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A B S T R A C T   

Background: Schizophrenia is considered a brain connectivity disorder in which functional integration within the 
brain fails. Central to the brain’s integrative function are connector hubs, brain regions characterized by strong 
connections with multiple networks. Given their critical role in functional integration, we hypothesized that 
connector hubs, including those located in the cerebellum and subcortical regions, are severely impaired in 
patients with schizophrenia. 
Methods: We identified brain voxels with significant connectivity alterations in patients with schizophrenia (n =
76; men = 43) compared to healthy controls (n = 80; men = 43) across multiple large-scale resting state net
works (RSNs) using a network metric called functional connectivity overlap ratio (FCOR). From these voxels, 
candidate connector hubs were identified and verified using seed-based connectivity analysis. 
Results: We found that most networks exhibited connectivity alterations in the patient group. Specifically, con
nectivity with the basal ganglia and high visual networks was severely affected over widespread brain areas in 
patients, affecting subcortical and cerebellar regions and the regions involved in visual and sensorimotor pro
cessing. Furthermore, we identified critical connector hubs in the cerebellum, midbrain, thalamus, insula, and 
calcarine with connectivity to multiple RSNs affected in the patients. FCOR values of these regions were also 
associated with clinical data and could classify patient and control groups with > 80 % accuracy. 
Conclusions: These findings highlight the critical role of connector hubs, particularly those in the cerebellum and 
subcortical regions, in the pathophysiology of schizophrenia and the potential role of FCOR as a clinical 
biomarker for the disorder.   

1. Introduction 

Schizophrenia is a severe psychiatric disorder characterized by de
lusions, hallucinations, social withdrawal, impaired motivation, and 
cognitive dysfunction (Owen et al., 2016). Although schizophrenia’s 
pathophysiology remains unclear, it has been widely regarded as a 
neurodevelopmental disorder of brain connectivity (Bullmore et al., 

1997; Friston, 1998). The dysconnection hypothesis, proposed by Fris
ton and colleagues (Friston et al., 2016; Friston, 1998), described 
schizophrenia as a failure of functional integration within the brain and 
suggested that the disorder’s pathophysiology is a result of abnormal 
connections. The cerebellum and subcortical structures such as the 
thalamus and basal ganglia have been thought to play an important role 
in the pathogenesis of schizophrenia (Andreasen et al., 1998; Andreasen 
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and Pierson, 2008; Koshiyama et al., 2018a; Koshiyama et al., 2018b; 
Okada et al., 2016; Okada et al., 2018; Sasabayashi et al., 2020). Dys
connectivity in the cortical-striatal-thalamic and cortical-cerebellar- 
thalamic cortical circuits has been reported to be associated with 
cognitive dysfunction and various symptoms, including psychosis, in 
patients with schizophrenia (Dandash et al., 2014; Duan et al., 2015; 
Fornito et al., 2013; Giraldo-Chica and Woodward, 2017; Martino et al., 
2018; Yamamoto et al., 2018). These findings suggest that the dyscon
nection of specific brain circuits might contribute to the pathology of 
schizophrenia. 

Recent advances in neuroimaging techniques have made it possible 
to investigate the brain’s integrative functions by mapping the complex 
regional interactions comprising whole-brain connectivity. Resting-state 
functional magnetic resonance imaging (fMRI), for instance, has been 
instrumental in probing the brain’s functional architecture, leading to 
the identification of several large-scale, functional, resting state net
works (RSNs) (Beckmann et al., 2005; Biswal et al., 1995; Greicius et al., 
2003; Seeley et al., 2007). Furthermore, several studies have demon
strated the significance of these RSNs; their disruptions are associated 
with psychiatric (Greicius, 2008; Menon, 2011) and neurodegenerative 
disorders (Dai et al., 2015; Greicius et al., 2004; Kawabata et al., 2018; 
Yokoi et al., 2018; Yoneyama et al., 2018). 

Network analysis using resting-state fMRI also revealed the presence 
of connector hubs (van den Heuvel and Sporns, 2013), brain areas that 
have numerous strong interconnections with other regions located 
within and between RSNs. Given their high degree of connectivity, 
connector hubs are considered pivotal in coordinating information flow 
between neural systems, and are crucial for integrating functionally 
specialized systems (Sporns et al., 2007). Dysfunction of connector hubs 
has been associated with behavioral and cognitive impairments in 
several neurological and psychiatric disorders (Buckner et al., 2009; Dai 
et al., 2015; van den Heuvel and Sporns, 2013), including schizophrenia 
(Alexander-Bloch et al., 2013; Liu et al., 2008; Lynall et al., 2010; van 
den Heuvel et al., 2013; Wang et al., 2010). It has also been hypothe
sized that diminished functioning of key brain hubs in schizophrenia 
may lead to inefficient information integration between different brain 
regions (van den Heuvel and Kahn, 2011). Given its critical role in the 
brain’s integrative functions, we hypothesized that the connectivity of 
connector hubs, including those in the cerebellum and subcortical re
gions, is significantly impaired in patients with schizophrenia compared 
to controls. 

A commonly used network metric to identify connector hubs is the 
participation coefficient (Guimera and Nunes Amaral, 2005; Rubinov 
and Sporns, 2010). In graph theory, this metric quantifies a node’s 
connections to the different communities in the network. The more 
evenly the node is connected to these communities, the higher its 
participation coefficient. On the other hand, if the node’s connections 
are mainly restricted to within its community, its participation coeffi
cient is 0. To estimate this metric for the whole-brain network at the 
voxel-level resolution entails huge memory footprint and computing 
requirement. Thus, existing approaches typically employ brain parcel
lation to reduce the number of nodes to a few hundreds. Consequently, 
identified connector hubs are very limited in spatial resolution and 
could vary with the parcellation method used. Often, critical subcortical 
and cerebellar regions are also excluded as most parcellation methods 
are mainly based on the cerebral cortex. Moreover, this metric only 
quantifies whole-brain connections rather than connections with spe
cific RSNs; hence changes in the metric cannot be readily associated 
with any specific RSN. 

In this study, we examined changes in the whole-brain connectivity 
in patients with schizophrenia using a network metric called functional 
connectivity overlap ratio (FCOR) (Bagarinao et al., 2020). By quanti
fying a voxel’s connections to specific RSNs, FCOR can be used to 
identify regions with high between-network connectivity at the voxel 
level, enabling the identification of connector hubs across the whole 
brain (Bagarinao et al., 2020), including the cerebellum (Kawabata 

et al., 2022) and other subcortical regions (Kawabata et al., 2021). Using 
resting-state fMRI data, FCOR maps for several well-known RSNs were 
generated and used to examine and compare connectivity changes 
across the whole brain between patients with schizophrenia and control 
groups. Affected connector hubs were identified by examining regions 
with significant connectivity alterations to multiple RSNs. Moreover, we 
examined the predictive power of FCOR values in the affected hub re
gions to distinguish between patients and controls using linear support 
vector machines (SVMs). 

2. Methods and materials 

2.1. Study participants 

Seventy-six patients with schizophrenia and 80 healthy controls 
participated in the study. Table 1 presents the demographic and clinical 
data of the participants. The patients were recruited from Nagoya Uni
versity Hospital and its affiliated hospitals and were diagnosed based on 
the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition 
diagnostic criteria (American Psychiatric Association, 2000) using a 
structured interview. The patients were excluded if they had a history of 
DSM-IV axis I psychiatric disease other than schizophrenia. Current 
clinical symptom severity was assessed using the Positive and Negative 
Syndrome Scale (PANSS) (Kay et al., 1987). The dose of antipsychotic 
medication received at the time of scanning was evaluated using 
chlorpromazine (CPZ) equivalents (Inada and Inagaki, 2015). The 
healthy controls had no history of psychiatric or neurological disorders 
(based on the Structured Clinical Interview for Diagnosis, non-patient 
version) (First et al., 2002) and did not use any psychoactive medica
tions. Intelligence quotient scores were estimated using the Japanese 
version of the National Adult Reading Test (JART) (Matsuoka et al., 
2006). Handedness was assessed using the Edinburgh Handedness In
ventory (Oldfield, 1971). All study procedures were carried out in 
accordance with the Declaration of Helsinki and approved by the 
Nagoya University Graduate School of Medicine and Nagoya University 
Hospital Ethics Review Committee. All participants provided written 
informed consent before joining the study. 

Table 1 
Demographic and clinical data of the participants.  

Variable Schizophrenia 
(n = 76) 

Controls 
(n = 80) 

Statistics 

Age (years) 42.7 (10.2) 40.8 (9.6) t (154) = − 1.19, p =
0.24 

Sex (male/female) 43/33 43/37 χ2 = 0.13, 
p = 0.72 

Handedness (right/left/ 
both) 

64/3/5 73/2/5  

Educationa 13.4 (2.7) 16.3 (1.6) t (146) = 7.99, 
p = 3.83 × 10-13 

Estimated IQ (JART) b 98.0 (10.9) 107.6 
(7.2) 

t (144) = 6.37, p =
2.34 × 10-9 

Age at onset 24.1 (6.7)   
Duration of illness (years) 18.5 (11.3)   
Medication (CPZ 

equivalent) (mg) c 
564.6 (373.1)   

PANSS Totald 66.1 (22.4)   
PANSS Positived 15.4 (6.1)   
PANSS Negatived 16.9 (6.6)   

Data are mean (standard deviation). 
Note: IQ, Intelligence quotient; JART, Japanese version of the National Adult 
Reading Test; CPZ, chlorpromazine; PANSS, Positive and Negative Syndrome 
Scale. 

a Information is missing for 5 patients and 3 controls. 
b Information is missing for 10 patients. 
c Information is missing for 7 patients. 
d Information is missing for 12 patients. 
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2.2. MRI data 

All participants were scanned at the Brain & Mind Research Center, 
Nagoya University, using a Siemens Magnetom Verio 3.0 T MRI scanner 
with a 32-channel head coil (Siemens, Erlangen, Germany). For each 
participant, high-resolution T1-weighted (T1w) MRI and resting-state 
fMRI data were obtained. The T1w images were acquired using a 
three-dimensional magnetization prepared rapid acquisition gradient 
echo (MPRAGE, Siemens, Erlangen, Germany) sequence (Mugler and 
Brookeman, 1990) with the following imaging parameters: repetition 
time (TR) = 2500 ms, echo time (TE) = 2.48 ms, inversion time = 900 
ms, flip angle (FA) = 8 degrees, field of view (FOV) = 256, 256 × 256 
matrix dimension, 192 sagittal slices with 1-mm thickness, in-plane 
voxel resolution of 1.0 × 1.0 mm2, and total scan time of 5 min and 
49 s. For the resting-state fMRI data, an ascending gradient-echo echo- 
planar imaging sequence was used, with the following parameters: TR =
2.5 s, TE = 30 ms, FOV = 192 mm, 64 × 64 matrix dimension, 39 
transverse slices with a 0.5 mm inter-slice interval and 3-mm thickness, 
FA = 80 degrees, and total scan time of 8 min and 15 s. All participants 
were instructed to close their eyes but stay awake during the scan. 

2.3. Image preprocessing 

All images were preprocessed using Statistical Parametric Mapping 
(SPM12, Wellcome Trust Center for Neuroimaging, London, UK) 
running on MATLAB (R2020a, MathWorks, Natick, Massachusetts, 
USA). The preprocessing pipeline is detailed in our previous paper 
(Bagarinao et al., 2020). Briefly, T1w images were segmented using 
SPM12′s segmentation approach (Ashburner and Friston, 2005) to 
extract bias-corrected T1w images and transformation information from 
subject space to the Montreal Neurological Institute (MNI) template 
space. After removing the first 5 volumes, the resting-state fMRI data, 
were slice-time corrected, realigned, co-registered to the bias-corrected 
T1w image, normalized to the MNI template space using the obtained 
transformation information, resampled to 3.0 × 3.0 × 3.0 mm3 voxel 
resolution, and smoothed using a 6-mm full-width-at-half-maximum 
three-dimensional Gaussian filter. Effects of head motion were 
regressed out using 24 motion-related regressors that included the six 
estimated motion parameters (three parameters each for translation and 
rotation), their derivatives, and the squares of the original estimates and 
their derivatives. Head motion, quantified using mean frame-wise 
displacement estimated from motion parameters (Power et al., 2014), 
did not significantly differ (non-parametric rank sum test p = 0.2756) 
between patients and controls. In addition, signals from the white matter 
and cerebrospinal fluid, the global signal, and their derivatives were also 
regressed. Finally, a bandpass filter (0.01 to 0.1 Hz) was applied. 

2.4. FCOR estimation 

FCOR maps associated with several well-known RSNs were 
computed using the preprocessed resting-state fMRI data. FCOR quan
tifies the spatial extent of a voxel’s connection to a given large-scale RSN 
and can be used to identify connector hubs by examining voxels with 
significant connections to multiple RSNs. The approach for constructing 
FCOR maps is described in our previous paper (Bagarinao et al., 2020). 
Briefly, we performed a whole-brain, seed-based connectivity analysis 
for each voxel and generated the voxel’s functional connectivity (FC) 
map. The voxel’s FCOR value was estimated as the spatial extent 
(number of voxels) of the overlap between the constructed FC map and a 
reference RSN template divided by the number of voxels comprising the 
RSN template. FCOR values could range from “0′′ for no overlap to “1” 
when the RSN template is entirely within the voxel’s FC map. An in
crease in the FCOR value indicates an increase in the number of con
nections to a given RSN, whereas a decrease indicates the opposite. A 
whole-brain FCOR map for a given reference RSN can be generated by 
repeating the same process for all voxels within the brain. Finally, the 

FCOR map was standardized by converting FCOR values into z-scores so 
that the maps could be averaged and compared across participants 
(Buckner et al., 2009). 

2.5. Statistical analysis of FCOR maps 

Following our previous study (Bagarinao et al., 2020), we used 
Shirer’s 14 RSN templates, identified using independent component 
analysis (Shirer et al., 2012), as reference RSNs. The templates included 
the dorsal default mode network (dDMN), ventral default mode network 
(vDMN), precuneus network (Prec), anterior salience network (aSal), 
posterior salience network (pSal), left executive control network 
(LECN), right executive control network (RECN), visuospatial (dorsal 
attention) network (Visu), language network (Lang), basal ganglia 
network (BG), primary visual network (pVis), high visual network 
(hVis), sensorimotor network (SMN), and auditory network (Aud). For 
each participant, we generated 14 whole-brain standardized FCOR 
maps, one for each RSN. Then, we compared the maps obtained from 
healthy controls and patients with schizophrenia using a general linear 
model with independent variables representing the control group (equal 
to “1′′ when participant belong to the control group and “0” otherwise), 
patient group (equal to “1” when participant belong to the patient group 
and “0” otherwise), age, sex, and mean frame-wise displacement. To 
identify regions with significant difference in FCOR values, two contrast 
maps were generated; namely, controls > patients and controls < pa
tients. In addition, two contrast maps representing significant mean 
FCOR values for controls and patients were also generated. The striatum, 
main component of BG, is the primary target of all antipsychotics (Hall 
et al., 1994) and increased functional connectivity of the striatum by 
antipsychotic treatment has been reported (Sarpal et al., 2015). To 
examine the effect of antipsychotics in FCOR values in the patient group, 
we also performed a separate regression analysis using CPZ values as 
regressor of the FCOR maps of the BG from the patient group. The 
threshold for the resulting statistical maps was set at p < 0.05, corrected 
for multiple comparisons using a family-wise error correction at the 
cluster level (FWEc) with a cluster-defining threshold (CDT) set at p =
0.001. We used SPM12 for all whole-brain statistical analyses. 

2.6. Identification of connector hubs 

We performed conjunction analysis using the final statistical maps of 
the 14 RSNs. Voxels were assigned a value of “1′′ or “0” depending on 
whether they met the statistical threshold or not, respectively. The 
binarized statistical maps of the 14 RSNs were then combined to 
generate the conjunction map. To identify regions with significantly 
altered connectivity to several RSNs, two conjunction maps were con
structed, one for each contrast (controls > patients and controls < pa
tients). In these maps, each voxel’s value represented the number of 
RSNs where the given voxel showed significant connectivity alterations 
in the patient group. From the constructed conjunction maps, candidate 
affected connector hubs were identified from the local peaks with values 
above three. Regions-of-interest (ROIs) from contiguous voxels with 
peak values were then constructed. To validate that the constructed 
ROIs were indeed connector hubs, we performed seed-based connec
tivity analyses with the ROIs as seed regions using the preprocessed 
resting-state fMRI data from healthy controls. A group level connectivity 
map for each ROI was constructed using a one-sample t-test of individual 
connectivity maps. Significant connections were identified by thresh
olding the resulting statistical map with an FWEc p < 0.05 and CDT p =
0.001. FCOR values were estimated using the group-level connectivity 
map of each ROI. We also identified the locations of potential connector 
hubs in patient and control groups separately. For this, two conjunction 
maps were constructed using the contrast maps extracting significant 
mean FCOR values for each group. In these conjunction maps, each 
voxel’s value represents the number of RSNs where the voxel has sig
nificant connections. Voxels with significant connections with multiple 
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RSNs represent potential connector hubs. 

2.7. Connector-hub-level analyses using FCOR features 

Finally, we computed the mean FCOR value within the constructed 
ROIs (connector hubs) for each RSN to further examine the significance 
of the identified connector hubs. Each connector hub is therefore rep
resented by 14 mean FCOR values. First, we examined the predictive 
power of FCOR values in altered connector hubs by using them as fea
tures to distinguish patients from healthy controls. Linear SVMs, with 
the regularization parameter set to the default value of “1′′ were used for 
this classification problem. We used a MATLAB version of LIBSVM 
(Chang and Lin, 2011) to perform tenfold cross-validation to evaluate 
the SVMs’ performance. Next, we examined any association of FCOR 
values with the patients’ clinical characteristics. Only FCOR values of 
the identified connector hubs from the patient group were used in this 
analysis. Given the large number of features (number of identified 
connector hubs × 14 RSNs) involved, we undertook dimensionality 
reduction using principal component analysis and included only the top 
principal components (PCs) that cumulatively accounted for >50 % of 
the FCOR variance in the patient group. The association between 
component scores and clinical data, which included age, disease dura
tion, CPZ equivalents, JART total IQ, PANSS total, negative, and positive 
scores, was estimated using Spearman’s correlation. 

3. Results 

3.1. Widespread FCOR alterations in schizophrenia 

We observed widespread alterations of FCOR values associated with 

all RSNs in the patient group compared to the healthy controls (Fig. 1, 
Supplementary Figure S1). The BG showed the highest number of voxels 
with significant FCOR reductions, followed by the hVis, RECN, aSal, and 
vDMN (Fig. 1a). Intriguingly, the number of voxels exhibiting signifi
cantly higher FCOR values associated with the BG and hVis in the patient 
group was higher than the number of voxels with significantly lower 
FCOR values. FCOR values associated with the LECN showed the least 
alterations, followed by those associated with the Lang. Contrast maps 
for the four RSNs with the highest number of affected voxels are shown 
in Fig. 1(b–e) and for the rest of the RSNs in Supplementary Figure S1. 
Significant clusters, including peak locations in MNI coordinates and 
sizes, are summarized in Table 2 and Supplementary Table S1. 

We observed the following in the patient group compared to the 
controls: (1) significantly lower BG-associated FCOR values in the cer
ebellum, midbrain, thalamus, and mid/anterior cingulate gyrus, and 
clusters in bilateral supramarginal gyrus, right superior frontal gyrus, 
and left middle frontal gyrus (Fig. 1b, Table 2); (2) higher FCOR values 
in the primary-processing-associated regions such as the visual, senso
rimotor, and subcortical regions (including caudate and putamen); (3) 
the BG’s connectivity was significantly lower with the subcortical areas 
and cerebellum, and significantly higher with the visual and sensori
motor processing areas; (4) similar changes were observed in the RECN 
(Fig. 1d): FCOR values were significantly lower in the subcortical areas 
and the cerebellum, and higher in cortical areas, including the superior 
frontal gyrus, orbital gyrus, postcentral gyrus, precentral gyrus, superior 
occipital gyrus, and occipital pole; (5) FCOR values associated with the 
hVis (Fig. 1c) were significantly lower in the bilateral occipital fusiform 
gyrus, middle occipital gyrus, superior parietal lobule, left precentral 
gyrus, and middle frontal gyrus, and significantly higher in the cere
bellum, other subcortical areas, right superior frontal gyrus, and right 

Fig. 1. Regions showing significant (family-wise error correction at the cluster level, p < 0.05; cluster-defining threshold, p = 0.001) functional connectivity overlap 
ratio (FCOR) changes in patients with schizophrenia for different resting-state networks (RSNs). (a) Total number of voxels where FCOR values for several RSNs were 
significantly lower (blue) or higher (red) in the patient group (SCZ) than the healthy control (HC) group. (b)–(e) Contrast maps showing the locations of these voxels 
for the basal ganglia network (BG), high visual network (hVis), right executive control network (RECN), and anterior salience (aSal) network, respectively. These are 
the top four networks showing the most regions with significant FCOR changes. Regions shown in red-yellow indicate significantly higher FCOR values in patients 
(HC < SCZ), while those shown in blue-light blue indicate significantly lower FCOR values in patients than controls (HC > SCZ). 
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middle temporal gyrus/angular gyrus; and (6) FCOR values were lower 
for the aSal in the left anterior insula, bilateral thalamus, and the cer
ebellum, and higher in a cluster with peak location in the left middle 
occipital gyrus. 

The result of the regression analysis of the FCOR maps of the BG with 
CPZ values in the patients showed a significant positive correlation (z- 
value 4.12, cluster size 45) in the medial superior frontal gyrus or the 
bilateral frontal pole (Fig. 2). 

3.2. Significantly impaired Cerebellar, Thalamic, and other cortical 
connector hubs in schizophrenia 

Fig. 3 shows conjunction maps summarizing the number of RSNs 
with significant FCOR alterations in the patient group. The MNI co
ordinates of the center of gravity of clusters showing significant reduc
tion in FCOR values associated with at least four RSNs and their sizes are 
summarized in Table 3. 

Seed-based connectivity analyses using these clusters as seed regions 
showed that the identified clusters had strong connections with multiple 
RSNs in healthy controls, indicating that these clusters are indeed 
connector hubs. Focusing on subcortical and cerebellar connector hubs 
corresponding to the top six ROIs listed in Table 3, in Fig. 4, we showed 
the FCOR values of the group-level connectivity maps to illustrate their 
connection profiles to the different RSNs in the control group. All six 
connector hubs were strongly connected with the BG. Cerebellar 
connector hubs were also connected with executive control (LECN, 
RECN), default mode (Prec), and primary processing (SMN) networks. 
On the other hand, thalamic connector hubs were connected with 
salience (aSal, pSal), executive control (RECN), default mode (Prec, 

dDMN), and primary processing (SMN) networks. 
Boxplots of the mean FCOR values associated with the 14 RSNs for 

the identified cerebellar and subcortical connector hubs are also shown 

Table 2 
Regions showing significant (family-wise error correction at the cluster level, p < 0.05; cluster-defining threshold, p = 0.001) changes in functional connectivity 
overlap ratio values associated with the basal ganglia network, high visual network, right executive control network, and anterior salience network.  

Contrast X (mm) Y (mm) Z (mm) z-Value Cluster Size Area Other Peaks 

BG 
HC > SCZ − 6 − 15 3 7.84 8096 L ThP L Cer, R Cer  

30 57 24 5.44 249 R SFG   
63 − 42 51 4.91 217 R SMG   
− 66 − 45 42 4.46 125 L SMG   
–33 48 27 3.91 141 L MFG  

HC < SCZ 57 − 66 12 7.5 9387 R IOG L MOG, L IOG  
27 − 9 69 6.22 3383 R PrG R PoG, L PrG  
6 6 6 4.42 148 R Cau L Pu 

hVis 
HC > SCZ − 27 − 81 − 3 7.5 3177 L OFuG L MOG, L FuG  

30 − 75 − 3 6.99 3060 R OFuG R FuG, R MOG  
− 39 3 33 5.41 826 L PrG L MFG 

HC < SCZ 12 6 78 6.88 8960 R SFG   
63 − 57 6 4.65 131 R MTG R AnG 

RECN 
HC > SCZ 9 − 9 3 Inf 6878 R ThP Brainstem, L ThP 
HC < SCZ − 15 42 45 5.99 716 L SFG L FRP  

− 42 27 − 21 5.76 189 L POrG   
− 63 − 6 36 4.89 1493 L PoG L SFG, R SMC  
60 − 9 42 4.78 513 R PoG R OpIFG, R PrG  
− 21 − 84 45 4.75 886 L SOG R SOG, L OCP  
18 − 99 − 9 4.67 127 R OCP   
3 − 66 12 4.33 350 R Calc L PCgG, L LiG  
21 − 45 69 3.85 139 R SPL R PCu  
− 21 − 96 − 15 3.82 169 L OFuG L OCP, L IOG 

aSal 
HC > SCZ − 30 9 − 9 7.48 4773 L AIns R ThP, L ThP  

12 − 48 –33 5.26 578 R Cer L Cer  
− 6 − 81 − 27 4.47 214 L Cer R Cer 

HC < SCZ − 42 − 78 15 6.1 4762 L MOG  

Abbreviations: BG, basal ganglia network; hVis, high visual network; RECN, right executive control network; aSal, anterior salience network; HC, healthy control 
group; SCZ, patients with schizophrenia group; ThP, thalamus proper; Cer, cerebellum; SFG, superior frontal gyrus; SMG, supramarginal gyrus; MFG, middle frontal 
gyrus; IOG, inferior occipital gyrus; MOG, middle occipital gyrus; PrG, precentral gyrus; PoG, postcentral gyrus; Cau, caudate; Pu, putamen; OFuG, occipital fusiform 
gyrus; FuG, fusiform gyrus; MTG, middle temporal gyrus; AnG, angular gyrus; FRP, frontal pole; POrG, posterior orbital gyrus; SMC, supplementary motor cortex; 
OpIFG, opercular inferior frontal gyrus; SOG, superior occipital gyrus; OCP, occipital pole; Calc, calcarine; PCgG, posterior cingulate gyrus; LiG, lingual gyrus; SPL, 
superior parietal lobule; PCu, precuneus; AIns, anterior insula; L, left; R, right. 

Fig. 2. The whole-brain correlation analysis between the BG-associated FCOR 
values and the dose of antipsychotics in the patient group. The FCOR values in 
the medial superior frontal gyrus or the bilateral frontal pole showed a signif
icant positive correlation (p < 0.05, corrected for multiple comparisons using 
family-wise error correction at the cluster level with a cluster-defining 
threshold set at p = 0.001). 
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in Fig. 5. Using a nonparametric rank-sum test, we identified RSNs with 
significant differences in the mean FCOR values (false discovery rate 
(FDR) q < 0.05) (Supplementary Table S2). The two connector hubs in 
the thalamus had significantly altered FCOR values for the aSal, BG, 
dDMN, hVis, LECN, pSal, Prec, pVis, RECN, and SMN in the patients 
compared to the control group. Furthermore, the patients exhibited 
significantly lower FCOR values in most networks except in the (pri
mary/high) visual network, where the FCOR values were higher than 
those in the control group. All six connector hubs that are shown 
exhibited significantly altered FCOR values for the aSal, BG, hVis, pSal, 
Prec, and SMN. Moreover, all non-cerebellar connector hubs exhibited 
alterations in FCOR values for the dDMN. 

Separate conjunction maps, which can be used to identify connector 
hub regions, for the healthy control and patient groups are shown in 
Supplementary Figure S2. Observed that in the thalamus and several 
cerebellar regions, the number of RSNs where these regions were 
strongly connected was significantly reduced in the patient group 
(Supplementary Figure S2b) as compared to the healthy control group 
(Supplementary Figure S2a), consistent with Fig. 3. 

3.3. Association with clinical data 

We also examined the association between FCOR values of the 
cerebellar and subcortical connector hubs and clinical data. The first 
three PCs accounted for 59 % of FCOR variance in the patient group. 
Most clinical data significantly correlated with the second PC score, 
specifically age (r = -0.31, p = 0.0249), duration (r = -0.43, p = 0.0008), 

Fig. 3. Conjunction maps for (a) healthy control (HC) > patient group (SCZ) and (b) HC < SCZ contrasts. Voxel values represent the number of resting-state networks 
(RSNs) where the associated functional connectivity overlap ratio values at the voxel level for the RSNs were significantly altered in the patient group. The yellow 
arrows and their corresponding numbers indicate the first eight regions of interest listed in Table 3. (Region 6 is not shown in this figure.) (a) The thalamus showed 
the greatest number of RSNs where its connectivity was significantly lower in the patient group than the control group. This is followed by a region in the midbrain 
with significantly lower connectivity to seven RSNs, bilateral posterior cerebellum and anterior cerebellum to five RSNs, and bilateral insula and calcarine to four 
RSNs. Smaller clusters in the postcentral gyrus and anterior cingulate gyrus also showed significantly lower connectivity to four RSNs. (b) In contrast, several clusters 
(primarily located in the occipital lobe, including the middle occipital gyrus, bilateral cuneus, and left inferior/middle temporal gyrus) showed significantly higher 
connectivity to at least four RSNs in the patient group than the control group. 

Table 3 
Identified connector hub regions showing significant reduction in functional 
connectivity overlap ratio associated with at least four resting-state networks in 
the patient group compared to the control group.   

Region of 
Interest 

Center of Gravity Value 
(Number of 
RSNs) 

Cluster 
Size 
(Voxels) 

X 
(mm) 

Y 
(mm) 

Z 
(mm)   

1 Left Thalamus − 12.20 − 11.20 2.76 7 37 
2 Right 

Thalamus 
11.50 − 10.30 3.63 7 19 

3 Midbrain 2.50 − 21.80 − 13.80 7 18 
4 Left Posterior 

Cerebellum 
–33.70 − 67.70 − 34.30 5 182 

5 Right 
Posterior 
Cerebellum 

9.00 − 72.90 − 26.90 5 104 

6 Anterior 
Cerebellum 

4.47 − 48.30 –32.00 5 153 

7 Left Insula –32.70 9.65 − 10.50 4 51 
8 Right Insula 32.50 12.80 − 7.94 4 62 
9 Left Calcarine − 18.10 − 52.20 4.34 4 29 
10 Right 

Calcarine 
26.60 − 51.00 5.08 4 39 

Abbreviation: RSN, resting-state network. 
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JART total IQ (r = 0.27, p = 0.0390), and PANSS total (r = -0.29, p =
0.0367) and PANSS positive (r = -0.30, p = 0.0367) score (Fig. 6, 
rightmost column). All p-values were adjusted by FDR correction at q <
0.05. We did not observe any association with the first and third PC 
scores. Weights associated with the first three PCs are plotted in Fig. 6 
(first 3 columns). The first PC is mostly associated with the connector 
hubs’ connectivity with the BG as evidenced by the higher coefficient 
values associated with BG as well as the connectivity between thalamic 
connector hubs and salience (aSal, pSal) and Aud networks. By contrast, 
the second PC reflects the associations between cerebellar connector 
hubs and executive control (LECN, RECN), dDMN, and BG networks, 
which are positively weighted, as well as between thalamic connector 
hubs and primary processing (Aud, pVis, hVis) and BG networks, which 
are negatively weighted. Finally, the third PC is associated with the 
connections between cerebellar connector hubs and dDMN, hVis, Lang, 
and LECN as well as between thalamic connector hubs and visual net
works (pVis, hVis), which are positively weighted, and between 
thalamic connector hubs and BG and salience (aSal, pSal) networks, 
which are negatively weighted. 

3.4. High predictive values of FCOR features in affected hub regions 

The performance of the classification using the FCOR values of all 
connector hubs listed in Table 3 was evaluated using a tenfold cross- 
validation approach (Table 4). Individually, the mean FCOR values of 
the connector hub located in the left posterior cerebellum showed the 
highest predictive value (accuracy, 80.77 %), followed by the left thal
amus (accuracy, 78.85 %), the right thalamus (accuracy, 78.21 %), and 
the midbrain (accuracy, 78.21 %). The overall accuracy was 81.41 %. 

4. Discussion 

Using a novel network measure called FCOR, we found connectivity 
changes across all large-scale RSNs in patients with schizophrenia 
compared to healthy controls. Specifically, connections to the BG and 
hVis over widespread brain regions were significantly altered in patients 
with schizophrenia. The BG showed significantly lower FCOR values in 
the subcortical and cerebellar regions but higher FCOR values in the 
visual and sensorimotor-processing-associated regions. In contrast, the 
hVis exhibited significantly higher FCOR values in the subcortical and 
cerebellar regions but lower values in regions associated with higher 
visual and visuospatial processing. Interestingly, out of the many 
affected regions, we identified a limited number with significantly 
altered connections across several RSNs. These regions, located in the 
cerebellum, midbrain, thalamus, insula, and calcarine have been iden
tified as connector hubs, highlighting the critical role these specialized 
regions play in the pathophysiology of schizophrenia. To our knowl
edge, this is the first study to identify connector hub alterations at the 
voxel-level resolution in the cerebral and subcortical regions in schizo
phrenia. Finally, FCOR values of the affected hub regions also showed 
association with clinical data and high predictive values to distinguish 
patients from controls, signifying their potential as an imaging 
biomarker to identify patients with schizophrenia. 

4.1. Widespread connectivity alterations across several RSNs in patients 
with schizophrenia 

Consistent with existing findings, our results showed that schizo
phrenia is characterized by widespread connectivity changes involving 

Fig. 4. Functional connectivity overlap ratio (FCOR) values of the identified subcortical and cerebellar connector hubs in healthy controls. Spider plots show that 
these regions are strongly connected with multiple resting-state networks in healthy controls indicating that they are connector hubs. FCOR values were estimated 
using a group-level functional connectivity map, obtained using seed-based connectivity analysis, of each connector hub. aSal, anterior salience network; Aud, 
auditory network; BG, basal ganglia network; dDMN, dorsal default mode network; hVis, high visual network; Lang, language network; LECN, left executive control 
network; pSal, posterior salience network; Prec, precuneus network; pVis, primary visual network; RECN, right executive control network; SMN, sensorimotor 
network; vDMN, ventral default mode network; Visu, visuospatial network. 
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all RSNs, although the degree of these alterations differed. Interestingly, 
the BG showed the most widespread changes, affecting the subcortical 
and cerebellar regions as well as regions involved in visual and senso
rimotor processing. Since the BG is involved in various brain functions, 
including motor control, cognition and affective function, its dysfunc
tion could lead to motor deficits, cognitive impairments and psychiatric 
symptoms at the same time (Macpherson and Hikida, 2019), which is 
observed in the patients with schizophrenia (Dandash et al., 2014; Duan 
et al., 2015; Quide et al., 2013; Sui et al., 2015; Zhou et al., 2007). Since 
the observed alterations in the BG could be affected by the antipsy
chotics, we performed a whole-brain correlation analysis between the 
BG-associated FCOR values and the dose of antipsychotics in the patient 
group and found a significant positive correlation, albeit only in the 
medial superior frontal gyrus or the bilateral frontal pole. This region 
did not show up in our analysis comparing patients and controls; 
therefore, the alterations observed in the BG were not associated with 
the doses of antipsychotics. However, the precise impact of antipsy
chotics remains unclear and should be further explored. 

The FCOR values associated with the hVis were also severely affected 

in the patients; higher values were observed in the cerebellar region, 
whereas lower values were observed in several occipital regions. These 
findings were consistent with previous studies regarding connectivity 
alterations (Sendi et al., 2021). The hVis includes the visual association 
cortex, which is associated with functions including perception and 
object recognition (Mai, 2012). Alterations in this network could lead to 
the observed visual-processing impairment in schizophrenia (Javitt, 
2009; Kogata and Iidaka, 2018). 

4.2. Connector hub alterations in schizophrenia 

Consistent with our hypothesis, we identified a limited number of 
connector hub regions in the cerebellum, midbrain, thalamus, insula, 
and calcarine with significantly altered connections to several RSNs, 
including the BG, hVis, aSal, and pSal. Greene and colleagues have 
localized network-specific and multi-network integration zones in the 
thalamus using precision functional mapping (Greene et al., 2020). 
Specifically, they identified integration zones in the ventral intermedi
ate thalamus for cingulo-opercular control and somatomotor networks 

Fig. 5. Boxplots of the mean functional connectivity overlap ratio (FCOR) values associated with the 14 resting-state networks (RSNs) of the identified subcortical 
and cerebellar connector hubs located in (a) left thalamus (L Th), (b) right thalamus (R Th), (c) midbrain, (d) anterior cerebellum (A Cer), (e) left posterior cere
bellum (L pCer), and (f) right posterior cerebellum (R pCer). The pairs indicated by a solid blue line and an asterisk (*) symbol indicate significant differences (false 
discovery rate, FDR q < 0.05) in FCOR values for each RSN between the patient (red) and control groups (blue) using a two-sided rank-sum test. Actual FDR-corrected 
p-values are listed in the Supplementary Table S2. aSal, anterior salience network; Aud, auditory network; BG, basal ganglia network; dDMN, dorsal default mode 
network; hVis, high visual network; Lang, language network; LECN, left executive control network; pSal, posterior salience network; Prec, precuneus network; pVis, 
primary visual network; RECN, right executive control network; SMN, sensorimotor network; vDMN, ventral default mode network; Visu, visuospatial network. 
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and the pulvinar for dorsal attention and visual networks. We have also 
recently identified similar connector hub regions in the anterior insula, 
thalamus, and cerebellum (Bagarinao et al., 2020; Kawabata et al., 
2021). These findings demonstrate the crucial role of connector 
hubs—located in the cerebral cortex, cerebellum, and subcortical 
regions—in the pathophysiology of schizophrenia. 

Previous studies have also reported hub abnormalities in schizo
phrenia using resting-state functional MRI (Hummer et al., 2020; Li 
et al., 2019; Liu et al., 2021; Rubinov and Bullmore, 2013). The main 
findings of these studies were lower global efficiency and fewer hubs in 
the cerebellum network (Hummer et al., 2020), reduced nodal efficiency 
and strength in the hippocampal formation (Li et al., 2019), and a shift 
in hub locations with more hubs in frontal and occipital regions (Liu 
et al., 2021) in patients with schizophrenia compared to healthy con
trols. These different findings may be due to the differences in meth
odology (such as sample characteristics and analytic methods). 

The thalamus plays a significant role in corticocortical communica
tion by controlling information processing, and is involved in sensory 
and motor systems and cognitive function (Sherman, 2016). Although 
previous studies have demonstrated reduced prefrontal-thalamic func
tional connectivity and increased somatosensory-thalamic functional 
connectivity in patients with schizophrenia (Anticevic et al., 2014; 
Giraldo-Chica and Woodward, 2017; Yamamoto et al., 2018), our 
findings specifically implicate the involvement of connector hubs in the 
thalamus. In addition to those in the thalamus, connector hubs in the 
cerebellum showed significant alterations in patients with schizo
phrenia. Because the cerebellum contributes to several RSNs including 
ECN, Sal and DMN (Habas et al., 2009), the cerebellum is involved in 
sensorimotor, cognitive, and affective processing (Buckner, 2013; 
Stoodley and Schmahmann, 2010). Disruption of functional connectiv
ity in the cerebellum in patients with schizophrenia has been reported, 
particularly in the thalamo-cerebellar and cortico-cerebellar networks 

Fig. 6. Principal component analysis of functional connectivity overlap ratio (FCOR) values of subcortical connector hubs. 1st column: Bar plots of the coefficients of 
the first principal component of the FCOR values of the identified connector hubs in the patient group. In the first component, the connector hubs’ FCOR values 
associated with the basal ganglia network (BG) were weighted higher (more positive), and the midbrain and thalamus connector hubs’ FCOR values associated with 
Sal and auditory networks were also weighted higher. 2nd column: Bar plots of the coefficients of the second principal component. In this component, cerebellar 
connector hubs’ FCOR values associated with BG, default mode (dDMN), and executive control (LECN, RECN) networks were weighted higher, whereas thalamic 
hubs’ FCOR values associated with BG, primary processing (auditory (Aud), high visual (hVis), primary visual areas (pVis), somatosensory (SMN)) and language 
(Lang) networks were weighted lower (more negative). 3rd column: Bar plots of the coefficients of the third principal component. In this component, cerebellar 
connector hubs were associated with the dDMN, hVis, Lang, and LECN, while thalamic connector hubs were associated with visual (hVis, pVis), which are positively 
weighted, and salience (aSal, pSal) and BG, which are negatively weighted. Last column: Association between the second principal component score and clinical data. 
Circles indicate actual data, solid line represents linear fit, and dotted lines represent confidence. 
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(Anticevic et al., 2014; Chen et al., 2013; Duan et al., 2015; Wang et al., 
2014). Interestingly, FCOR values in cerebellar connector hubs also 
showed the most predictive power in distinguishing patients with 
schizophrenia from controls. These findings highlight the vital role 
cerebellar connector hubs may play in schizophrenia. 

FCOR values of the identified connector hubs also showed associa
tion with clinical data. Interestingly, the component score of the first PC, 
contributing the largest variance in FCOR and associated with connec
tions from thalamic connector hubs with the BG, did not show any as
sociation with clinical data. By contrast, the second PC’s score had 
associations with multiple clinical data (age, duration of illness, esti
mated IQ, PANSS total and PANSS positive scores). This may suggest 
that the first PC is more associated with trait-like connectivity alter
ations in schizophrenia. Indeed, dysfunction of thalamic connectivity 
was detected from early stages to chronic patients, and even in high-risk 
individuals (Giraldo-Chica and Woodward, 2017). The second PC is 
associated with cerebellar connector hubs’ connectivity with the BG, 
DMN, and ECN, which suggests the importance of the cerebellar 
connector hubs’ connectivity with the core neurocognitive networks 
(DMN, ECN) in schizophrenia’s clinical manifestations. Furthermore, we 
determined that the second PC’s score was associated with PANSS score, 
consistent with the previous study indicating that cerebellar dyscon
nectivity was associated with psychotic symptoms in schizophrenia 
(Brady et al., 2019; Chang et al., 2015). 

Overall, our findings suggest that, although connectivity changes 
across large-scale RSNs involve widespread brain regions, these alter
ations may be driven by a small number of connector hubs located in the 
cerebellum, midbrain, thalamus, and cerebral cortex. The BG’s influence 
is also evident considering the significant alterations of FCOR values 
associated with the BG from these connector hubs (Fig. 5). Neuro
imaging studies have shown that the cerebellum, the basal ganglia, and 
the cerebral cortex form an integrated network, and changes in one node 
could influence the operation of the other nodes (Bostan and Strick, 
2018; Milardi et al., 2019). As connector hubs link several RSNs, 
impairment of these regions can severely affect the brain’s integrative 
processes, the dysfunction of which could be associated with schizo
phrenia’s diverse symptoms. The relatively high predictive values of 
FCOR in these connector hubs further support the importance of these 
critical integrative regions in the pathophysiology of schizophrenia. 

5. Limitations 

The main limitation of this study is that all patients were on medi
cation at the time of the scan. In addition, we did not assess lifetime 
cumulative doses of antipsychotic medications. Future studies are 
needed to examine the effect of antipsychotics on the estimated FCOR 

values in the medication-naïve patients or off-medication patients. 
Another limitation is the difficulty in ruling out the potential contribu
tion of head motion during resting-state fMRI scans, which may have 
induced spurious functional connectivity. Although various methods 
have been tried to minimize the effects of head motion, no specific 
method has yet been established (Power et al., 2015). In this study, we 
regressed out motion-related signals to account for head motion effects 
and ensured that the amount of head motion did not differ significantly 
between the patient and control groups. More advanced methods need 
to be developed to control for head motion in future studies. Finally, 
differences have been reported in connectivity among brain regions 
between the eyes-open and eyes-closed states (Jao et al., 2013). The 
eyes-closed state is associated with a significantly higher variance of the 
BOLD signal in the visual cortex, somatomotor and somatosensory cor
tex, auditory cortex, lingual gyrus, fusiform gyrus, parahippocampal 
gyrus, insula, thalamus, and amygdala, than in the eyes-open state (Jao 
et al., 2013), some of which were identified as connector hubs in this 
study. Our findings were obtained using the eyes-closed state, and the 
eyes-open state was not evaluated. 

6. Conclusions 

Using a novel network metric called FCOR, we have demonstrated 
that connector hub regions, including those in the cerebellum, thalamus, 
and other subcortical regions, are severely impaired in patients with 
schizophrenia, providing additional evidence to support the dyscon
nection hypothesis. Furthermore, FCOR features in the affected hub 
regions exhibited high predictive values (accuracy > 80 %) in dis
tinguishing patients with schizophrenia from healthy controls. These 
findings highlight the role of connector hubs, particularly in the cere
bellum and subcortical regions, in the pathophysiology of schizophrenia 
and the potential role of FCOR as a clinical biomarker for schizophrenia. 
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Table 4 
Support vector machine classification performance using the mean functional connectivity overlap ratio values associated with the 14 resting-state networks within 
each region-of-interest as classification features.  

Individual ROI Accuracy 
(%) 

Sensitivity 
(%) 

Specificity 
(%) 

Regional ROI Accuracy 
(%) 

Sensitivity 
(%) 

Specificity 
(%) 

L Thalamus  78.85  82.89  75.00 Thalamus 79.49 78.95 80.00 
R Thalamus  78.21  78.95  77.50 
Midbrain  78.21  86.84  70.00     
Anterior Cerebellum  66.03  88.16  45.00 Cerebellum  80.77 88.16 73.75 
L Posterior Cerebellum  80.77  84.21  77.50 
R Posteror Cerebellum  76.92  86.84  67.50 
L Insula  69.87  86.84  53.75 Insula 70.51 82.89 58.75 
R Insula  68.59  84.21  53.75 
L Calcarine  72.44  68.42  76.25 Calcarine  74.36 76.32 72.50 
R Calcarine  76.92  82.89  71.25   

Accuracy 
(%) 

Sensitivity 
(%) 

Specificity 
(%) 

All ROIs  81.41  84.21  78.75 

Abbreviation: ROI, region-of-interest; L, left; R, right. 
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