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Abstract

The disruption of salience network (SN) has been consistently found in patients with schizophrenia and thought to give rise to
specific symptoms. However, the functional dysconnectivity pattern of SN remains unclear in first-episode schizophrenia (FES).
Sixty-five patients with FES and sixty-six health controls (HC) were enrolled in this study and underwent resting-state functional
magnetic resonance imaging (rs-fMRI). The eleven regions of interest (ROIs) within SN were derived from the peaks of the
group independent component analysis (gICA). Seed-based whole-brain functional connectivity (FC) analyses were performed
with all SN ROIs as the seeds. Both hyper- and hypo-connectivity of SN were found in the FES. Specifically, the increased FC
mainly existed between the SN and cortico-cerebellar sub-circuit and prefrontal cortex, while the reduced FC mainly existed
within cortico-striatal-thalamic-cortical (CSTC) sub-circuit. Our findings suggest that FES is associated with pronounced dys-
regulation of SN, characterized prominently by hyperconnectivity of SN-prefrontal cortex and cerebellum, as well as
hypoconnectivity of CSTC sub-circuit of the SN.

Keywords First-episode schizophrenia - Resting-state functional magnetic resonance imaging - Salience network - Functional
connectivity

Introduction processes (Stephan et al. 2009; Pettersson-Yeo et al. 2011),

which could better explain the range of various impairments

The underlying etiology of schizophrenia remains largely un-
clear. It is generally thought to involve alterations in neural
circuits that support sensory, cognitive, and emotional
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seen in this illness. Resting-state functional magnetic reso-
nance imaging (rs-fMRI) is an excellent non-invasive tool to
explore brain in vivo; it is easy to implement and has been
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widely applied to assess the relationships of spontaneous low-
frequency (<0.1 Hz) neural activity between different regions
of the brain during rest in the clinical population. The main
inference of functional connectivity (FC) is that, if two brain
regions have highly temporal correlated blood-oxygen-level-
dependent (BOLD) signals then they are more likely to be
communicating with one another and therefore are within
the same functional network. The growing evidence from rs-
fMRI studies has indicated that schizophrenia has been
regarded as a disorder with deficits involving large-scale brain
functional networks, and salience network (SN) are increas-
ingly considered as having a fundamental role in the patho-
physiology of the disorder (Peters et al. 2016; Wang et al.
2016a; Palaniyappan and Liddle 2012; Palaniyappan et al.
2012; Kapur 2003).

The SN is a large-scale paralimbic-limbic functional net-
work anchored to the anterior insula (Al) and dorsal anterior
cingulate cortex (dACC), as well as the anterior prefrontal
cortex (APFC), the supramarginal gyrus (SMG), the
striatum/basal ganglion, the thalamus and the cerebellum
(Dosenbach et al. 2007; Seeley et al. 2007; Dosenbach et al.
2006; Menon 2015). Meanwhile, a network called cingulo-
opercular network (CON) also comprises the Al, anterior pre-
frontal cortex, dorsal ACC, and thalamus (Damoiseaux et al.
2006). As we have seen, the SN and CON overlap anatomi-
cally, and it remains unclear whether they constitute separate
or entities or are merely different descriptions of the same
network (Menon 2015). However, most studies regard SN
and CON as the same network that anchors on Al and
ACC(P. C. Tu et al. 2012; Han et al. 2018), and so does this
study. By performing a graph analysis, Tu et al. conclude that
the network is composed of a core cortical network intercon-
nected with cortico-striatal-thalamic-cortical (CSTC) and
cortico-cerebellar sub-circuits(P. C. Tu et al. 2012). The SN
has been shown to be involved in detecting, processing, and
integrating internal and external salient information, as this
network is commonly activated across a wide range of cogni-
tive and affective tasks (Sridharan et al. 2008; Uddin et al.
2010). In addition, SN was also found to play a crucial role
in controlling interactions between default mode network
(DMN) and central executive network (CEN); it acts as a
“dynamic switch”, which initiates transient control signals
that engage the CEN and disengage the DMN to mediate the
cognitive control process when a salient external event is de-
tected (Dosenbach et al. 2007).

Given that the SN is a unique hub for driving inter-network
interactions, it is perhaps not surprising that dysfunction of the
network is increasingly believed to underlie the observed clin-
ical symptoms and cognitive impairments in schizophrenia.
Indeed, previous neuroimaging studies have provided prelim-
inary evidence that abnormalities of SN are associated with
schizophrenia. A recent meta-analysis found that, of large-
scale brain networks, SN plays the crucial role in this disorder.

Its impaired connectivity with other functional networks may
underlie the core difficulty of patients to differentiate self-
representation (inner world) and environmental salience pro-
cessing (outside world) (Dong et al. 2017). A number of im-
aging studies have illustrated structural and functional alter-
ations of SN in schizophrenia. The most consistent findings
include the most significant reduction in gray matter volume
(Glahn et al. 2008), as well as reduced task-related
activation(P. Tu et al. 2010), of bilateral insula and ACC in
schizophrenia. Nevertheless, the findings regarding the SN
connectivity abnormalities are variable across studies and
yielded mixed and inconsistent results. For example, some
studies have found reduced connectivity of SN in
schizophrenia(P. C. Tu et al. 2012); whereas other studies have
reported a mixed pattern of increased and decreased connec-
tions within the SN (White et al. 2013).

In fact, the patients with schizophrenia recruited in most
studies were clinically stable, chronic, and antipsychotic med-
icated, therefore, the study of patients during their first episode
schizophrenia (FES) would be of high importance to identify
SN neural signatures of the illness by limiting the influence of
illness burden and medication exposure (Mikolas et al. 2016;
Guo et al. 2015b). Also, studies of early biomarkers of illness
may contribute to early diagnosis and intervention, as well as
possible preventive measures. Additionally, most of these stud-
ies applied prior-determined regions of interest (ROI) analyses
based on previous studies and/or anatomical knowledge, so
results must be highly limited to the chosen ROIs, and to the
spatial definition of the ROIs. Obviously, a data-driven ROI-
defined approach would be better to avoid such bias.

In the current study, a relatively large sample of patients
with FES(n = 65) was enrolled and underwent rs-fMRI. We
applied a data-driven independent component analysis (ICA)
to define the SN ROIs and compared the resting-state FC
differences of SN ROIs between the FES patients and the
healthy controls. Further, we also explored the relationships
between FC abnormalities of SN and clinical variables in FES,
to identify putative neural correlates of clinical variables in
schizophrenia.

Methods and materials
Participants

Sixty-five patients with FES were recruited from the Shanghai
Mental Health Center (SMHC), Shanghai, China, from
March 2013 to October 2014. The patients were diagnosed
with schizophrenia or schizophreniform psychosis by trained
clinical psychiatrists using the SCID-I/P (Structural Clinical
Interview for DSM-IV-TR, Patient’s version) and met the fol-
lowing inclusion criteria: (1) 1640 years of age; (2) right-
handed; (3) at their first acute episode. Sixty-five patients with
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no history of exposure to antipsychotics were recruited. Due
to the time of patients and availability of MRI scanner, 11 of
65 patients were medicated with one or more second-
generation antipsychotics by their clinicians according to rou-
tine clinical practice for less than one week (mean 3.1 days)
prior to MRI scans. Daily antipsychotic medication dosage
was converted to chlorpromazine equivalents (mg/d) (Leucht
etal. 2015; Leucht et al. 2014). Nine patients were treated with
risperidone (mean 4.82+2.11 mg/d), seven with olanzapine
(mean 14.22 4+ 3.35 mg/d), six with aripiprazole (mean 16.55

+6.31 mg/d), two with amisulpride (mean 989.47 mg/d and
587.23 mg/d) and one with quetiapine (mean 200.00 mg/d).

Sixty-six healthy control subjects (HC) were recruited from
the local community through advertisements and were
matched to the FES group by gender, age, and education.
The main exclusion criteria for HC were a history of any
psychiatric disorder. We also excluded subjects with a family
history of psychosis in their first-degree relatives to reduce the
potential effect of similar genetic backgrounds.

Further exclusion criteria, for both the FES group and HC
group, included current or a history of neurological disorders,
a history of substance abuse or dependence, a history of men-
tal retardation, and any contraindications for MRI scanning.

The Ethics Committee of SMHC approved the study pro-
tocol. The written, informed consent of all subjects was ob-
tained after receiving a complete description of the study.

Clinical assessments

All patients underwent clinical assessment of psychopatholo-
gy using the 24-item Brief Psychiatric Rating Scale (BPRS)
Expanded Version and the Scale for Assessment of Negative
Symptoms (SANS) (Andreasen 1989) at the time of screen-
ing. Duration of untreated psychosis (DUP) and clinical symp-
tom ratings were obtained by a trained psychiatrist before
MRI scan.

Imaging data acquisition

Whole-brain imaging data for all subjects were acquired on a
3.0 T Siemens Verio MRI scanner (Erlangen, Germany) with a
32-channel head coil. The subjects were instructed to keep
their eyes closed, relax, and lie as still as possible and not to
focus their thoughts on anything in particular.

Functional MRI data were collected using a gradient echo
planar imaging (EPI) sequence (repetition time [TR]=
3000 ms; echo time [TE]=30 ms; flip angle =90°; field of
view [FOV] =220 mm x 220 mm; matrix = 64 x 64; 45 slices;
slice thickness =4 mm; gap = 0.6 mm, resulting in 170 vol-
umes to be obtained.

High-resolution structural data were obtained using a T1-
weighted magnetization-prepared rapid acquisition gradient
echo (MPRAGE) sequence (TR =2300 ms, TE = 2.96 ms, flip
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angle = 7°, inversion time = 1100 ms, FOV =256 mm x
256 mm, matrix = 256 x 256, 192 sagittal slices, voxel size =
1 mm % 1 mm X 1 mm).

Data preprocessing

Image data analysis was carried out using the CONN toolbox
v.17.f (http://www.nitrc.org/projects/conn) (Whitfield-
Gabrieli and Nieto-Castanon 2012) running on MATLAB
(Mathworks, Inc., Natick, MA, USA). The first 10 time points
of functional data were discarded to allow stability of the
longitudinal magnetization. The fMRI data were preprocessed
using Statistical Parametric Mapping (SPM12) (Welcome
Department of Cognitive Neurology, University College,
London, UK), including functional realignment and unwrap,
slice-timing correction, functional direct segmentation and
normalization to Montreal Neurological Institute (MNI)
space; structural segmentation and normalization to MNI
space; functional spatial smoothing with a 6-mm full width
at half maximum (FWHM) kernel. All images were trans-
formed into standard stereotaxic space and resampled at 2 x
2 x2 mm’ voxel size. In addition, outliers were identified as
volumes with a composite movement greater than 0.5 mm or
more than three standard deviations away from the mean im-
age intensity using ART toolbox(http://www.nitrc.org/
projects/artifact detect). Spurious sources of noise (such as
physiological effects) estimated by the anatomical
component base noise reduction strategy (aCompCor)
(Behzadi et al. 2007). Then in the denoising step, a combina-
tion of aCompCor, scrubbing (identified outliers by ART),
motion regression was used to remove unwanted confounding
effects from the BOLD signal. After that, default band-pass
filtering was performed with a frequency window of 0.008-0.
09 Hz. The average number of removed functional outliers
was 7.38+8.78 in the FES patients and 9.14£10.57 in the
healthy controls.

Independent component analysis (ICA) and regions
of interest (ROIs) selection

The data-driven Group-ICA provides the appropriate represen-
tation of the structured components (i.e. networks of highly
functionally-connected areas across the entire brain) and there-
fore is chosen for identifying the SN here. We used Calhoun’s
group-level ICA approach (Calhoun et al. 2001) implemented
in the CONN toolbox to perform group-ICA for rs-fMRI data
across all subjects(patients and controls). The fastlICA was used
for the estimation of independent spatial components and twen-
ty spatial independent components (ICs) were decomposed
from the preprocessed and denoised images (Table 1).

The built-in spatial match template computed the spatial
correlation between each group-level map and the CONN’s
default network masks (ICA maps from HCP, Fig. S1) were
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Table 1  Demographic and clinical data for all participants
FES (n=065) HC(n = 66) Statistical test

Gender (male/female) 25/39 29/34 F=0.0657, P=0.417%"%
Age (years) 25.83+7.48 25.06+6.41 t=0.633, P =0.528""
Years of education (years) 12.40+3.20 12.68 +£2.72 =-0.543, P=0.588%"
FD (mm) 0.057+0.031 0.068 +0.044 t=—1.651, P=0.101""*
Number of outliers 7.38+£8.78 9.14+10.57 t=—1.031, P=0.304>"*
Percentage of outliers (4.62+5.49% (5.71+6.61)% =—1.031, P=0.304""5,,
Duration of untreated pychosis (weeks) 35.8+39.6 - -
BPRS

Total 46.25+8.23 - -

Positive 15.26 +4.44 - -

Negative 7.81+£2.87 - -
SANS 20.38+12.21 - _

FES, first-episode schizophrenia; HC, healthy control; D, framewise displacement; BPRS, Brief Psychiatric Rating Scale; SANS, Scale for Assessment

of Negative Symptoms

# chi-square test

® two-sample ¢ test

% not significant (P> 0.05)

used to identify networks of interest. The component compris-
ing bilateral Al and dACC showed the best match to the SN
template (r = 0.354795). After further evaluating on the basis of
congruence between its spatial distribution and the SN identi-
fied by previous studies (Sridharan et al. 2008; P. C. Tu et al.
2012), we chose it as our network of interest (Fig. 1). Then we
defined ROIs in the most important hubs within the network of
interest (SN component) based on the peaks of the ICA clus-
ters. The extracted peak MNI coordinates of each ROI were
showed in Table 2, including dACC, bilateral Al, bilateral
APFC, bilateral SMG, striatum (mainly caudate), and the cer-
ebellum. Consequently, 6 mm radius spherical ROIs were cen-
tered on these peaks and used as seeds for whole brain seed-to-
voxel functional connectivity analysis. The ROI selection pro-
cedures are widely used in functional connectivity studies
(Sridharan et al. 2008; Uddin et al. 2011).

Whole brain seed-to-voxel functional connectivity
analysis

The rs-fMRI time series of each ROI were computed by aver-
aging all the voxels within each seed at each time. Pearson’s
correlation coefficients were calculated between the time se-
ries of each seed and that of all other voxels in the whole brain.
Subsequently, Fisher’s r-to-z transform was applied for in-
creasing normality.

Statistical analysis

Two-sample t-tests were performed to examine SN’s FC dif-
ferences between groups. Age, gender, years of education, and

FD were included in the analysis as covariates of non-interest.
Results were examined at a combined threshold of voxel-wise
»<0.001 uncorrected and cluster-level p < 0.05 family-wise
error (FWE) corrected for multiple comparisons.

To further examine the correlations between FC of SN and
clinical variables (BRPS total score, BRPS subscale scores,
and DUP), mean FC z-values were extracted from the clusters
with significant group differences in the patients. As most
variables did not meet the normality distribution assessed by
Kolmogorov-Smirnov tests, Spearman correlations analyses
(two-sided) were performed between these variables. The cor-
relative relationship was considered to be significant at
P <0.05 (uncorrected for multiple comparisons).

Results
Demographic data

The detailed demographic characteristics, clinical information
of 65 patients and 66 controls are shown in Table 1. No dif-
ference was found in age (p =0.528), gender (p =0.417),
years of education (p =0.588), head motion measures (p =
0.101) between the FES group and the HC group.

Functional connectivity analyses

As shown in Fig. 2 and Table 3, significant FC differences
were found in several clusters from the ROI seeds of salience
network to whole-brain other voxels. Compared to the HC
group, the FES group demonstrated significantly reduced
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functional connectivity between dACC and thalamus and cau-
date head, as well as between right Al and bilateral putamen.
In contrast, significantly increased functional connectivity
was found between left Al and prefrontal cortex (PFC), right
APFC and right fusiform gyrus, and between right caudate
and right PFC in the FES group compared to the HC group.
Additionally, when the ROI seed was located on the right
cerebellum, between-group comparison exhibited significant-
ly increased FC with the right insula in the FES group.

Correlation with clinical variables

As displayed in Fig. 3, regarding the clinical symptoms, a
positive correlation was found between the negative symp-
toms (SANS) and the FC of right cerebellum and right insula
(r=0.288, p= 0.020, uncorrected, two-sided) in the FES
group. Additionally, the FC of the right cerebellum and right
insula were found positively correlated with the DUP (r =
0.253, p= 0.042, uncorrected two-side). For the DUP, we also
conducted the additional correlation analysis after excluding
the outliers and five extremes (Supplementary materials).

Discussion

In this study, we investigated the FC of SN in the patients with
FES. The SN was robustly derived by gICA of rs-fMRI data.
Using eleven ROIs within the SN, we found that SN function-
al dysconnectivity in schizophrenia was obvious, mainly in-
volving in CSTC circuit, cortico-cerebellar, and PFC areas.
The patients with FES showed a significant hypoconnection
between cortical and subcortical regions, as well as a
hyperconnection between cortical regions and cerebellum
within the SN. In the following correlation analyses, the re-
duced CSTC FC did not correlate with any clinical variables,

Fig. 1 The salience network (SN)
identified from group ICA analy-
sis of the resting-state fMRI data
of all subjects (n=131)

@ Springer

Table2 Coordinates of salience network ROIs derived from group ICA
of resting state fMRI data

Peak (MNI)

Salience network ROIs X y z z value

Dorsal Anterior cingulate cortex (dACC) -2 32 26 5.86
Left ainterior insula (1AI) =30 20 6 3.86
Right ainterior insula (rAl) 30 20 6 3.50
Left anterior prefrontal cortex (IAPFC) —24 48 30 5.19

Right anterior prefrontal cortex (rAPFC) 26 50 26 481

Left supramarginal Gyrus (ISMG) -56 —48 36 1.78
Right supramarginal Gyrus (rSMG) 60 —-40 30 133
Left caudate (1Caudate) -14 16 -4 211
Right caudate (rCaudate) 16 18 6 1.82

Left cerebellum posterior lobe (ICereb) —-44 =50 —46 1.75
Right cerebellum posterior lobe (rCereb) 48 —-58 36 2.15

ICA, independent component analysis; MNI, Montreal Neurological
Institute; ROI, region of interest

representing a state independent dysfunction for CSTC in
FES. On the other hand, significant positive associations were
noted between cerebellum hyperconnectivity and negative
symptoms and DUP in schizophrenia patients. Our results
provide compelling evidence for the critical role of SN in
the pathogenesis of schizophrenia.

The most notable connectivity abnormalities observed in the
present study suggests a robust cortical-subcortical disconnection
of SN during the resting state in schizophrenia, which is similar
to previous evidence(P. C. Tu et al. 2012; P. C. Tu et al. 2015).
We found that, compared with the HC group, the FES group
showed reduced FC between the dACC and the bilateral thala-
mus and caudate head, and between rAl and bilateral putamen.
The above-mentioned subcortical regions are commonly
regarded as components of SN in the healthy and show positive
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Fig. 2 Abnormal functional
connectivity of salience network
ROIs in the FES group compared
with the HC group. Brain regions
where functional connectivity of
dorsal ACC (dACC), right
anterior insula (rAl), left anterior
insula (1AI), right anterior
prefrontal cortex (rAPFC), right
caudate (rCaudate), and right
cerebellum posterior lobe
(rCereb) showed significant dif-
ferences between patients and
control subjects (a combined
threshold of voxel-wise
p<0.001, uncorrected and
cluster-level p < 0.05 family wise
error corrected for multiple com-
parisons). The yellow regions in-
dicate where functional connec-
tivity was increased in patients;
blue regions indicate where func-
tional connectivity was reduced in
patients. FES, first episode
schizophrenia; HC, healthy
control

FC with dACC and Alj; these regions are mainly located in the
CSTC sub-circuit of SN, so that they are able to cooperate effec-
tively when processing information flows. Unlike the healthy
controls who showed positive dACC-thalamus and rAl-
putamen connections, the patients showed weaker or even absent
connections. These findings extend those of Tu et al., confirming
that the significant disconnection CSTC circuit seen in schizo-
phrenia not only exists in the chronic stage but also in the first
episode. Reduced CSTC connectivity within the SN during in-
formation processing in schizophrenia suggests a pathophysio-
logical disturbance in the system that effects changes in contex-
tually relevant functional brain state (Palaniyappan and Liddle
2012; Sridharan et al. 2008), and might be a state independent
trait in schizophrenia and represent a risk phenotype in patients
with FES and their relatives (Fornito et al. 2013).

Another important finding of our study is that, in the pa-
tients, we observed an increased right cerebellar FC of cortical
insular regions within the SN, and the increased FC of the
right cerebellum was positively associated with negative
symptoms and DUP. Despite the traditional role in motor con-
trol and perception (Paulin 1993), the cerebellum has been
proposed to be involved in cognitive and affective functions
(Gordon 2007; De Smet et al. 2013), and performance moni-
toring (Peterburs and Desmond 2016). Structural and func-
tional abnormalities of the cerebellum have been widely in-
vestigated in schizophrenia (Zhuo et al. 2017; Liu et al. 2011;
Chen et al. 2013; Guo et al. 2015a). Here, we found increased
FC between cortical regions and cerebellum (mainly right
Crus II) within the SN, which are inconsistent with frequently
reported reduced connectivity of cerebellum.
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Table 3  Regions with abnormal functional connectivity with ROIs of SN in FES patients compared with healthy controls
Cluster Location Peak(MNI) The z values of FC:Mean = SD Number T Value®
of voxel
X y z FES HC
FES <HC
Seed: Dorsal anterior cingulate cortex(dACC)
Thalamus and caudate head 10 -2 -2 0.074 £ 0.085 0.171 = 0.100 143 -4.71
Seed: Right anterior insula(rAl)
Left putamen —24 0 -14 0.062 = 0.104 0.160 = 0.097 124 —4.65
Righe putamen 20 2 -10 0.081 = 0.112 0.175 + 0.099 158 —4.46
FES>HC
Seed: Left anterior insula(lAT)
Right prefrontal cortex 26 54 12 0.082 + 0.178 —0.054 +0.143 206 441
Seed: Right anterior prefrontal cortex(rAPFC)
Right fusiform gyrus 36 —44 —-18 0.054 + 0.091 —0.035 = 0.108 146 5.06
Seed: Right caudate
Right prefrontal cortex 28 64 -2 0.038 = 0.114 —0.056 + 0.098 230 4.67
Seed: Right cerebellum
Right insula extending to superior temporal gyrus 52 2 2 0.045 = 0.099 —0.056 = 0.105 285 4.44

ROI, regions of interest; SN,salience network; MNI, Montreal Neurological Institut; FES, first episode schizophrenia; HC, healthy control

A positive T value represents an increased functional connectivity and a negative T value represents a decreased functional connectivity (a combined
threshold of voxel-wise p < 0.001 uncorrected and cluster-level p < 0.05 family wise error)

The prevailing opinion of overall reduced connectivity in
schizophrenia is mainly drawn from findings with chronic
and/or medicated patients. When the participants include
drug-naive and early-stage patients, increased connectivity
could be displayed (Wang et al. 2016b). Therefore, it is as-
sumed that changes of cerebellar connectivity may meet the
inverted-U hypothesis. The neural substrate underlying nega-
tive symptoms in schizophrenia remains poorly understood.
Previous studies reveal the role of the abnormalities of frontal
and temporal regions (Hovington and Lepage 2012; Ince and
Ucok 2018), as well as cortico-striatal disconnection within
the SN in negative symptoms(P. C. Tu et al. 2012). Our find-
ing indicated that the enhanced right cerebellar FC to cortical
regions may also be considered as another potential mecha-
nism for negative symptoms. The exploratory correlation re-
sults also indicated that DUP was associated with increased

cerebellar FC in the FES. However, the relationship needs
further studies to confirm since it is some kind of unstable
when the extremes and outliers were excluded.

Along with the above-mentioned main findings, significant
between-group FC differences were also found between SN
seeds and some other regions. The FES group showed in-
creased FC between PFC and SN regions (left Al and right
caudate), as well as between the right APFC and right fusi-
form gyrus. Among the regions implicated in the pathophys-
iology of schizophrenia, the PFC has always been of interest
(Zhou et al. 2015). The PFC plays an essential role in the
organization and control of goal-directed thought and behav-
ior (Szczepanski and Knight 2014). Our results link the SN
dysconnectivity with PFC dysconnectivity in schizophrenia,
suggesting that the increased FC between these regions might
contribute to the failure of effective functional integration and

Fig. 3 Correlations between
abnormal functional connectivity
and clinical vari

60.00-

3. 50.00-

S 40,00

-
© 30.00-

20.00-

10.00

Scale for

r=0.288 ; p=0.020 200 r=0.253 ; p=0.042

°

Duration of untreated psychosis
3
°

T T T T T T
-20 -10 00 10 20 30 o o % 1o % 30

Functional connectivity between right cerebellum and right insula Functional

between right and right insula

@ Springer



Brain Imaging and Behavior (2020) 14:1350-1360

1357

separation when processing the goal-directed information
(Palaniyappan et al. 2013).

Numerous neuroimaging studies suggest that distributed
brain regions are organized into several coordinated large-
scale networks and show reliable patterns of connectivity.
The disruption of the coordinated activity of these brain net-
works is crucial for various pathological psychiatric condi-
tions (Whitfield-Gabrieli and Ford 2012). Specifically, the at-
tention has been mainly focused on disturbances in DMN,
CEN, and SN, which are supposed to be impaired in schizo-
phrenia (Whitfield-Gabrieli and Ford 2012; Moran et al. 2013;
Jiang et al. 2017). The DMN, which includes the medial pre-
frontal cortex (MPFC), posterior cingulate cortex (PCC) and
bilateral angular, plays an important role in internally oriented
self-related mental processes (Fox et al. 2005), while the CEN,
which includes the bilateral dorsolateral prefrontal cortex
(DLPFC) and inferior parietal lobule (IPL), is crucial for ma-
nipulating external stimuli for goal-oriented activities (Seeley
etal. 2007). Based on a triple network model (Menon 2011), a
well-balanced anticorrelation between the DMN and the CEN
appears crucial for effective information processing and this
anticorrelation is mediated by the SN (Menon and Uddin
2010; Sridharan et al. 2008). Unlike previous studies
(Manoliu et al. 2014; Moran et al. 2013; Wotruba et al.
2014), we did not find significant aberrant FC between SN
and key regions within these two networks. A recent research
applied support vector machine (SVM) to examine whether
the rsFC of the three major networks could distinguish the
FES from the healthy population. SN was identified as a clas-
sifier with an accuracy of 73.0%, and the accuracy was not
related to the medication dose or psychotic symptoms, where-
as the FC within the DMN or the CEN did not yield classifi-
cation accuracies above chance level (Mikolas et al. 2016).
Therefore, we assume that the functional abnormalities of
the SN may be the most significant feature in the early course
of schizophrenia beyond DMN or CEN.

As the most predominant hubs of SN, Al, and dACC share
unique cytoarchitecture that helps us better understand the
possible role of the SN in the pathogenesis of schizophrenia.
In the human brain, dACC and Al contain a specialized class
of large, bipolar projection neurons known as von Economo
neurons (VENSs) (Allman et al. 2010). These neurons have
wider axons and appear late in evolutional history. Although
the explicit function of VEN remains unknown, it has been
suggested that they can enable signals to travel rapidly from
the Al and dACC to other brain regions for further cognitive
and emotional procedures. Density reduction (Brune et al.
2010) and ultrastructural alterations (Krause et al. 2017) of
VEN in the ACC have been reported in Schizophrenia. In
addition, Brune et al. found that the VEN density in the right
was positively correlated with the age at onset and inversely
correlated with the duration of illness in schizophrenia but not
in bipolar disorder (Brune et al. 2010). These findings suggest

that VENs in the ACC are involved in the pathological mech-
anism of schizophrenia and also highlight the vulnerability of
VEN in neurodevelopmental and perhaps neurodegenerative
processes for schizophrenia patients.

In contrast to our findings, two previous rs-fMRI studies re-
ported no significant abnormalities of SN in patients with schizo-
phrenia when comparing the FC within the regions of the SN
(Woodward et al. 2011; Repovs et al. 2011). They both used the
SN seeds as defined by Dosenbach in a previous study
(Dosenbach et al. 2007), so the location of seed regions may be
the main cause for the negative results. The inconsistency may
also be partly attributed to the small sample sizes, different pa-
tient inclusions, and different image processing toolboxes.
Compared to previous studies, our study investigated the detailed
between-group SN resting-state functional connectivity differ-
ences in the FES and HC. The results highlight that network
hubs are distinguishingly affected in schizophrenia, suggesting
the different importance of two sub-circuits in SN and their roles
in the pathophysiology of schizophrenia.

Several limitations should be considered when interpreting
the results of this study. The first limitation is the relatively mod-
est sample size, although the sample size was quite comparable
with other fMRI studies that investigated the patients with FES.
Larger sample sizes would be more powerful for the certainty of
the SN abnormalities. Moreover, although only eleven patients in
our study were treated with antipsychotics, the potential influence
of medications contributing to the findings may not be ignored.
Another potential limitation is the downside of group-ICA ap-
proach, which gives a hybrid SN map that is somewhere between
the two groups included in our study (i.e., the group-ICA derived
SN might not represent the network in either of the groups very
well, and it might be in a way slightly different to the network
described in the literature), which can make interpretation of
group difference results challenging. In addition, we used less
strict multiple comparison correction thresholds when reporting
the seed-to-voxel functional connectivity analysis. Therefore, the
present findings need to be validated by following researches.

In conclusion, the findings of the present study highlighted the
abnormal functional connectivity of the SN in the patients with
FES, characterized most prominently by hyperconnectivity of
SN-prefrontal cortex and cerebellum, as well as
hypoconnectivity of CSTC sub-circuit. Our results suggest a po-
tentially implicated role for the SN in the pathophysiology of
schizophrenia.
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