated by two-sample 
t-test.
Abbreviation: PANSS, Positive and Negative Syndrome Scale.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
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a functional area provided by Power et al.16 Functional 
connectivity (FC) between defined ROI was calculated 
via wavelet coherence rather than Pearson’s correlation. 
Compared to Pearson’s correlations, wavelet coherence is 
less sensitive to outliers17 and less affected by interregional 
differences in hemodynamic response functions.18 With a 
study focused on nodal controllability in functional brain 
networks, we excluded data from 33 ROIs in the template 
not assigned to a specific functional network and 4 cere-
bellar nodes with poor scan quality or insufficient scan 
coverage. Finally, 227 ROIs were examined in the present 
study that belonged to 1 of 10 brain networks including 
the auditory network, CON, dorsal attention network 
(DAN), DMN, FPN, salience network (SAN), sensori-
motor network (SMN), subcortical network, ventral at-
tention network, and visual network (figure 1A).19

Controllability Metrics of Nodes

Brain network controllability reflects the possibility of 
driving a current network state to other desired target 
states with external control energy input. The most com-
monly used metrics of network controllability are av-
erage controllability and modal controllability.8 Average 
controllability is a measure of the ability of a node to 
drive the brain to all possible easily reachable states con-
sidering the average input energy cost. Average control-
lability is equivalent to the trace of the Gramian matrix 

and it is inversely proportional to the control energy re-
quired to drive shifts in brain states. Brain areas with 
higher average controllability can guide the transition of 
functional states with lower input energy, indicating that 
they can more readily be transitioned into desirable net-
work states.

Modal controllability quantifies the ease of a single 
control node to drive the brain into difficult-to-reach 
states. Regions with higher modal controllability can 
more easily drive dynamics of a brain network towards 
hard-to-reach states, which imposes high energy costs 
for completing complex goal-specific operations. Details 
of the derivation of these metrics are provided in sup-
plementary materials. The association between average 
controllability and modal controllability was explored by 
Pearson correlation for all participants.

We used a nonparametric permutation method (10 000 
iterations) to test for significant differences in controlla-
bility metrics between patients and HCs after control-
ling for age, sex, years of education, and head motion. 
Pearson correlation analysis was performed to test for 
associations between the altered controllability of nodes 
in regions with significant group differences and demo-
graphic and clinical characteristics (Positive and Negative 
Syndrome Scale [PANSS] scores) in patients control-
ling for age, sex, years of education, and head motion. 
Permutation tests were performed for each node and the 
univariate correlational analyses were performed for the 

Fig. 1.  The 227 functional brain regions included in our analysis belonged to 10 major networks (A). The altered controllability of 
dorsal anterior cingulate cortex was found in first-episode never-treated patients with schizophrenia compared to controls (B). The nodes 
represent brain areas in the Power functional template and the color of the node indicates the brain network to which it belongs.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
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nodes with significant differences detected by between-
group comparison. The false discovery rate (FDR) cor-
rection for multiple comparisons was performed for both 
between-group comparison (454 corrections) and univar-
iate correlation analysis of PANSS scores with altered 
controllability in patients (6 corrections).

Sparse Canonical Correlation Analysis

To capture clinical relationships of activity in different 
brain regions in patients, sparse canonical correlation 
analysis (sCCA) was used to establish the maximal cor-
relations between linear combinations of variables in 2 
multivariate datasets, average and modal controllability 
of 227 brain nodes, and 3 clinical symptom dimen-
sions (positive, negative, and general psychopathology 
scores from the PANSS) with applied regularization to 
achieve sparsity (mathematical details in supplementary 
materials).20

Permutation testing with 1000 iterations was con-
ducted to evaluate the statistical significance of each ca-
nonical variate. As permutation testing shuffled the rows 
of symptomatology dimensions causing the order of ca-
nonical variates or a sign of weights to be changed, we 
matched the canonical variates deriving from permuted 
data with the ones resulting from the original data by 
comparing the loadings of controllability.21 The FDR 
correction for multiple comparisons was performed for 
the 3 canonical variates. Finally, bootstrapping proced-
ures with 1000 resamplings were performed to obtain fea-
tures that stably contributed to each canonical variate. As 
the number of features of controllability (n = 227) was 
larger than that of features of clinical symptoms (n = 3), 
we want to have a more conservative assessment of stable 
contributions for features of controllability to the sCCA 
model. Thus, we set confidence intervals of 99% for con-
trollability and 95% for symptomatology dimensions. 
Features whose confidence intervals of loading value did 
not cross zero were taken as stable and significant contri-
butions to the association of controllability and illness 
severity.

Generalized additive model (GAM) that took control-
lability score (which was calculated by originally scaled 
controllability value × estimated loading value of control-
lability by sCCA) for each participant as the dependent 
variable and took age and sex as independent variables 
was employed to analyze age-related effects and sex dif-
ferences in the canonical relationships between controlla-
bility and clinical symptoms in patients.

Reliability Analysis

We used repeated measures to assess 3 kinds of relia-
bility including the reliability of controllability measures, 
findings of between-group comparisons, and findings of 
sCCA (Details in supplementary materials). Briefly, a 

bootstrap method with 1000 resamplings was used to as-
sess reliability. In addition, to assess the reliability of es-
timated u and v vectors, the leave-one-out approach was 
applied. The correlation between the estimated u and v 
vectors in each leave-one-out analysis and u and v vectors 
in the original dataset was examined.

Results

Group Comparison of Controllability

A weak negative correlation between average and modal 
controllability was observed in all the participants (r = 
−.124, P = .047), indicating that the 2 controllability 
metrics characterize different and relatively independent 
aspects of brain function. Compared to HCs, first-
episode never-treated patients with schizophrenia showed 
increased average controllability (PFDR = .023) and de-
creased modal controllability (PFDR = .023) of dorsal an-
terior cingulate cortex (dACC) (table 2 and figure 1B). 
These findings indicate that it is easier for dACC to drive 
transitions between easily reachable states but harder to 
steer the system to difficult-to-reach states in patients.

Correlation Analyses

The sCCA of average controllability and clinical symp-
toms revealed that the first canonical variate was statisti-
cally significant in patients with schizophrenia (r = .673, 
P = .008, PFDR = .024) (supplementary figure S2). To fa-
cilitate the presentation of findings, we summarized the 
significant sCCA loadings of controllability at a network 
level (figure 2), and the detailed loadings for features that 
stably contributed to each canonical variate were provided 
in table 3. The first canonical variate primarily extracted 
features of general psychopathology symptoms and 

Table 2.  Differences in Controllability of Functional Brain 
Networks Between First-Episode Never-Treated Patients With 
Schizophrenia and Healthy Controls

Features
Brain 

Regions

MNI  
Coordinates

Net-
work

FDR  
Corrected  
P Valuex y z

Patients > healthy controls
Average  
controllability

dACC 0 30 27 SAN .023

Modal  
controllability

None

Patients < with healthy controls
Average  
controllability

None

Modal  
controllability

dACC 0 30 27 SAN .023

Note: dACC, dorsal anterior cingulate cortex; FDR, false dis-
covery rate; MNI, Montreal Neurological Institute; SAN, salience 
network.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
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positive symptoms and average controllability in brain 
nodes mainly belonging to SMN (including postcentral 
gyrus), DAN (precuneus and intraparietal sulcus), FPN 
(supramarginal gyrus and dorsolateral PFC [dlPFC]), 
and DMN (medial prefrontal cortex [mPFC], orbito-
frontal cortex [OFC], post cingulate cortex [PCC], and 
parahippocampal gyrus) (table 3 and figure 2). General 
psychopathology symptoms and positive symptoms were 
positively correlated with average controllability in DMN 
and negatively associated with average controllability in 
SMN, DAN, and FPN. The estimated u and v vectors 
were presented in supplementary table S1.

Based on GAM, we found that the model was not signif-
icant, indicating that age and sex did not have a significant 
impact on the detected canonical correlations between 
average controllability metrics and clinical symptoms in 
patients (P > .05). There was no significant correlation 
between modal controllability and symptomatology in 

sCCA (P > .05). Both univariate correlational analysis 
and examining the salience of such variables within the 
sCCA framework showed that there were no significant 
correlations between the controllability of dACC and 
clinical characteristics in patients (all P > .05).

Reliability Analysis

The reliability analysis indicated that the controllability 
measures, and our findings of between-group compar-
ison and sCCA analysis were stable. Detailed reliability 
results were provided in supplementary materials.

Discussion

In the current study, patients with first-episode never-
treated schizophrenia showed increased average control-
lability and decreased modal controllability in dACC 

Fig. 2.  Association patterns between controllability and clinical symptom in patients. The positive symptoms were predominantly 
positively correlated with average controllability in regions of DMN, while mainly negatively associated with average controllability in 
regions of FPN, DAN, and SMN. The significant brain regions denoted by nodes were identified by sparse canonical correlation analysis 
in the first canonical variate of average controllability associated with symptoms (A). Loadings of average controllability at a brain 
network level and loadings of symptomatology dimension (B). Abbreviations: CON, cingulo-opercular network; DAN, dorsal attention 
network; DMN, default mode network; FPN, frontoparietal network; GP, general psychopathology; PANSS, Positive and Negative 
Syndrome Scale; PS, positive symptoms; SAN, salience network; SMN, sensorimotor network; Sub, subcortical network; Vis, visual 
network.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac177#supplementary-data
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relative to HCs. Average controllability of regions in 
SMN, DAN, FPN, and DMN was associated with general 
psychopathology and positive symptoms in patients. Our 
findings in patients suggest that altered controllability of 
functional activity in dACC may play a critical role in 
the pathophysiology of schizophrenia, consistent with 
the importance of this region in cognitive control oper-
ations which has been related to disturbances of cogni-
tive control in many schizophrenia studies. Considering 
control processes from a bioengineering framework may 
provide a useful biological framework for understanding 
the causes of widely observed cognitive control deficits 
in schizophrenia, particularly with regard to the role of 
ACC in mediating shifts in cognition and behavioral plan-
ning. The demonstration of associations of functional 
controllability with general psychopathology and posi-
tive symptoms suggests that the identified alterations in 
average controllability of brain function may contribute 
to the severity of acute psychotic illness in schizophrenia.

Altered Controllability

Using metrics derived from control theory, we identified a 
significant alteration in the ability of dACC to drive alter-
ations of brain states in other brain regions. Patients with 

schizophrenia exhibited increased average controllability 
and decreased modal controllability in dACC, suggesting 
that dACC activity can more readily shift functional 
brain states with lower energy input, but less readily drive 
brain states transition to less readily achieved brain states 
such as those required for high-order task performance 
requiring cognitive control. Optimal brain function re-
quires an optimal balance between the ability to shift 
and remain in brain states depending on circumstances. 
If  activity shifts too readily while engaging in activities 
that require persistent focus for longer periods of time, 
behavior would be compromised. Similarly, if  difficult-
to-reach states cannot be reached when needed, higher 
cognitive functions, particularly those requiring cognitive 
control, could be compromised. This balance is medi-
ated to a significant degree by dACC,22 so its disturbance 
could contribute significantly to the complex cognitive 
and behavioral presentation of schizophrenia as has been 
suggested previously.23

Cui et al. observed widespread effective connectivity of 
ACC in HCs but few ACC connections in first-episode 
patients with schizophrenia.24 As effective connectivity 
strength is negatively correlated with average controlla-
bility,12 our finding of increased average controllability 
in schizophrenia is consistent with the previous findings. 

Table 3.  Loadings of Features that Stably Contributed to the First Canonical Variate in the Sparse Canonical Correlation Analysis of 
Average Controllability and Clinical Symptoms in Patients

Network
ROI 
No. Brain Region

MNI Coordinate

LoadingX Y Z

Average controllability stably contributed to linked clinical symptoms
Sensorimotor network 7 R. Paracentral lobule 13 −33 75 0.159

11 L. Postcentral gyrus −23 −30 72 0.233
13 R. Parietal sub-gyral 29 −39 59 0.132
14 R. Postcentral gyrus 50 −20 42 0.249
18 L. Parietal sub-gyral −29 −43 61 0.269
20 R. Superior parietal lobule 22 −42 69 0.151
23 L. Precentral gyrus −13 −17 75 0.17
26 L. Postcentral gyrus −16 −46 73 0.139

218 R. Inferior parietal lobule 47 −30 49 0.132
Dorsal attention network 219 R. Precuneus 22 −65 48 0.177

221 R. Precuneus 25 −58 60 0.152
222 L. Intraparietal sulcus −33 −46 47 0.169

Fronto-parietal network 164 R. Supramarginal gyrus 49 −42 45 0.159
171 L. Dorsolateral prefrontal gyrus −34 55 4 0.203

Default mode network 64 R. Orbitofrontal cortex 8 48 −15 −0.178
65 L. Parahippocampal gyrus −13 −40 1 −0.149
75 R. Dorsal posterior cingulate cortex 6 −59 35 −0.137
92 R. Medial prefrontal gyrus 6 64 22 −0.149

Cingulo-opercular network 38 L. Superior frontal gyrus −16 −5 71 0.168
Visual network 145 L. Cuneus −3 −81 21 −0.171
Salience network 188 L. Middle frontal gyrus −28 52 21 −0.172
Subcortical network 199 L. Thalamus −5 −28 −4 −0.168
The stable clinical symptoms of the first canonical variate
Positive and Negative Syndrome Scale: general psychopathology symptoms −0.844
Positive and Negative Syndrome Scale: positive symptoms −0.535

Note: L, left; MNI, Montreal Neurological Institute; R, right; SD, standard deviation; ROI No., region-of-interest number (in Power 
functional template).
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However, while the 2 measures both evaluate brain dy-
namics and connectivity, significant differences in effective 
connectivity strength were not detected in group compar-
ison in the study of Cui et al. while we found a significant 
difference of controllability in schizophrenia relative to 
HCs. Thus, average controllability may be a more sen-
sitive biomarker than effective connectivity strength for 
evaluating the ability of a region to shift states of activity 
in other brain regions. In addition, a study by Li et al. 
demonstrated that never-treated schizophrenia patients 
exhibited higher global FC in dACC than HCs, while a 
significant reduction of global FC in dACC was detected 
after short-term treatment in schizophrenia,25 suggesting 
that dACC alterations may vary with the state of illness 
and be responsive to antipsychotic medication. Global 
FC was negatively correlated with modal controllability,12 
thus the findings of increased global FC in dACC in first-
episode patients are consistent with our findings.

At the large-scale network level, dACC is a promi-
nent area of SAN that is involved in integrating external 
stimuli and internal processing priorities, and engaging 
in regulating information propagation and transitions 
between DMN and task-positive networks such as 
central-executive network (CEN).26 DMN contributes to 
internally oriented cognition, while CEN is characterized 
by externally directed cognition. SAN, DMN, and CEN 
form a classical triple network, with SAN mediating dy-
namic interactions between DMN and CEN. Aberrant 
connectivity of the SAN-centered triple network has been 
identified in schizophrenia,27 characterized by decreased 
FC between SAN and CEN28 and increased FC between 
SAN and DMN.29 dACC plays a well-established role in 
initiating switches between states in DMN and CEN, es-
pecially during performance of a complex task requiring 
cognitive control.26,30 The dysfunction of dACC observed 
in the present study in managing state transitions is con-
sistent with the notion that dACC alterations may repre-
sent a causal factor in the disruption of optimal large-scale 
network function and cognition in schizophrenia.

Clinical Relevance

Our multivariate correlation analysis revealed that positive 
and general psychopathology symptoms in patients were 
related to network controllability in SMN (postcentral 
gyrus), DAN (intraparietal sulcus and precuneus), FPN 
(dlPFC and supramarginal gyrus), and DMN (mPFC, 
OFC, PCC, and parahippocampal gyrus). These associ-
ations were present with average but not modal control-
lability. This pattern of findings suggests that excessive 
spontaneous switching between easily reachable network 
states was associated with symptom severity in first-episode 
schizophrenia, and may be responsible for the heightened 
distractibility during acute psychosis. Associations of ab-
errant brain state transitions and psychotic symptoms 
have been reported previously in schizophrenia.31

A large majority of functional brain states are easily 
reachable,32 so as to support optimal cognition and be-
havior. Unmodulated excessive switching between brain 
states, however, could leave the brain in suboptimal condi-
tions for performing cognitive, perceptual, and behavioral 
functions that depend on maintaining brain states over 
time for effective cognition and modulation of emotions. 
Such abilities are particularly disturbed during acute psy-
chosis. As to hard-to-reach states such as those needed 
for higher-order cognitive control, these alterations in 
patients were not significantly related to the severity of 
acute psychosis, consistent with observations that neuro-
psychological tests of higher cognitive functions are rel-
atively stable regardless of acute illness severity.33,34 This 
pattern of findings suggests that distractibility and exag-
gerated behavioral flexibility seen in acute psychosis may 
be more state related than the regulation of higher cog-
nitive function in schizophrenia. Neurocognitive studies 
of the behavioral impact of the identified state transi-
tion disturbance are required to confirm this interpreta-
tion, as are longitudinal studies aiming to evaluate the 
state-dependent features of the identified controllability 
functions.

Analyses of average controllability in SMN demon-
strated their association with more severe positive symp-
toms. Lower controllability in postcentral gyrus reflects 
a reduced ability to use higher energy inputs to other re-
gions when needed to perform more complex network 
state shifts. This might be related to reduced activity of 
postcentral gyrus that has been independently docu-
mented in schizophrenia.35 Decreased functional cou-
pling of postcentral gyrus has previously been correlated 
with positive symptom severity.36

Intraparietal sulcus and precuneus, core regions of 
DAN, are related to top-down visuospatial attention 
control processes,37 and dysfunction of these areas may 
contribute to visuospatial and perceptual deficits re-
ported in schizophrenia patients.38 Our study identified 
a negative correlation between average controllability 
of intraparietal sulcus and precuneus with general psy-
chopathology and positive symptoms, indicating that the 
lower ability of DAN to facilitate executive state shifts, 
the greater the severity of psychosis symptoms. Increased 
perfusion of DAN (more energy supply) benefits insight 
preservation in schizophrenia, which has been associated 
with treatment outcomes of patients,39 and symptomatic 
improvement after treatment has been associated with in-
creased regional homogeneity of DAN in schizophrenia.40

A negative association between average controllability 
of FPN regions including dlPFC and supramarginal 
gyrus with general psychopathology and positive symp-
toms was also observed. Dysfunction of dlPFC is 
known to be associated with executive and working 
memory disturbances in schizophrenia.41 Consistent 
with our finding, patients with auditory verbal hallucin-
ations in schizophrenia have been shown to have altered 
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N-AcetyI-Aspartate levels in dlPFC.42 Supramarginal 
gyrus contributes to language perception and processing 
which have well-established alterations in patients with 
schizophrenia.43 Thus, our findings are consistent with a 
literature suggesting that supramarginal gyrus alterations 
may be related mechanistically to positive symptoms in 
schizophrenia, and add a controllability perspective on 
those alterations in terms of their impact on inducing 
network state changes for optimized cognitive function.

Higher average controllability in multiple re-
gions of DMN including mPFC, OFC, PCC, and 
parahippocampal gyrus was positively related to more 
severe general psychopathology and positive symptoms. 
Previous studies have also identified increased FC44 and 
activity45 within DMN to be positively correlated with 
patients’ positive symptoms. Other studies have reported 
both structural46 and functional47 abnormalities in DMN 
in schizophrenia as well.

One important observation from a network-level per-
spective based on previous research is that network inter-
actions in SMN, DAN, FPN, and DMN are interactive.48 
This observation may in part account for observations 
that dysfunctions of sensory and perceptual processing 
are related to alterations in high-order cognition in 
schizophrenia.49 Moreover, those abnormalities were all 
related to the severity of positive symptoms in our un-
treated, acutely ill first-episode schizophrenia patients.50,51 
Altered controllability in the inter-network interactions, 
reflected in lower average controllability of SMN, DAN, 
FPN, and higher average controllability of DMN, may 
be a contributing factor to the severity of acute psychosis 
in patients.

Limitations

Some limitations of  the current study need to be con-
sidered. First, we did not evaluate neuropsychological 
function in this population, particularly cognitive and 
affective processes dependent on dynamic control pro-
cesses, so a direct linkage between observed alterations 
in brain regions and alterations in behavioral functions 
they serve is not possible from our study. Evaluating 
cognitive functions in this population in future studies 
using tasks demanding cognitive control will be impor-
tant for understanding the behavioral significance of 
controllability deficits determined using engineering-
based analytic models applied to brain imaging data. 
Future studies incorporating such information on cog-
nitive assessment and controllability may help parse the 
cognition-related pathophysiological basis of  schizo-
phrenia. Second, the controllability of  brain network 
was built on a linear and time-invariant model, while 
neural dynamics are nonlinear. Future studies might 
consider whether nonlinear neural dynamics may pro-
vide novel insights, though existing studies have re-
ported that the blood oxygenation level dependent 

(BOLD) signal could be reasonably well predicted 
by linear models.52 Third, although associations with 
general psychopathology and positive symptoms were 
observed, it is difficult to conclude that deficits of  modal 
controllability are stable over the illness course, or vary 
with illness state in a cross-sectional study, especially 
when all patients were acutely ill at the time of  scans. 
Whether our controllability findings vary with the state 
of  illness and whether they are related to dynamic cog-
nitive control task performance remain to be investi-
gated in future studies. Additionally, the assumption of 
the suitability of  the preselected nodes of  the networks 
should also be evaluated. Also, there are limits to the 
sensitivity of  BOLD signals across the brain. Despite 
denoising and related preprocessing steps, it remains 
a concern. Finally, there is the possibility that treating 
schizophrenia as a unified illness may have limitations, 
as heterogeneity within the clinical population dilutes 
findings in discrete subgroups.53,54,55

Conclusion

In conclusion, our study documented that altered con-
trollability in the dACC represents a significant alteration 
of the functional brain connectome in schizophrenia, and 
that altered average controllability in SMN, DAN, FPN, 
and DMN is associated with symptoms of acute psy-
chosis. Dysfunction in the ability to switch network states 
for optimal brain function may be an important mech-
anistic feature underlying the prominent neurocognitive 
and neurobehavioral alterations in schizophrenia.
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