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Abstract
Schizophrenia is thought as a self-disorder with dysfunctional brain connectivity. This self-disorder is often attributed to
high-order cognitive impairment. Yet due to the frequent report of sensorial and perceptual deficits, it has been
hypothesized that self-disorder in schizophrenia is dysfunctional communication between sensory and cognitive processes.
To further verify this assumption, the present study comprehensively examined dynamic reconfigurations of resting-state
functional connectivity (rsFC) in schizophrenia at voxel level, region level, and network levels (102 patients vs. 124 controls).
We found patients who show consistently increased rsFC variability in sensory and perceptual system, including visual
network, sensorimotor network, attention network, and thalamus at all the three levels. However, decreased variability in
high-order networks, such as default mode network and frontal–parietal network were only consistently observed at region
and network levels. Taken together, these findings highlighted the rudimentary role of elevated instability of information
communication in sensory and perceptual system and attenuated whole-brain integration of high-order network in
schizophrenia, which provided novel neural evidence to support the hypothesis of disrupted perceptual and cognitive
function in schizophrenia. The foci of effects also highlighted that targeting perceptual deficits can be regarded as the key to
enhance our understanding of pathophysiology in schizophrenia and promote new treatment intervention.
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Introduction
Schizophrenia affects about 1% of the whole adult population
and is one of the most mysterious and costliest mental disor-
ders in terms of human suffering and societal expenditure (van
Os and Kapur 2009). It has been broadly accepted that schizo-
phrenia can be regarded as a self-disorder (Sass and Parnas

2003; Sass 2014), which can be defined as a difficulty in distin-
guishing between the self and other individuals and confirming
whether their thoughts and actions are independent from
external influences (Borda and Sass 2015). Because of consis-
tent observations of cognitive impairments, self -disorder in
schizophrenia has always been attributed to deficits in higher
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order cognitive functions (Kahn and Keefe 2013) with impaired
function of higher order brain regions (Minzenberg et al. 2009).
However, the symptomatology in schizophrenia (e.g., auditory
hallucinations) was evidenced to be also involved the impaired
multisensory and perceptual processing (Javitt 2009). Though
deficits of perceptual processing and multisensory integration
were increasingly documented in schizophrenia (Javitt and
Freedman 2015; Tseng et al. 2015; Hornix et al. 2018), emphasis
of the role of impaired function and integration of both the
bottom-up and top-down brain systems in self-disorder of
schizophrenia was somehow neglected in the research field
(Javitt 2009; Javitt and Freedman 2015). Indeed, auditory halluci-
nations is regarded as a failure of the top-down inhibitory con-
trol of bottom-up perceptual processes (Hugdahl 2009). Recent
neurobiological model of self-disorder in schizophrenia also
started to emphasize the rudimentary role of perceptual inco-
herence in the deficit of self-integration, in which it was theo-
rized that incoherent self-experiences in schizophrenia is
caused by impairment of multisensory integration (Postmes
et al. 2014; Borda and Sass 2015; Sass and Borda 2015).
Therefore, investigating the functional interaction between and
within perceptual and cognitive brain systems is crucial to under-
standing the pathophysiology mechanisms of schizophrenia.

The abovementioned functional interaction can be explored
by characterizing functional connectivity within and between
different levels of brain systems (Van Den Heuvel and Pol 2010).
Our previous stable resting-state functional connectivity (rsFC)
studies have highlighted the crucial role of functional abnor-
malities within lower order perceptual system in altered self-
experience in schizophrenia. This system can be regarded as
the target of treatment, such as music intervention (Chen et al.
2015, 2016; He et al. 2018). Also evidenced by our previous
meta-analysis of stable FC, as one of the sensory orienting sys-
tems the abnormal FC within ventral attention network and its
imbalanced communication with other functional networks is
the core feature in schizophrenia brain (Dong et al. 2018).
However, until recently, most rsFC studies of schizophrenia
had implicitly assumed that FC is stationary throughout the
entire resting scan period. Time-varying functional interaction
enables the brain to dynamically integrate and coordinate dif-
ferent neural systems in response to internal and external sti-
muli across multiple time scales (Hutchison et al. 2013;
Calhoun et al. 2014). Hence, the analysis of time-varying FC has
provided insights relating to the dynamic restructuring and
temporal evolution of the human connectome and could poten-
tially provide insights related to various neurological and psy-
chiatric conditions (Calhoun et al. 2014; Avena-Koenigsberger
et al. 2018). In addition, time-varying FC analysis provides a
potential tool to capture sensitive changes that occur in psychi-
atric or neurologic disorders (Keilholz 2014). For example,
Rashid and his colleagues observed some robust time-varying
FC features rather than traditional static rsFC to separate
schizophrenia and bipolar disorder which share overlapped
genetic vulnerability (Rashid et al. 2014, 2016).

In schizophrenia, time-varying properties of brain rsFC in
schizophrenia were poorly investigated, thus detailed charac-
terization of the time-varying FC in schizophrenia is warranted.
Few previous studies demonstrated that schizophrenia patients
showed altered transient states of rsFC within sensory network
(Damaraju et al. 2014; Du et al. 2018), reduced dynamic charac-
teristics within default model network (DMN) at rest over time
(Du et al. 2016) and aberrant dynamic amplitude of low-
frequency fluctuation and its associations with brain connec-
tivity (Fu et al. 2018). Though these earlier studies provided us

some insights about the existence of altered temporal variabil-
ity in long-range cortical FC which reflects the integration of
brain information, the variability of local functional connectiv-
ity in schizophrenia remained unknown. Additionally, no study
has substantially evaluated schizophrenia-related changes in
time-varying FC features from integrated multilevel perspec-
tives, that is, voxel level and region level and network level.
Given the brain regulates information flow by balancing the seg-
regation and integration of incoming stimuli to facilitate flexible
cognition and behavior (Deco et al. 2015), it is necessary to inves-
tigate dynamic FC features at these three levels, which would
provide us more comprehensive insight into how schizophrenia
affects the brain.

This study aims to comprehensively characterize alterations
in temporal variability of rsFC in schizophrenia using recent
novel methodological approaches. These approaches adopted
in the present study allow us to identify voxel-level, region-
level, and network-level functional connectivity variability
alterations, thus helping to comprehensively map temporal
dynamics of rsFC in schizophrenia. Based on previous findings
and significant involvement of perceptual incoherence in the
symptomatology, we anticipated that altered variability of vox-
el and region levels in schizophrenia would locate in primary
perceptual systems, such as sensorimotor cortex, visual cortex,
thalamus, and insula. Furthermore, schizophrenia patients
were expected to show altered variability of within-network
involved in multisensory and perceptual information proces-
sing, such as sensorimotor network (SS), visual network (VN),
and ventral attention network (VAN) (also termed as salience
network, Uddin (2015)) (Damaraju et al. 2014; Chen et al. 2015;
Xu et al. 2015); as well as in self-integration, such as higher
order network, that is, DMN (Zhang et al. 2016; Guo et al. 2017;
Dong et al. 2018). Last but not least, altered variability of
between-networks would occur among these networks. In addi-
tion, because altered function of thalamus–cortical circuit has
been regarded as a hallmark feature of schizophrenia
(Anticevic 2017; Li et al. 2017), we expected to see the altera-
tions of FC variability would appear in this circuit.

Materials and Methods
Participants

One hundred and two patients with schizophrenia were
recruited from the Clinical Hospital of Chengdu Brain Science
Institute. The diagnosis of schizophrenia was confirmed by the
structured clinical interview for DSM-IV axis I disorders-clinical
version (SCID-I-CV). Patients with comorbid axis I diagnosis or
active substance use disorders were excluded. All patients were
treated with antipsychotics. One hundred and twenty-six
health controls were recruited from local community through
advertisements and word of mouth. Health controls were
excluded for current or past axis I disorder, as verified using
the Structure Clinical Interview for DSM-IV, history of neurolog-
ical illness, traumatic brain injury, substance-related disorders
or first-degree relatives with history of psychosis. Six patients
and two healthy controls with head motion scans exceeding
2.5mm or 2.5° rotation were excluded. Additionally, two health
controls were excluded because of deficiency of data by visual
evaluation. Finally, 96 schizophrenia patients and 122 healthy
controls were included in the final analysis. Written informed
consents were obtained from all healthy participants and his/
her guardian of patients, and the experimental procedures
were approved by the Ethics Committee of the Clinical Hospital
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of Chengdu Brain Science Institute. The authors assert that all
procedures contributing to this work comply with the ethical
standards of the relevant national and institutional committees
on human experimentation and with the Helsinki Declaration
of 1975, as revised in 2008. The demographic and clinical infor-
mation of all patients and HC are shown in Table 1.

Some of the patients were part of our previous studies
(Chen et al. 2015, 2016, 2017; Duan et al. 2015; He et al. 2018;
Jiang, Luo, Li, Li et al. 2018). Twenty-eight of the 96 patients
were included in a prior study in which the authors identified
abnormal functional integration in the basal ganglia network
by using spatial independent component analysis in schizo-
phrenia (Duan et al. 2015). The same 28 patients were also
included in a prior article, in which the global functional dis-
connection was showed by using functional connectivity den-
sity analysis in schizophrenia (Chen et al. 2015). Forty-six of the
96 patients were previously included in a prior article in which
authors demonstrated dysfunction in the insula with data-
driven clustering and functional connectivity analysis in
schizophrenia (Chen et al. 2016). Sixty-nine of the 96 patients
were included in a prior article in which the authors identified
an altered hippocampus–cerebellum cortical circuit with a com-
bination of local consistency analysis and Causal Connectivity
analysis in schizophrenia (Chen et al. 2017). Thirty-six (data
before the intervention) of the 96 patients were included in a
prior study in which the authors found increased insular con-
nectivity after music intervention in schizophrenia (He et al.
2018). Ninety-three of the 96 patients were included in a prior
study in which the authors demonstrated abnormalities of
white matter networks in schizophrenia (Jiang, Luo, Li, Li et al.
2018). All of these previous studies investigated the dysfunc-
tions of static rsFC, whereas the present study was focused on
comprehensive investigation of dynamic functional connectiv-
ity in schizophrenia.

Data Acquisition and Image Preprocessing

Resting-state fMRI data were collected on a 3-T GE Discovery
MR 750 scanner at the MRI Center of University of Electronic
Science and Technology of China. Foam pads were used to
reduce head movement and scanner noise. All participants
were instructed to keep relax and close their eyes without

falling asleep. Scans were performed by a standard echo-planar
imaging pulse sequence with the following scan parameters:
TR/TE = 2000ms/30ms, flip angle (FA) = 90°, matrix size = 64 ×
64, field of view (FOV) = 240 × 240mm2, 35 interleaved slices
and slice thickness = 4mm (no gap). The scan lasted for 510 s
for each subject, and 255 volumes were acquired. T1-weighted
anatomical data were acquired using an MPRAGE (MEMPR)
sequence (scan parameters: TR/TE = 1900ms/3.43ms, FA = 90°,
matrix size = 256 × 256, FOV = 240mm × 240mm, slice thickness =
1mm, voxel size = 0.9375mm × 0.9375mm × 1mm, 160 slices). The
anatomical data were used to normalize functional data.

All preprocessing steps were carried out using the data pro-
cessing and analysis for (resting-state) brain imaging (DPABI,
http://rfmri.org/dpabi; Yan et al. (2016)) and Matlab home script.
Functional images were 1) discarded the first five volumes,
2) slice-time corrected, 3) realigned, 4) coregistered to the high-
resolution 3D anatomic volume, 5) warped into Montreal
Neurological Institute standard space using the deformations
acquired from the realignment of the 3D anatomical data into
Montreal Neurological Institute space and resampled the voxel
size into 3 × 3 × 3mm3, 6) spatially smoothed using a 6-mm
full-width half-maximum Gaussian kernel (not smoothed
before variability of voxel-level regional homogeneity (ReHo)
calculation (Zang et al. 2004)), 7) experienced wavelet despiking
head motion artifacts (Patel et al. 2014), 8) regressed out motion
and noninteresting signals, including linear trend, Friston 24
head motion parameters (Friston et al. 1996), white matter
(CompCor, five principal components) and CSF signal (CompCor,
five principal components, Behzadi et al. (2007)), and 9) filtered
using a band-pass filter (1/w–0.1Hz, high pass filtering using 1/w
are suggested to remove spurious fluctuations in dynamic FC,
when a certain window size w is given (Leonardi et al. 2015)).

There was no significant difference in mean FD between
patient and control groups (patient, mean = 0.049, SD = 0.038;
control, mean = 0.046, SD = 0.027; T-value = 0.88, P-value =
0.38). To further account for artifact of head motion, we
excluded participants with >10% framewise displacements
(FD > 0.5mm, Power et al. (2012)) or rotation > 2.5 or translation >
2.5mm prior to group comparisons. No participant excessed the
10% FD. We also corrected the head motion in the subsequent
statistical comparisons through regarding mean FD as covariate
(Yan et al. 2013).

Table 1 Demographic characteristics of the schizophrenia patients and controls

Variables Patients (N = 96) Health controls (N = 122) P-value

Mean SD Mean SD

Age (years) 39.78 11.48 37.95 14.74 0.32
Gender (male:female) 66:30 81:41 0.71a

Handedness (right:left) 93:3 121:1 0.32a

Education (years)b 11.64 2.94 11.07 3.22 0.22
Chlorpromazine equivalents (mg/d)c 332.95 165.06
Duration of illness (years) 15.10 10.33 — —

PANSS-positived 13.44 5.88 — —

PANSS-negatived 20.73 6.00 — —

PANSS-generald 28.22 5.81 — —

PANSS-totald 62.39 13.11 — —

PANSS, positive and negative syndrome scale.
ax2 test.
bData of 76 patients and 111 controls available.
cData of 72 patients available.
dData of 64 patients available
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Temporal Variability of Regional Voxel-Level FC
Architecture

In the current study, the ReHo Zang et al. (2004) was used to
measure the regional voxel-level FC profile considering ReHo
can reliably and effectively measure the local voxel-wise FC,
which is largely independent from priori parametric setting
(Zuo et al. 2013). ReHo is defined as the Kendall’s W value
between time series of a given voxel with its nearest 26 voxels.
As shown in Figure 1a, to characterize the temporal variability
of the voxel-level functional interactions, all BOLD time series
were segmented into nonoverlapping windows with length l. In
the current study, the nonoverlap windows were adopted. One
consideration is that nonoverlap window provides a more accu-
rate measure of the FC variation because of the independence
of each window. The other consideration is that enough win-
dows (12–24) can be obtained to evaluate the variation of FC
within more than 8-min scanning duration (250 TR). Also, using
the nonoverlap window enables the current study to keep con-
sistent with the literature using the similar methods which
showed nonoverlap window can effectively reflect brain net-
work variability (Zhang et al. 2016; Sun et al. 2018). The ReHo
map was further computed within each window. The mean
and standard deviation (SD) maps were calculated across n
time windows. To characterize the temporal variation of ReHo,
the coefficient of variation (CV = SD/mean) map over time win-
dow was also calculated. To reduce the individual variations,
the individual CV map was normalized by mean value in whole
brain. Finally, CV maps were spatially smoothed (6-mm FWHM
Gaussian kernel). In order to avoid arbitrary choice of time
window length, CV maps were computed at different lengths
(l = 20, 22, 24,…40 s) and then took the arithmetic average value
as the final variability (Zhang et al. 2016). Higher CV of a voxel

reflects higher variation of functional community of this voxel
with its neighbor voxels across the time. As shown in
Supplementary Figure S1, the mean spatial patterns of CV
maps are very similar across all the window lengths, which
indicated that CV maps are relatively stable. To reduce the
potential noise from dynamic fluctuation centering on the low
amplitude of feature (the ReHo value does not differ from zeros
here), we further limited the variability analysis within areas
with relatively high ReHo value. Thus, we computed the stable
ReHo, then one-sample t-test was used to find the high-activity
regions. As shown in Supplementart Figure S2, regions in DMN,
FN, SN, and basal ganglia had higher activity (ReHo values)
than other brain regions.

Temporal Variability of FC Architecture of Region Brain

In the present study, the Power-264 meta-analytic regions of
interest (ROIs, Power et al. (2011)) and Human Brainnetome
Atlas (Fan et al. 2016) of 246 ROIs (added the 26 cerebellum
regions into the Atlas resulting in 272 ROIs) were adopted to
verify the results. These two atlases almost span the whole
brain, including the cerebral cortex, subcortical structures, and
the cerebellum. We extracted the mean time series for ROIs in
each atlas. To characterize the temporal variability of the FC
architecture for a brain region (Fig. 1b), all BOLD time series
were first segmented into n nonoverlapping windows with
length l. Within the ith window, a q × q Pearson correlation
matrix (q = the number of nodes) represents the FC of whole
brain (Fi). The FC architecture of ROI k at time window i is
described by F(i,k) which is an 1D vector (Fig. 1b, the shaded col-
umn) and characterizes the whole-brain functional architecture
of region k. Then, the variability of FC architecture for a brain
region k is defined as:

Figure 1. Method overview. (a) Temporal variability of local FC architecture. (b) Temporal variability of FC architecture of region-to-whole brain. (c) Temporal variabil-

ity of FC architecture within-network. (d) Temporal variability of FC architecture between-networks.
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= − ( ( ) ( )) = ⋯ ≠F i k F j k i j n i jV 1 corrcoef , , , , , 1, 2, 3, , ;k

Likewise, we computed Vk at different window lengths (l =
20, 22, 24, … 40 s) and then took the arithmetic average value as
the final variability to avoid arbitrary choice of time window
length. Notably, higher Vk of a region indicates more functional
communities of this region will be involved across the time
(Zhang et al. 2016).

Temporal Variability of FC Architecture Within- or
Between-Brain Networks

To characterize the variability of FC architecture within a spe-
cific network or between two networks, we first divided the
ROIs of each atlas into seven prior brain networks created by a
previous whole-brain network segmentation including VN, SS,
DAN, VAN, limbic network (LN), FN, and DMN from 1000 health
participants (Buckner et al. 2011; Yeo et al. 2011; Choi et al.
2012). The thalamus was treated as a single network, given it
was poorly defined into different rsFC networks as well as its
special role in understanding pathophysiologic mechanism in
schizophrenia (Pergola et al. 2015; Li et al. 2017). Then, similar
procedures adopted in regional brain variability above were
used to define variability of functional architecture within- or
between-brain networks (Sun et al. 2018). For a given brain net-
work m, all FCs within this network in window i were reshaped
as 1D vector, Fmi (the columns in Fig. 1c); similarly, for all FCs’
between-network I and p in window i were denoted as 1D vec-
tor, Fmi lmi p, , (the columns in Fig. 1d). Then, the variability of FC
architecture within-network m across n windows (which is
shortened as within-network variability in the follow-up sec-
tions) is defined as:

= − ( ) = ⋯ ≠F F i j n i jV 1 corrcoef , , 1, 2, 3, , ; ,w mi mjm

The variability of FC architecture between-network l and p
(which is shortened as between-network variability in the
follow-up sections) is defined as:

= − ( ( ) ( ))

= ⋯ ≠

F mi lmi p F mj lmj pV 1 corrcoef , , , , ,

i, j 1, 2, 3, , n; i j

blp

Variability of within-network describes the extent to which
the FC within a specific brain network is changing synchro-
nously across different time windows. Similarly, variability of
between-network characterizes the extent to which the FC
between two brain networks is changing across different time
windows. Higher variability of FC architecture of within or
between two brain networks indicates that the network of
interest, or the interaction between two networks, demonstrate
richer FC patterns possibly underlying frequent information
communication (Sun et al. 2018).

Statistical Analysis

Before conducting the test, the distribution of the ReHo CV
value was evaluated for each voxel using the Jarque–Bera test
(Jarque and Bera 1980). As indicated by Supplementary
Figure S3, CV value of ReHo in most regions is normally distrib-
uted. To determine variability differences between schizophre-
nia and HCs, two-sample t-test was performed on individual
normalized ReHo CV maps, variability of 264 brain regions,
within-brain network variability and between-brain networks
variability, with age, gender, years of education, and mean

displacements of head movement (FD) being regressed out. For
the local FC variability, significance was set at P < 0.05, which
was performed in the DPABI (false discovery rate corrected,
FDR). For ROI-based level, network-level FC, and correlation
analysis between variability and clinical symptom, results were
also corrected using FDR (P < 0.05) multiple comparison correc-
tion (Benjamini and Hochberg 1995) implemented in Matlab
2013b. For the local FC variability, the correction was conducted
within group mask where the voxels are present in at least 90%
of participants.

To investigate the correlations between the altered variabil-
ity of brain’s functional connectivity and the clinical features
(PANSS-positive, -negative, general psychopathology subscales,
and overall scores) in the patient group, we calculated the
Pearson correlations between the above four indices of FC vari-
ability, which illustrated significant alterations in patients
group and the clinical features. Duration of illness was not con-
sidered separately because it is highly correlated with age
(Moser et al. 2018).

Results
Temporal Variability of Regional Voxel-Level FC

Supplementary Figure S4 shows one-sample t-test results for
the ReHo CV across all the window lengths of each group,
respectively. Visual inspection indicated that the variation of
ReHo is high among all the cortices, especially with higher vari-
ation in lower level primary sensory and motor areas, as well
as subcortical regions but with relatively lower variation in
DMN. Given the mean value is important for understanding FC
in human brain, we calculated the mean of ReHo across all
window lengths for each participant and then performed one-
sample t-test for each group. As shown in Supplementary
Figure S5, the mean value of ReHo is relatively higher in DMN
but lower in primary sensory and motor areas. Herein, these
within-group maps are merely for visualizing variability and
mean of ReHo. Two-sample t-test with FDR corrected (P < 0.05)
demonstrated that patients with schizophrenia relative to HC
illustrated significantly increased variability of regional voxel-
level FC in regions widely distributed across VN (bilateral lin-
gual gyrus and lateral occipital cortex), SS (bilateral precentral
gyrus and postcentral gyrus), VAN (bilateral anterior insular
and anterior cingulate gyrus), thalamus, and cerebellum, as
shown in Table 2 and Figure 2. We found no decreased variabil-
ity of regional voxel-level FC in schizophrenia.

Temporal Variability of Brain Region FC

The analysis using two atlases consistently revealed that vari-
ability of FC in brain regions from VN, SS, DAN, VAN, and thala-
mus to whole brain were found to be significantly increased in
schizophrenia patients (Supplementary Table S1 and Fig. 3).
The variability of FC in brain regions from DMN and FN to
whole brain were found to be significantly decreased in schizo-
phrenia patients (Supplementary Table S1 and Fig. 3). Reported
results were corrected using FDR (P < 0.05).

Temporal Variability of FC Architecture Networks

As shown in Table 3 and Figure 4, schizophrenia patients con-
sistently showed increased within-network variability in VN,
SS, and Tha, while decreased within-network variability was
found in DMN and FN when using two atlases (FDR corrected,
P < 0.05). Among all the 28 between-networks temporal
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variability (8 × 7/2), we found there were three significant
increased between-network variability (VN-Tha, SS-VAN, SS-
Tha) and one decreased between-network variability (DMN-FN)
after FDR correction (P < 0.05).

Correlations Between Variability of FC and Clinical
Variables

For severity of symptoms, severity of positive symptoms were
found to be related to several regions showing group

differences in variability of regional voxel-level FC, for example,
pre/postcentral gyrus, lateral occipital cortex (Supplementary
Table S2 and Fig. 5a). The variability of region-to-whole-brain
FC in right lingual gyrus showed negative correlation with
severity of positive symptoms (Supplementary Table S2 and
Fig. 5b). There was positive association between scores of nega-
tive symptoms subscales and variability of region-to-whole-
brain FC in right insula (Supplementary Table S2 and Fig. 5c).
And, there were negative associations between scores of gen-
eral psychopathology subscales and variability of region-to-
whole-brain FC in the nodes of VN (right lingual gyrus), SS
(bilateral precentral gyrus) and thalamus (Supplementary
Table S2 and Fig. 5d). Likewise, overall symptoms were found to
be negatively correlated with variability of FC in nodes of VN,
SS and thalamus (Supplementary Table S2 and Fig. 5e).

Discussions
Using a time-varying approach, this study presents novel
insights into schizophrenia-related alterations of dynamic func-
tional connectivity in a comprehensive set at three different
levels. Patients were found to show the consistent increased FC
variability in sensory and perceptual system, including VN, SS,
VAN, and thalamus at all the three levels. Decreased variability
in high-order networks, such as default mode network and
frontal–parietal network were also consistently observed at
both the region-to-whole brain level and the network level but
not at the regional voxel level. Critically, these altered variabil-
ities of FC were associated with the psychotic symptoms.
Resonating with recent theory and experiment studies (Postmes
et al. 2014; Javitt and Freedman 2015; Kaufmann et al. 2015;
Bordier et al. 2018), these novel findings question the main-
stream view that schizophrenia is primarily a cognitive illness,
highlight the critical role of bottom-up processing in under-
standing the pathological mechanism in schizophrenia and
support that psychiatric symptoms may in fact rather result
from cumulative cascade impairments stemming from dis-
rupted dynamic reconfiguration of sensory and perceptual sys-
tem, in combination with failed dynamic integration in higher
order processes.

Previous several studies have investigated the static local FC
using ReHo approach in schizophrenia (Liu et al. 2006; Jiang
et al. 2010; Chen et al. 2013; Yu et al. 2013). However, no study
has explored the temporal variability of local FC. This study is
the first one in which schizophrenia patients were observed to
show no decreased but increased temporal variability of local
FC in low-level primary sensory and perceptual system widely
distributed across VN, SS, VAN, and thalamus. Most of these
locations were in line with the recent meta-analyses’ findings
of static ReHo (Xu et al. 2015). Deficits of perceptual processing
and multisensory integration were well documented in schizo-
phrenia (Javitt and Freedman 2015; Tseng et al. 2015; Hornix
et al. 2018). Heightened instability of local functional synchrony
in primary perceptual regions, such as VN regions (bilateral lin-
gual gyrus and lateral occipital cortex), SS regions (bilateral pre-
central gyrus and postcentral gyrus) in schizophrenia patients
might reflect impairments in the integration of various percep-
tual stimuli (Chen et al. 2015). Interestingly, Kaufmann et al.
(2015) also observed altered standard deviation in signal ampli-
tude in a range of visual, sensorimotor areas in schizophrenia.
The dACC and insula together constitute the VAN or salience net-
work which plays a cardinal role in psychosis (Palaniyappan and
Liddle 2012). Enhanced instability of local functional synchrony in
VAN may provide new novel evidence to reflect the inappropriate

Table 2 Group differences in local voxel-level FC variability

Brain regions T-value Voxels(k) MNI
coordinates

X Y Z

Patients > controls
L post/precentral Gyrus 8.85 6498 −51 −21 51
R post/precentral Gyrus 8.35 48 −18 54
L postcentral Gyrus 8.04 −39 −36 69
L central opercular cortex 7.52 −48 −14 17
L insular cortex 7.33 −40 12 −9
R central opercular cortex 7.11 46 −16 19
R insular cortex 6.73 44 10 −9
L intracalcarine 8.65 5758 −6 −90 0
R occipital pole 8.61 18 −90 21
R lateral occipital cortex 8.59 51 −72 3
L lateral occipital cortex 7.93 −45 −81 2
Cerebellum vermis_3/4 6.98 1 −46 −21
L thalamus 7.29 376 −9 −21 12
R thalamus 6.64 9 −21 9
R thalamus 6.17 15 −24 0
R pallidum 5.51 29 21 0 0
R frontal pole 5.29 57 30 57 27
R frontal pole 5.21 18 60 30
R supramarginal gyrus 4.66 28 60 −42 48

Patients < controls
None

Notes: L, left side of brain; R, right side of brain. This report is based on thresh-

old with T = 4 (k > 10), which made the clusters separated as sparse as possible.

Figure 2. Group differences in temporal variability of local FC. Patients showed

only significantly increased value. L refers to left side of brain. R refers to right

side of brain. All results are shown after FDR corrected (P < 0.05).
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mapping of saliency that originates from input external or inter-
nal perceptual information (Palaniyappan and Liddle 2012; Uddin
2015). Given its topographical connecting to the entire cortex

(Behrens et al. 2003) and its critical gating and integration role in
both sensory and higher order cognitive functions (Saalmann
et al. 2012), altered structure and function of thalamus has been
regarded as a hallmark feature of schizophrenia (Anticevic 2017;
Li et al. 2017; Jiang, Duan et al. 2018, Jiang, Luo, Li, Duan et al.
2018). The strong sensory and perceptual involvement overlaps
with findings from electroencephalogram studies, in which
schizophrenia showed a broad range of sensory deficits reflected
among various event-related potentials (e.g., reduced prepulse
inhibition, mismatch negativity, P1, P3; Javitt and Freedman
(2015)). Taken together, these increased local temporal variability
in primary function regions provided novel evidence to support
heightened instability in processing sensory and perceptual
external or internal input in schizophrenia. Critically, these
alterations showed close links with severity of positive symp-
toms, which highlights the importance of distorted perceptual
information in understanding the positive symptom in schizo-
phrenia (Borda and Sass 2015; Cassidy et al. 2018).

Interestingly, regions (ROIs) from VN, SS, SN, and thalamus
were found to be encountered with increased temporal variabil-
ity not only in local FC but also in their connectivity with the
rest regions of the brain in schizophrenia patients. This sup-
ported both focal regions (in sensory and perceptual systems)
and its distant FC with other brain regions’ alterations in

Figure 3. Group differences in temporal variability of FC architecture of region-to-whole brain. VN, visual network; SS, sensorimotor network; DAN, dorsal attention

network, VAN, ventral attention network, LN, limbic network LN; FN, frontal–parietal network; DMN, default model network; Tha, thalamus Network; HC, health con-

trol; SZ, schizophrenia. Size of plots is weighted by T-value. All results were shown after FDR corrected (P < 0.05).

Table 3 Group differences in - or between-network(s) FC variability

Network Atlas

Power et al. Fan et al.

T-value P-value T-value P-value

Patients> controls (within-network)
VN 3.06 2.48 × 10−3 3.65 3.26 × 10−4

SS 3.49 5.87 × 10−4 4.50 1.10 × 10−5

TN 4.39 1.80 × 10−5 4.23 3.36 × 10−5

Patients< controls (within-network)
FN −3.24 1.40 × 10−3 −3.12 2.03 × 10−3

DMN −3.37 9.06 × 10−4 −3.85 1.56 × 10−4

Patients> controls (between-networks)
VN-Tha 2.19 2.95 × 10− 2 3.19 1.61 × 10−3

SS-VAN 3.63 3.58 × 10−4 3.76 2.21 × 10−4

SS-Tha 4.09 6.04 × 10−5 3.50 5.73 × 10−4

Patients < controls (between-networks)
DMN-FN −4.20 3.96 × 10−5 −4.29 2.72 × 10−5

Note: FDR corrected (P < 0.05).
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schizophrenia revealed by recent static FC study (Kaufmann
et al. 2015; Li et al. 2017). The heightened variability of these
regions indicates that these regions are over functionally inter-
acting with other parts of the brain across the time (Zhang et al.
2016). These increased variability of the observed region to
whole-brain FC may further result in spreading and amplifying
the input incoherent sensory and perceptual information that is
not appropriately processed within these local regions to the
distant brain regions. This supported significant contributions
of early sensory processing dysfunction to higher order cogni-
tive impairments (Adcock et al. 2009; Javitt 2009; Leitman et al.
2010; Bordier et al. 2018). This spreading would be worse when
the corresponding networks could not effectively and dynami-
cally integrate the distorted discrete information within-region,
as demonstrated by the increased instability of FC within VN,
SS, and thalamus and FC between SS and VAN, between thala-
mus and SS, between thalamus and VN. The increased variability
of between thalamus and SS, between thalamus and VN was con-
sistent with previous static FC study (Li et al. 2017), further con-
firming the special role of thalamocortical circuitry in
understanding the pathogenesis of schizophrenia, especially for
chronic patients. Similarly, Damaraju et al. (2014) reported that

patients showed most pronounced FC abnormalities in connectiv-
ity states of increased connectivity among perceptional networks.
Through analyzing the modular organization, previous study also
observed substantial fragmentation and reorganization involving
primary sensory and visual areas in schizophrenia (Bordier et al.
2018). Intriguingly, the increased temporal FC variability in sen-
sory and perceptual system was catering for the previous obser-
vation of increased spatial variability of sensory components in
schizophrenia (Gopal et al. 2016). Combining previous work and
the current novel findings, the various functional properties of
sensory and perceptual systems are disrupted and convergent,
unfortunately, this disruption is still not regarded as the interven-
tion target.

In addition, decreased temporal variability of FC in vast
regions form DMN and FN to distant brain were found in
schizophrenia. Meanwhile, the variability of FC within DMN
and FN and the variability of FC between DMN and FN were
also reduced in schizophrenia. The FN and DMN belong to the
high-order networks in the brain, which contribute to coordi-
nating other brain networks to manage the external and inter-
nal information and form the integrity of self (Buckner and
Carroll 2007; Smallwood et al. 2012). And the abnormal function

Figure 4. Group differences in temporal variability of FC architecture within- or between-network(s). VN, visual network; SS, sensorimotor network; DAN, dorsal atten-

tion network, VAN, ventral attention network, LN, limbic network LN; FN, frontal–parietal network; DMN, default model network; Tha, thalamus Network; HC, health

control; SZ, schizophrenia. Plots reflect value below 2.5% or above 97.5%. All results were shown after FDR corrected (P < 0.05).
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properties of DMN and FN have well been documented in
schizophrenia (Bluhm et al. 2007; Fornito and Bullmore 2015;
Dong et al. 2018). Combining with the heightened instability of
FC within sensory and perceptual systems, reduced dynamic
reconfiguration in higher order network further suggested the
weak ability of schizophrenia in coordinating and integrating
sensory and perceptual information, which may lead to frag-
mented self (Postmes et al. 2014; Sass 2014; Borda and Sass
2015; Ebisch and Aleman 2016). We did not find the reduced
variability of local FC in DMN and FN, which is consistent with
previous static ReHo findings (Xu et al. 2015). Considering con-
sistent alterations of FC variability in high-order networks in
both the region-to-whole brain level and the network level but
not at the regional voxel level, we speculated that except that
the choice of different neuroimaging marker may contribute to
this inconsistency, because the sensitivities of each scale may
be different to detect the alterations between schizophrenia
and patients. Also, we speculated that this observation may
further suggest that the altered dynamic reconfiguration of
these regions in schizophrenia may be prone to brain network
level partially, because these regions belong to hub regions in
the brain (Bullmore and Sporns 2009; van den Heuvel and
Sporns 2013).

It is recent that neurobiological accounts of schizophrenia
have begun to put underline on changes in aberrant sensory
(bottom-up) processing, although this deficit has already been
suggested earlier. It has been evidenced that the sensory and
perceptual deficits can be attributed as the causal role in higher
level cognitive processes and clinical symptoms, for example,
hallucinations (Stevenson et al. 2017; Cassidy et al. 2018; Hornix
et al. 2018). However, the potential neural mechanism of deficits
of sensory processing and multisensory integration remained
elusive, especially in the field of fMRI. Using recent advanced
method of dynamic FC, increased FC variability in primary net-
works, including VN, SS, and VAN, were consistently found at
different scales, which suggest the elevated instability of per-
ceptual processing for intrinsic and outside-world input

information in schizophrenia. This could be further regarded as
a possible mechanism underlying the distorted perception and
cognition in schizophrenia, especially their clinical symptoms
such as hallucination, delusion (Jorgensen et al. 2016; Stevenson
et al. 2017). Decreased FC variability in high-order networks,
such as DMN and FN, were also consistently verified at whole-
brain connectome scale, suggesting the attenuated interaction
of those so-called hub networks in schizophrenia (less flexible).
This could further suggest the vulnerability of external and
internal multisensory integration to form self-integrity in
schizophrenia. These findings also verified the perceptual inco-
herence hypothesis of self-disorder in schizophrenia, which
emphasizes that the self-disorder in schizophrenia is more due
to perceptual incoherence (Sass and Parnas 2003; Postmes et al.
2014; Borda and Sass 2015; Sass and Borda 2015). Present find-
ings provided vivid and strong evidence to build the neural links
between perceptual incoherence and self-deficits in schizophre-
nia. Also, these results encourage future studies to develop the
novel intervention strategies, such as complementary sensory-
based therapies, which may help to diminish perceptual incoher-
ence and thus improve coherent self-experiences in schizophrenia.
This hope is supported by findings of plasticity in temporal pre-
cision and notably audiovisual (Powers et al. 2012; Setti et al.
2014) and visual (Stevenson et al. 2013) temporal acuity through
perceptual training. Considering the strong associations between
audiovisual temporal processing impairments and clinical
symptomatology (Stevenson et al. 2017), for example, auditory
hallucinations (Hugdahl 2009), training focused on multisensory
temporal processing may produce clinical effects through
increasing the individual experience level of perceptual coher-
ence in schizophrenia. This hope was also preliminarily bol-
stered by our recent works (He et al. 2018; Yang et al. 2018), in
which the music intervention (listening to Mozart music), as a
type of the auditory input, improved the functional integration
in VAN and SSs in schizophrenia. In addition, considering
numerous studies have shown that noninvasive neuromodula-
tion technique, for example, repetitive transcranial magnetic

Figure 5. Correlations between variability of FC and clinical variables. (a) The negative correlation between altered voxel-level FC variability and positive symptoms.

(b) The negative correlation between-region whole-brain FC variability and positive symptoms. (c) The positive correlation between-region whole-brain FC variability

and negative symptoms. (d) The negative correlation between-region whole-brain FC variability and general symptoms. (e) The negative correlation between-region

whole-brain FC variability and overall symptoms. COC.L, L central opercular cortex; INS.R, R insular cortex; IntraCAL.L, L intracalcarine; LING.R, R lingual gyrus; LOC.

R, R lateral occipital cortex; LOC.L, L lateral occipital cortex; PoCG.L, L postcentral gyrus; PoCG.R, R postcentral gyrus; PreCG.L, L precentral gyrus; PreCG.R, R precentral

gyrus; SMG.R, R supramarginal gyrus. THA.R, R thalamus. Size of plots is weighted by r value. All results were shown after FDR corrected (P < 0.05).
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stimulation (rTMS) can produce promising clinical effects in
patients with schizophrenia, especially for negative symptoms
and auditory hallucinations (Lefaucheur et al. 2014; Chen et al.
2018), it is worth for future study to explore whether combing
sensory-based and rTMS treatment would produce more signifi-
cant clinical effects than conducting each modality separately.

Notwithstanding its implications, the main limitations of
this study should be acknowledged. The main limitation in the
current study, as well as many other studies in the field, is the
effect of antipsychotic drug. While we cannot eliminate
completely the potential confounding effects of medication, we
found that medication was not associated with altered variabil-
ity of FC after corrected (Supplementary Table S3) except for
two weak correlations with P-value equaling to about 0.05
(uncorrected), suggesting that these changes are unlikely to be
mainly driven by medication. As for any study investigating
rsFC, we cannot also fully rule out the effects of head motion.
Yet we did our best to address this issue, including wavelet
despiking processing, deleting data with high and frequent
head motion, regressing out 24 motion parameters and taking
relative motion as a covariate in statistical analysis. In addition,
we conducted repeated analysis using two groups with well-
matched head motion. We did not find evidence for systematic
effect of motion on the observed main findings (Supplementary
Table S4 and Figs S6–8). Third, although the SZ finding is robust
in both atlases, we cannot completely exclude the potential
effect of using different scale atlases on our results, especially
given it remains unclear choosing how much scale ROIs is opti-
mal to build reliable functional connectivity. Fourth, although
the full repertoire of functional networks utilized by the brain
is continuously and dynamically “active” even when at “rest”
(Smith et al. 2009), it is not clear to what extent schizophrenia-
related abnormality in dynamic reconfiguration of sensory and
perceptual system would exist during the performance of other
tasks, for example, sensory-related task. Fifth, this study can-
not allow us to establish the developmental trajectories of
altered temporal variability of FC in schizophrenia due to use of
a cross-sectional research design. Because the altered stable FC
in perceptual system coexisted in childhood-onset and chronic
schizophrenia (Chen et al. 2015; Berman et al. 2016), naturally,
we inferred that the aberrant dynamic reconfiguration of sen-
sory and perceptual system could be a reliable feature at differ-
ent state of illness. Once again, the current findings help to
justify future research that employs costly longitudinal designs
to evaluate the development of FC variability among schizo-
phrenia over repeated assessments. In addition, there are
increasing evidences to support that resting-state fMRI can be
used to estimate the functional organization of brain white
matter (Ji et al. 2017; Ding et al. 2018). Using clustering analysis,
we previously found abnormalities of static perception-motor
white matter functional networks in schizophrenia (Jiang, Luo,
Li, Li et al. 2018). Herein, we focused on our analysis in gray
matter ROI. As an important extension, future studies are
needed to illustrate the potential impairments of dynamic
white matter functional networks and dynamic associations
between gray matter and white matter networks in schizophre-
nia, which may highlight more comprehensive pathological
mechanism.

In this study, the global signal of brain was not removed in
FC analysis, as altered global signal was the important neuro-
imaging feature in schizophrenia (Hahamy et al. 2014, Yang
et al. 2014) and it has been shown to induce anticorrelations in
resting-state data (Murphy et al. 2009). Given the topic of global
signal regression (GSR) is still one of the most controversial

issues in neuroimaging. To investigate the potential effects of
GSR on our findings, we repeated core analyses with GSR,
which does not significantly affect trends of overall results.
Detained discussion can be found in Supplementary Material
(Table S4 and Figs S6–8).

In summary, this study provided novel and strong evidence
for functional impairment of sensory and perceptual system in
schizophrenia, as demonstrated by consistent increased vari-
ability in primary sensory and perceptual system, including
VN, SS, VAN across all three different FC levels. In addition,
decreased variability in high-order networks, such as DMN and
FN, were also consistently verified at whole-brain connectome
level but not at the voxel level. These findings highlighted the
rudimentary role of heightened dynamic communication of pri-
mary network (mainly suggests sensory and perceptual input is
unstable in schizophrenia) and attenuated dynamic whole-
brain integration of high-order network in schizophrenia.
These findings provided novel neural correlates to verify the
hypothesis of disintegrated sensory and cognitive processes in
schizophrenia, further highlighting the critical role of bottom-
up processing in understanding the pathological mechanism in
schizophrenia, to some extent, which is overlooked in psycho-
sis. Shifting research focus from the traditional cognitive to the
emerging sensory and perceptual domain and investigating
their dynamic interactions may be the key to enhance our
understanding of pathophysiology in schizophrenia, improve
early detection of psychosis, and further extend the range of
intervention treatment possibilities.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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