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1 | INTRODUCTION

Pathophysiological and atrophic changes in the cerebellum have been well-documented in
schizophrenia. Reduction of gray matter (GM) in the cerebellum was confirmed across cognitive
and motor cerebellar modules in schizophrenia. Such abnormalities in the cerebellum could
potentially have widespread effects on both sensorimotor and cognitive symptoms. In this
study, we investigated how reduction change in the cerebellum affects the static and the
dynamic functional connectivity (FC) between the cerebellum and cortical/subcortical networks
in schizophrenia. Reduction of GM in the cerebellum was confirmed across the cognitive and
motor cerebellar modules in schizophrenic subjects. Results from this study demonstrates that
the extent of reduction of GM within cerebellum correlated with increased static FCs between
the cerebellum and the cortical/subcortical networks, including frontoparietal network (FPN),
and thalamus in patients with schizophrenia. Decreased GM in the cerebellum was also associ-
ated with a declined dynamic FC between the cerebellum and the FPN in schizophrenic sub-
jects. The severity of patients' positive symptom was related to these structural-functional
coupling score of cerebellum. These findings identified potential cerebellar driven functional
changes associated with positive symptom deficits. A post hoc analysis exploring the effect of
changed FC within cerebellum, confirmed that a significant positive relationship, between
dynamic FCs of cerebellum-thalamus and intracerebellum existed in patients, but not in con-
trols. The reduction of GM within the cerebellum might be associated with modulation of
cerebellum-thalamus, and contributes to the dysfunctional cerebellar-cortical communication in
schizophrenia. Our results provide a new insight into the role of cerebellum in understanding
the pathophysiological of schizophrenia.
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1998; Ito, 2006; Leggio & Molinari, 2015). Specifically, the cognitive

dysmetria hypothesis by Andreasen and colleagues suggests that cere-

As a complex psychiatric disorder, schizophrenia is often referred to
as a “dysconnection” syndrome, where the underlying neurobiology
arises from a failure to coordinated action across multiple brain
regions (Stephan, Friston, & Frith, 2009). Functional neuroimaging
studies have suggested that cerebellum exerts a far-reaching influence
on the coordination of behaviors through its interconnections with

the basal ganglia (BG) and much of cortical mantle (Desmond & Fiez,

bellum plays an important role in the impaired sequencing and coordi-
nation of sensorimotor and mental processes and might underlie
many features of the schizophrenia syndrome (Andreasen
etal., 1999).

The human cerebellum is a heterogeneous structure and has been
anatomically divided into vermal and hemispheric subregions desig-

nated from 1-X (Schmahmann et al, 1999). In healthy controls,
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anatomical and functional neuroimaging studies have confirmed that
the cerebellum has a distinct functional motor and cognitive module
and that it links to cerebral cortex through the BG and the thalamus,
respectively (Duan et al., 2015; Middleton & Strick, 1994; Middleton &
Strick, 2001). The cerebellar motor module comprises lobules V, VI,
VIllb, and VIII, projecting to the motor regions. The cerebellar cognitive
module comprising Crus | and Il, projects to prefrontal and parietal
cortices (Balsters, Laird, Fox, & Eickhoff, 2014). From a functional
imaging perspective, cerebellar motor module shows preferential cou-
pling with the cortical sensorimotor network, while the cognitive mod-
ule is associated with the cognitive and limbic function, including the
default, cognitive control, and salience networks (Buckner, Krienen,
Castellanos, Diaz, & Yeo, 2011; Habas et al., 2009). Together, cerebel-
lum might play a critical role in coordinating or modulating aspects of
cortical activity by a cortico-cerebellar-subcortico-cortical circuit.

Recent studies have demonstrated converging lines of evidence
highlighting the structural and functional abnormalities of the cerebel-
lum in subjects with schizophrenia (Lungu et al., 2013; Moberget
et al., 2017). Neuropathological studies in humans have documented a
reduction in size and density of Purkinje cells in the cerebellum of
schizophrenia subjects (Katsetos, Hyde, & Herman, 1997). Moreover,
schizophrenic subjects have exhibited differences in gray and white
matter probabilities (Laidi et al., 2015; Lee et al., 2007). Also, func-
tional imaging studies add evidence for cerebellar dysfunction in
patients with schizophrenia compared with matched healthy controls
(Whalley et al., 2004). Importantly, several resting-state functional
connectivity (FC) studies have independently replicated robust disrup-
tions of cerebellum-BG/cortical FC in schizophrenic subjects
(Anticevic et al., 2014; Duan et al., 2015; Moberget et al., 2017,
Repovs, Csernansky, & Barch, 2011). Furthermore, reduced gray mat-
ter (GM) within cerebellum has been identified as a critical factor that
drives both changes in task-based activation and resting state FC net-
works (James, James, Smith, & Javaloyes, 2004; Loeber, Cintron, &
Yurgelun-Todd, 2001). Establishing the association between focal GM
changes and FC changes have received considerable interest in
schizophrenia (Edwards et al., 2008; Kim et al., 2007; Zhang et al.,
2015). However, the manner in which local GM change in the cerebel-
lum, might influence FC within the cerebellar module, or FC with cor-
tical/subcortical networks, have not been investigated in
schizophrenia. Thus, focusing on the functional cerebellar modules
could provide an important framework for understanding how
changes in cerebellar structure and function may manifest clinical
symptom in schizophrenia.

In recent years, resting-state functional magnetic resonance imag-
ing (rs-fMRI), has become a popular method for mapping brain func-
tion by measuring ongoing spontaneous brain activity and inter-
regional FC (Biswal, Yetkin, Haughton, & Hyde, 1995; Fox & Raichle,
2007). Recent studies have demonstrated that FC is not stationary
and changes over time (in minutes) in the resting state (Chang &
Glover, 2010; Hansen, Battaglia, Spiegler, Deco, & Jirsa, 2015). Inte-
grating the FC signals over a long time may obscure important
dynamic features of network behavior. Specifically, many prevailing
neuroimaging studies support the idea that the FC variability appears
to be a reliable property and depend in part on functional relation-

ships between neural systems (Hutchison et al., 2013). The results of

dynamic FC analysis support and expand current knowledge regarding
dysconnectivity in schizophrenia (Damaraju et al., 2014). Furthermore,
a recent study has also reported that dynamic FC significantly outper-
forms the static FC in terms of the classification of schizophrenia and
bipolar patients (Rashid et al., 2016). Together, static and dynamic FC
approaches can provide complementary information about brain
function.

In this study, we sought to determine whether a focal structural
change in the cerebellum was associated with changes in the FCs
between the cerebellum and large-scale networks in schizophrenia.
We hypothesized that the change of GM in cerebellum would be
associated with specific changes in static and dynamic FC of
cerebellum-BG/cortical in schizophrenic subjects. We further tested
our hypothesis, by determining the relationships between the disease
severity with the coupling information from structural and functional
features of the cerebellum in schizophrenic patients. We posit that
these reflect local structural changes in the cerebellum are an impor-

tant driving factor in pathological functional changes in schizophrenia.

2 | METHODS AND MATERIALS

2.1 | Subjects selection

A total of 102 subjects (47 schizophrenia patients and 55 healthy con-
trols) were acquired for this study. The 47 schizophrenia subjects
were recruited from the Clinical Hospital of Chengdu Brain Science
Institute. The patients were diagnosed using the structured clinical
interview for the DSM-IV axis | disorders—clinical version (SCID-I-
CV), and all were being treated with medication (e.g., antipsychotics).
The illness duration for all the patients was more than 3 years. The
psychiatric symptom of schizophrenia was assessed using positive and
negative symptom scale (PANSS). A total of 55 right-handed healthy
controls were also recruited to participate in the study. The control
subjects were matched with schizophrenic subjects for years of edu-
cation, age, and gender. The control subjects were screened for a his-
tory of medical or neuropsychiatric illness, as well as major
neurological or psychiatric illness in their first-degree relatives. The
Ethics Committee of the Clinical Hospital of Chengdu Brain Science
Institute in accordance with the Helsinki Declaration approved this
study. Written informed consent was obtained from each subject
before the beginning of the study.

22 |

Imaging was conducted on a 3T MRI scanner (GE DISCOVERY
MR750). During scanning, we used foam padding and ear plugs to

Imaging acquisition

reduce head motion and scanner noise, respectively. High-resolution
T1-weighted images were acquired using a three dimensional fast
spoiled gradient echo sequence (repetition time [TR] = 6.008 ms, flip
angle [FA] = 9°, matrix = 256 x 256, field of view [FOV] = 256 x 256
mm?, slice thickness = 1 mm, no gap, 152 slices). Subsequently, rest-
ing state functional MRI data were acquired using gradient-echo echo
planar imaging sequences (TR = 2000 ms, echo time [TE] = 30 ms,
FA = 90°, matrix = 64 x 64, FOV = 240 x 240 mm>, slice thickness/
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gap = 4 mm/0.4 mm, number of slices = 35), with an eight channel-
phased array head coil. All subjects underwent a 510 s resting state
scan to yield 255 volumes. The first five volumes were discarded for
the magnetization equilibrium. During rs-fMRI, all subjects were
instructed to have their eyes-closed and to move as little as possible
without falling asleep.

2.3 | Voxel-based morphometry analysis

Voxel-based morphometry (VBM) was performed on the T1-weighted
images, using SPM8 (Statistical Parametric Mapping, http://www:fil.
ion.ucl.ac.uk/spm/). Before data analysis, all the imaging data sets
were checked for artifacts, and the image origins were manually set at
the anterior commissure. Subsequently, structural images were pro-
cessed with spatial normalization to MNI-space using a diffeomorphic
anatomical registration through exponentiated lie algebra (DARTEL),
and segmentation into GM, white matter, and cerebrospinal fluid. The
segmented GM was Jacobian modulated, and finally, was smoothed
with an 8-mm full-width at half-maximum (FWHM) Gaussian kernel. A
mask encompassing the entire cerebellum, was created to compare
cerebellar GM intensity between two groups. The cerebellum was
defined using the atlas of the human cerebellum (Diedrichsen, Bal-
sters, Flavell, Cussans, & Ramnani, 2009). Years of education, age, and
gender were regressed out as potential confounding covariates in the
general linear model. Then, we established the structural abnormalities
between patients and healthy controls through a voxel-wise statistical
parametric mapping (two-sample t test). The comparison was tested
for significant level of p < .05, corrected for multiple comparisons via
cluster-level false discovery rate (FDR) correction.

To quantify reduction in the GM in the cerebellum (pursuant to
the VBM statistical tests between two groups), motor and cognitive
cerebellum modules were created using cerebellar subregions from
the atlas of human brain referenced above. Cerebellar cognitive clus-
ter (CBCc) was defined as bilateral Crus | and Crus Il and cerebellar
motor cluster (CBCm) was defined as the bilateral lobules V, VI, Vlib,
Vllla, and Vlilb (Balsters et al., 2014; O'Callaghan et al., 2016). Within
each cerebellar module, the peak t value corresponding to each subre-
gion was used to create corresponding spheres (radius: 4 mm). All of
these structural measurements from each cerebellar subregion were
then combined to represent the extent of cerebellar GM intensity
within CBCc and CBCm for each subject.

2.4 | fMRI preprocessing

Functional imaging data were preprocessed using SPM8 according to
a standard pipeline (He et al., 2017) and only briefly described here.
Slice time correction, head motion correction, normalization
(3 mm * 3 mm * 3 mm) into EPI template, and image smoothing
(FWHM 8 mm) were carried out. Any subject who had a maximum
translation in any of the orthogonal directions larger than 1.5 mm or
rotation larger than 1.5° were excluded from subsequent analysis.
Besides, framewise displacement (FD) was evaluated in the two
groups as suggested by Power et al. (Power, Barnes, Snyder, Schlag-
gar, & Petersen, 2012). To minimize the effect in fMRI due to linear

trend, detrending analysis was performed. Then, sources of nuisance

signals were removed from the smoothed images through linear
regression (six motion parameters and their first temporal derivative,
white matter signal, cerebrospinal fluid signal). The global signal was
not regressed out as has been recently suggested in processing the
schizophrenia functional data (Yang et al., 2014). Finally, fMRI data
were passed through a band-pass 0.01 Hz-0.08 Hz.

Due to individual subject variability, brain networks obtained from
each subject were identified using group-level spatial independent
component analysis (ICA) on smoothed data using GIFT toolbox
(http://mialab.mrn.org/software/gift/). We used a higher-order ICA
model (number of components, C = 100) based on previous research,
that has demonstrated that this number of components achieves suffi-
cient “functional parcellation” of major brain systems (Allen et al.,
2014; Damaraju et al., 2014). The Infomax algorithm was repeated
30 times in ICASSO (http://research.ics.tkk.fi./ica/icasso). Subject-
specific time courses and spatial maps were then reconstructed using
spatial-temporal regressions approach for each subject. Subject-
specific time courses were passed through a band-pass 0.01 Hz-
0.08 Hz. As we were primarily interested in exploring the commonly
reported altered cortical-subcortical networks in schizophrenia sub-
jects, our study specifically targeted eight major networks of interest:
the default model network (DMN), frontoparietal network (FPN),
salience network (SN), dorsal attention network (DAN), sensorimotor
network (SM), auditory network (AN), visual network (VN), and sub-
cortical (SC). The time courses of components within each network

were selected and static and dynamic FC analyses was performed.

2.5 | Static and dynamic resting state FC analyses

To assess the static and dynamic FC between the local changed struc-
tural cerebellar regions (pursuant to the VBM statistical tests between
two groups) and cortical-subcortical networks, a series of steps were
performed for each subject. The preprocessed blood oxygen level
dependence time courses were extracted within the spheres of CBCc
and CBCm and were then averaged to represent the functional time
courses of changed structural cerebellar modules for each subject.
Time courses of selected components were extracted from the ICA.
Then, Pearson correlation coefficients were calculated between the
local changed structural region in cerebellum and selected brain com-
ponents. This correlation coefficient based on whole time-course was
considered as the static FC (fsqic). The resulting values were trans-
formed to approximate a Gaussian distribution using Fisher's r-to-z
transformation.

We also measured dynamic FC using sliding windows. The time
courses were segmented into windows to efficiently capture cognitive
status and produce robust results in image acquisitions (Allen et al.,
2014; Shirer, Ryali, Rykhlevskaia, Menon, & Greicius, 2012). In the
sliding window-based dynamic FC analysis, the optimal window length
is an open area of research. Recent research has indicated a “rule of
thumb” that the minimum window length should be no less than 1/fpi,
(Leonardi & Van De Ville, 2015). Thus, the time courses were seg-
mented into 100-s windows (fi, = 0.01 Hz), sliding the onset of each
window by 2 s of data. Within the ith time window, the Pearson cor-

relations (r;) were computed between the changed cerebellum module
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(seeds) and selected brain components. We then define the dynamic

index of a component k as:

= Z?::[(rt _rstatic)z
n

where r; is the correlation between seed and the component k over
time window t, t = 1,2,...n. Similar to that observed in previous studies
(Hindriks et al., 2016; Kang et al., 2011), this dynamic index is an over-
all metrics of the changes in FC profile around static FC across
widows. Large values in dynamic FC indicate more variability in static
FC over time. This procedure was repeated to obtain the static and
dynamic FC value for the selected brain network for every subject.

For the static or dynamic FC, the years of education, age and gen-
der were regressed out as potential confounding covariates in the
general linear model. Then, the statistical analyses were compared
between healthy and schizophrenic subjects using a two-sample
t test. False discovery rate correction (p < .05) was used for multiple
comparisons. Furthermore, to avoid arbitrary choice of window, we
also performed the same processing using other two additional win-
dow lengths (i.e., 120 s and 140 s).

2.6 | Significance testing of dynamic FC

To test whether the observed temporal fluctuations of FC exhibit sig-
nificantly greater temporal variability than simple variations around
static FC, an appropriate statistical test was carried out. One way to
answer it is to construct confidence intervals around the values in the
correlation time series (Kang et al., 2011). This question can also be
formalized in a statistical hypothesis test whether the observed value
of the test statistic falls outside the null distribution (Chang & Glover,
2010; Hindriks et al., 2016; Zalesky, Fornito, Cocchi, Gollo, & Break-
spear, 2014). Constructing the null distribution is an appropriate way
of creating surrogate data to fit a time series model to the data. One
simple way to preserve the static FC was to shuffle the Fourier phases
(Prichard & Theiler, 1994). Thus, in this study, we used Fourier-based
surrogate method to generate null hypothesis (Hindriks et al., 2016).
One thousand null data sets were generated using Fourier-based
surrogate method for each time-varying connectivity to estimate the
null hypothesis (absence of dynamic FC). This was performed in a step
wise manner as follows: (a) taking the discrete Fourier transformations
X1, X2, ..., Xpand Yy, Yo, ..., Y, of two BOLD signals x and y; (b) multiply-
ing each signal's Fourier transform with a random phase: X, = X,e#
and Y,, = Yner, where ¢, ..., ¢ is a vector of independent stochastic
variables that are uniformly distributed in the interval [0, 2x]. To pre-
serve the static correlation structure, both X and Y are multiplied by
the same phases; (c) perform inverse discrete Fourier transformation
to X,, and Y,, to vyield randomized X of x and y of y; (d) a sliding-
window approach was applied to each of the 1,000 surrogate data.
The dynamic index was then obtained using the equation referenced
above; (e) we obtained two kinds of P-values for the observed value
of the test statistic. First kind of p value for each dynamic FC: calculat-
ing the percentile of real dynamic index under the null distribution.
For the second kind, we calculated the p value for each cerebellum
regions (Hindriks et al., 2016). For every cerebellum region we aver-

aged its real dynamic index across all other components. Then, we

estimated the percentile of real dynamic index under the null distribu-
tion for each cerebellum. Final, false discovery rate correction
(p < .05) was used across all dynamic FC to define greater temporal
variability of FC around static FC.

After testing for the dynamic FC for each subject, the probability
value (number of significant testing/number of subject) across sub-
jects was then used to establish whether the greater dynamic FC of
cerebellar-regions were consistent across patient and control groups,
respectively. The nonparameter statistical analysis (permutation test-
ing) was performed to find the difference of number of significant
testing between healthy and schizophrenic groups on time-varying

FC, as well as on the various cerebellum regions.

2.7 | Noise confounds

Dynamic FCs are particularly susceptible to noise confounds for rs-
fMRI data, such as scanner drift, head motion (Power et al., 2014), and
physiological noise due to respiration and cardiac processes (Chang
et al., 2013; Chang & Glover, 2009). In this study, physiological noise
signals were estimated with the CompCor procedure (Behzadi,
Restom, Liau, & Liu, 2007; Zalesky et al., 2014). To exclude these con-
founds as possible causes of the results, we tested for relationship
between correlation variability time-course of dynamic FC and esti-
mates of physiological noise as well as head motion, namely, FD. False

discovery rate correction (p < .05) was used for these relationships.

2.8 | Coupling between cerebellar structural
alteration and FC

To investigate the relationship between the structural changes in cer-
ebellum and its FC, we correlated the average GM intensity of each
structural alteration of cerebellum module and each static or dynamic
FC. For each cortical-subcortical network, the gender, years of educa-
tion, and age were used as covariates, for both the patients and
healthy controls. The association between the two groups was
obtained using the permutation testing. Using the correlation in con-
trols as a baseline, negative differences between patients and controls
implied a relative loss of the structure-function relationship. While

positive differences might reflect a compensatory mechanism.

2.9 | Relationship between clinical symptom and
cerebellar structural-functional coupling

Furthermore, we evaluated the relationship between the clinical
symptom and the structural-functional coupling score in patients with
schizophrenia. First, the coupling score (either static or dynamic
FC/GM probability) was created by multiplying the static or dynamic
FC for each cerebellar module to each network by the inverse value
of the atrophied cerebellum module. Then, the partial correlation anal-
ysis was performed between coupling score and patients' PANSS

score with age, gender, and years of education as covariates.
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TABLE1 Demographic and clinical characteristics of the participants

Patients with schizophrenia

Gender (male/female) 26/16

Age (years) 42.14 + 10.67
Education level (years) 11.73 £ 2.85
Head motion (FD) 0.11 +0.05
Disease duration (years) 17.31 £ 9.87
PANSS-positive score 12.98 £ 5.52
PANSS-negative score 20.88 + 6.53
PANSS-global score 27.64 + 5.24
PANSS-total score 61.50 + 13.19

Healthy controls p

29/23 552
41.48 +12.88 790
11.12 + 3.37 340
0.09 £ 0.05 43°

Indicated values are shown mean =+ standard deviation. PANSS = positive and negative symptom scale.

2 Indicates the p values from the comparison analysis (chi-square test).
b Indicates the p values from the comparison analysis (two sample t test).

TABLE 2 Significant reduction in gray matter in cerebellum for schizophrenic subjects in comparison to healthy controls

MNI coordinates

Regions X y

Left cerebellum VI -26 -60

Right cerebellum VI 22 -62

Left cerebellum Crus | -28 -74
3 | RESULTS

3.1 | Demographics and patient clinical
characteristics

A total of eight subjects (5 [out of 47] schizophrenic patients and
3 [out of 55] healthy controls) were excluded due to excessive head
motion during fMRI scans. Thus, a total of 42 patients with schizo-
phrenia and 52 healthy controls were included in the FC analysis.
Demographic information and patient clinical characteristics, such as
iliness duration and PANSS scores, were presented in Table 1. No sig-
nificant differences in age, gender, FD, and years of education were

observed between the two groups (Table 1).

3.2 | Comparison of cerebellar GM intensity

Reduced GM probability in bilateral cerebellar lobule VI and left cere-
bellar Crus | was determined using VBM in patients with schizophre-
nia (Table 2). The altered clusters are presented in Figure 1. The
clusters including left and right lobule VI as belonging to the motor
cerebellar module and the left Crus | belonging to cognitive cerebellar
module. Thus, CBCc and CBCm were used to represent these cerebel-

lar regions, respectively.

3.3 | Abnormalities of static and dynamic FC in
patients

The results of the higher-order ICA model are depicted in Figure 2
showing the 42 non-artifactual components. The functional parcella-
tion of cortical and subcortical brain components is similar to those
observed in previous higher-order ICA model decompositions (Allen
et al., 2014; Kiviniemi et al., 2009).

z Peak t-score Cluster voxels
-28 5.632 147

-28 4.763 112

-30 4916 64

In the static FC analysis within the cerebellum, patients with
schizophrenia showed increased static FC between CBCc and CBCm
compared with healthy controls (Figure 3a). Moreover, the increase in
the static FCs in schizophrenic subjects were observed between
CBCm and several cortical/subcortical networks, including FPN (left
and right inferior parietal lobule [IPL]), SM network (left and right
postcentral (Sl), supplemental motor area [SMA]) and SC (dorsal thala-
mus [dTHA] and ventral thalamus [VTHA]). In addition, increased static
FCs in Schizophrenia subjects were observed between CBCc and cor-
tical/subcortical networks, including SC (dTHA and vTHA) and DMN
(ventral medial prefrontal cortex [VMPFC], precuneus [PCUN]).

M Significant Reduction

FIGURE1 Voxel-based morphometry showing difference of gray
matter within cerebellum for schizophrenia. Areas of significant
reduction of gray matter (red) in the motor (within blue circle) and
cognitive (within yellow circle) cerebellar territories, for patients
versus healthy controls [Color figure can be viewed at
wileyonlinelibrary.com]


http://wileyonlinelibrary.com

HE ET AL

2 | WILEY

sub-cortical (SC 4)

auditory (AUD, 3)

Y—-18 Z=157

visual (VIS, 9)

} W N & t‘i'§_‘
’b"“\ M Py Ty
..4@ ‘g‘& ! '(*? ‘
X—-9 Y=-83 Z=-9 Z=6
default mode (DMN, ..
o : SO £8%
% JXE
/ v‘ /"w,' : p
=-4 Y=-49 Z=8 Z=13
frontoparietal (FPN, 4) :
S W RPTY d;i
> i nd i 2l \= L
:;\\_ Ry 75\:;\»,:)_ g ‘&‘ o Qi . 5
> - Yder ~
X=-42 X=-16 Y=46 Z=20 Z=36

dorsal attention (DAN, 4)

g sie 40
‘ *: Sk \3}
‘-e\\\ # M‘ RN 7.2

X—-38 Y=-45 Z=39

8? .;‘ &
e RPA -’-Z g
i‘(é// v/ \?L 7,( %‘, s { !
X=-4 Y =26 =17 7 =32

FIGURE 2 Composite maps of the 42 identified intrinsic connectivity networks, sorted into eight networks. Each color in the composite maps
corresponds to a different independent component [Color figure can be viewed at wileyonlinelibrary.com]

The dynamic FC analysis when compared between the healthy
controls and schizophrenic subjects exhibited a decrease in dynamic
FC between CBCc and CBCm. Schizophrenia subjects also demon-
strated decreased dynamic FCs (Figure 3b) between CBCm and corti-
cal/subcortical networks including FPN (left dorsolateral prefrontal
cortex [DLPFC]), DMN (PCUN) and SM networks (left and right SI,
and SMA). Similar results were also observed for two other window
lengths (i.e., 120 s and 140 s).

3.4 | Significant dynamic FC and no noise confound

Similar with previous research (Hindriks et al., 2016), the reason for
significant greater dynamic FC are twofold. First, across the schizo-
phrenic or healthy subjects, the number of CBCm/CBCc-component
connections for which the null hypothesis of simple dynamic was

rejected varied, such as CBCm in patients: between 0 and 7 (mean:

2 [4.7%]; SD:2.0); CBCm in controls: between 0 and 13 (mean:
4 [9.5%); SD:3.3); CBCc in patients: between 0 and 7 (mean: 3 [7.1%];
SD:2.0); CBCc in controls: between 0 and 11 (mean: 3 [7.1%]; SD:2.8).
Low probabilities were also observed for the consistent significant
greater dynamic FCs across healthy subjects (CBCm: 4.76%-21.43%,
mean: 11.39%; CBCc: 2.38%-26.19%, mean: 13.04%) or schizo-
phrenic subjects (CBCm: 3.85%-30.77%, mean: 14.84%; CBCc:
3.85%-21.15%, mean: 11.59%). Second, the probabilities across sub-
jects could be considerably increased on cerebellar regions by average
test analysis including: CBCm in patients/controls: 26.19%/46.15%,
CBCc in patients/controls: 28.57%/28.85%.

Lower number of greater dynamic FCs were found in schizo-
phrenic subjects including: CBCm-left SI (number of patients:1, num-
ber of controls: 8, p = .0048), CBCm-right SI ([number of patients:2,
=.0033]), CBCm-left DLPFC (number of

patients:0, number of controls: 6, p

number of controls: 9, p

=.0061). Moreover, the lower
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Increased Static FC

Decreased Dynamic FC

FIGURE 3 The altered static and dynamic functional connectivity in schizophrenia. Within “(a)” red lines denotes increased static functional
connectivity in patients compared with healthy controls. Within “(b)” blue lines denote decreased dynamic functional connectivity in patients.
CBCc = cerebellar cognitive cluster; CBCm = cerebellar motor cluster; FPN = frontoparietal network; SC = subcortical; DMN = default model
network; SM = sensorimotor network; L-DLPFC = left dorsolateral prefrontal cortex; L/R-IPL = left/right inferior parietal lobule; dTHA = dorsal
thalamus; VTHA = ventral thalamus; VMPFC = ventral medial prefrontal cortex; PCUN = precuneus; L/R-SI = left/right postcentral;

SMA = supplemental motor area [Color figure can be viewed at wileyonlinelibrary.com]

number of dynamic FC on cerebellar region (CBCm, p < .001) was also
observed in schizophrenic subjects compared with healthy controls.
Furthermore, there are no significant association between head
motion or estimated physiological noise and dynamic FC fluctuations
for any individual subject. Together, we found the FC between cere-
bellum and cortical/subcortical networks are significant abnormal

dynamic in schizophrenia.

3.5 | Abnormal coupling of structure-function

There was no significant coupling of structure-function within the
cerebellum for schizophrenia subjects and healthy controls, respec-
tively. The extent of difference in GM probability of cerebellum was
differentially correlated with specific impaired FC of cerebellum-corti-
cal/subcortical network in schizophrenic subjects. A reduction in the
negative relationship was observed between the extent of cerebellar
difference and relative static FC (CBCm and dTHA, CBCm and IPL,
Figure 4a,b) in patients compared with healthy controls. We also
found a reduction in positive relationship between the extent of cere-
bellar difference and relative dynamic FC (CBCm, and left DLPFC,
Figure 4c).

As a post hoc analysis to determine the influence of differences in
GM probability within cerebellum to FC of cerebellum-thalamus, in
patients with schizophrenia we observed positive relationship
(r = .351, p < .01) between the extent of decreased dynamic FC of
CBCm-CBCc and CBCm-dTHA. Whereas, this correlation was not
apparent in the controls (r = .04, p = .738). The difference between
these two correlation coefficients was also significant (p < .05)
(Supporting Information Figure S1), suggesting that the effect of
reduced GM probability within cerebellum may be associated with the

modulation connectivity between CBCm and thalamus.

3.6 | Relationship between clinical symptom and
coupling of cerebellar structure-function

We observed an inverse correlation between PANSS-positive score
and the coupling score (dynamic FC/GM probability) in patients with
schizophrenia. The correlation between CBCm and component within
SM (SMA), CBCm and the component within FPN (left DLPFC) were
found to be r = —.432, (p < .001, Figure 5a) and r = —.621, (p < .001,
Figure 5b), respectively. No other significant correlations were found
between the PANSS scores and measures of MRI (i.e., the differences

in GM probability within cerebellum, altered static and dynamic FC),
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suggesting a selective relationship between positive symptom and
impaired communication in FC of cerebellum-cortical/subcortical
networks.

4 | DISCUSSION

This study combined resting-state FC and VBM approaches to charac-

terize the cerebellar GM in schizophrenia subjects and its influence on

brain FC. Consistent with our hypothesis, significant decrease in GM
probability of cerebellum, including regions in CBCm and CBCc terri-
tories, were apparent in schizophrenic subjects. These structural
changes were accompanied by an increased static FC, a decreased
dynamic FC within the cerebellum, and between the cerebellum and
several cortical-subcortical networks. Furthermore, the evaluation of
structural alteration and the FC with cortical/subcortical networks
revealed the structure-function discoupling between CBCm and SC,

and FPN in schizophrenia subjects. Aggravated discoupling was also
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related with the higher severity of positive symptom in schizophrenia
subjects. Interestingly, the decreased dynamic FC within cerebellum
(between CBCm and CBCc) was positively correlated to the dynamic
FC between CBCm to thalamus. These abnormal coupling between
difference GM probability within cerebellum and relative static and
dynamic connectivity, suggest an important role for intrinsic structural

changes in the cerebellum in schizophrenia.

4.1 | Reduced GM of cerebellum underlying FC
difference within cerebellum

Static FC of patients with schizophrenia demonstrated may serve as
the candidate endophenotypes for schizophrenia (Chen et al., 2018;
Guo et al., 2015; Stip et al., 2005), suggesting the possibility that the
cerebellum overactivity is pathological rather than compensatory.
Importantly, recent theories postulate that the cerebellum forms inter-
nal models for both motor and cognitive function, allowing for ongo-
ing feedback resulting in well-time and coordinated behaviors (Ito,
2008; Ramnani, 2006). In schizophrenia subjects, neuropathological
studies have reported a reduction in size and density of Purkinje cells
in the cerebellum (Katsetos, Hyde, & Herman, 1997), which balance
the excitatory and inhibitory tone of cerebellar modulation signals.
This is consistent with our results showing significant decreased GM
probability in cerebellum (both CBCm and CBCc territories), accompa-
nied by increased static and decreased dynamic FC between them.
Altered FC within the cerebellum may be contributing to many deficits
associated with the schizophrenia (Bernard & Mittal, 2015). Thus, the
altered FC within cerebellum may suggest the dyscoordination in the
internal models in schizophrenia and may reflect the underlying
pathology associated with schizophrenia. We found that the altered
intracerebellar connectivity was not associated with the differences in
GM probability within cerebellum in our patient sample, suggesting
the effect of cerebellar difference may not only be within the

cerebellum.

4.2 | Widespread effects of reduced GM within
cerebellum on cortical network

This study furthermore demonstrated increased static and decreased
dynamic FC of the cerebellum and several important cortical-
subcortical networks, including DMN, FPN, SM, and SC. Many of pre-
vious studies have indicated that the abnormality in these networks
influences the clinical symptom in schizophrenia (Chen et al., 2015;
Kambeitz et al., 2015; Stegmayer et al., 2017). The cerebellum is con-
nected to cortical networks, which coordinate or modulate aspects of
cortical activity. The cerebellum also acts as a general purpose modu-
lator that detects pattern changes and errors in both movements and
thought, and can then provide inhibiting feedback to the cerebral cor-
tex (Seidler et al., 2002).

In schizophrenia subjects, tasks normally performed by the cere-
bellum are presumed to respond in a flawed manner: instead of modu-
lating, the increased inhibition of the cerebellum may misconnect the
information arriving from cortical regions. The output will then be
flawed (Andreasen et al., 1999; Picard, Amado, Mouchet-Mages,
Olie, & Krebs, 2008). In addition, in this study, the dynamic FC

approach characterizes the temporal variability of FCs, which are not
caused by non-neuronal processes, between the cerebellum and corti-
cal/subcortical networks. Recently, several studies have reported that
brain regions involved in regulatory functions show higher dynamic
FC, and may reflect flexible and adaptable functional coupling among
brain networks (Bray, Arnold, Levy, & laria, 2015; Zhang et al., 2016).
Decreased dynamic FCs of cerebellum-cortical/subcortical networks
may be related to the low interaction between the cerebellum and
cortical/subcortical networks in schizophrenia subjects. Our results
also demonstrates that PANSS-positive symptom in patients is associ-
ated with coupling information (dynamic connectivity/GM probability)
of several FCs of cerebellum-cortical/subcortical networks, such as
cerebellum-thalamus, cerebellum-FPN, and cerebellum-SM. Taken
together, our results indicate that lower variability and higher inhibit-
ing connectivity of cerebellum-cortical/subcortical may contribute to
the pathological interaction of cerebellum-cortical/subcortical net-
work and symptom in schizophrenia. Specifically, the disconnection of
the cerebellum in schizophrenia is network-specific (Chen et al., 2013)
and consistent with Chen's study, these significant differences were
not found between the cerebellum and VN, AN, and SN through the
static or dynamic FC analyses in schizophrenic subjects.

The structural and functional discoupling were observed between
decreased GM probability of cerebellum and decreased dynamic FCs
of CBCm-FPN, as well as CBCm-thalamus in patients with schizophre-
nia. CBCm was correlated with the sensorimotor, visual, auditory,
salience networks and striatum, indicating that this cerebellum region
is a functional hub with high connectivity to the cerebral cortex and
BG/thalamus (Sang et al., 2012). Several studies have indicated that
the cerebellum is involved in nonmotor functions associated with the
FPN (Bostan, Dum, & Strick, 2013; Schmahmann, 1996). The disinte-
gration of cerebellar-FPN circuitry constitutes a key network for a
variety of neuropsychological symptoms in schizophrenia (Wagner
et al.,, 2015). Together, our results indicate that decreased GM proba-
bility within cerebellum may be an important determinant of alter-
ations in the connectivity between the cerebellum and cortical
networks, suggesting a disruption of the cerebellar-thalamus-cortical
loop in patients with schizophrenia. Our finding underscores a more
causative role for impaired cerebellum-cortical/subcortical connectiv-

ity in the pathophysiology of schizophrenia positive symptom.

4.3 | Involvement of the difference within
cerebellum and FC of cerebellum-thalamus

Recent studies have indicated that the cerebellum and the BG/thala-
mus are reciprocally connected network concerned with motor and
nonmotor behaviors (Akkal, Dum, & Strick, 2007; Middleton & Strick,
2000). These two major systems are likely to interact as part of their
normal function. Such interactions imply that the abnormal activity in
one system would have important effects on the other system
(Bostan et al., 2013; Jiang et al., 2018; O'Doherty, Dayan, Friston,
Critchley, & Dolan, 2003). The effect of decreased GM probability in
cerebellum in patients, will most likely lead to an altered connectivity,
between cerebellum and BG/thalamus, which may be associated with
the abnormal internal models of cerebellum. Consistent with these

studies, we observed positive relationship between decreased



2 | WILEY

HE ET AL

dynamic FC of intracerebellar and dynamic FC of cerebellum-thala-
mus. The altered FC of cerebellar-thalamus contribution to schizo-
phrenia seems limited or indirect (Bernard, Goen, & Maldonado, 2017
Losak et al., 2016). Our study found that the altered connectivity in
patients, between cerebellar systems and thalamus, suggesting that
the focal structural change in cerebellum contribute to pathological
cerebellar-thalamus connectivity. Importantly, the loops that link cere-
bellum with cortical cortex have been considered to be anatomically
connected through thalamus (Dum & Strick, 2003). Thus, altered
cerebellar-thalamus connectivity may play a crucial role in this distrib-
uted circuit and contribute to the functional dysfunction between cer-

ebellar and cortical networks in schizophrenia.

4.4 | Methodological considerations

While our findings provide new insight into the role of brain FC in
understanding the effects of reduced GM of cerebellum in schizophre-
nia, several methodological issues need to be further addressed. First,
a recent study has indicated that there is a limitation in generating the
surrogate null hypothesis (Hindriks et al., 2016) during dynamic FC
testing, such as constrained surrogate data used in this study or in the
studies of Chang and Glover (2010) and Zalesky et al. (2014). Through
sample dynamic FC testing the absence of dynamic FC could not
imply stationarity of FC. Thus, when dynamic FC is detected using
these surrogate data, the only conclusion could be draw is that the FC
is nonstationary. Besides, several studies have reported that the rela-
tionships between fluctuations of FC and measures derived from elec-
trophysiological recordings as well as behavioral measures (Di &
Biswal, 2013; Di & Biswal, 2015; Tagliazucchi, von Wegner, Morze-
lewski, Brodbeck, & Laufs, 2012). Together, although the absence of
dynamic FC cannot be interpreted as dynamic FC because of specific
statistical meaning, these observed fluctuations of FC are informative.
In this study, differences in dynamic FC was investigated between
two groups of subjects, and because there is no known non-neural
factors that are different between the two groups, one can thus ascer-
tain that these differences in dynamic FC are due to neuronal factors.
Specifically, because we observed decreased dynamic FC on CBCm in
patients, we believe these are due to neuronal factors. Second,
dynamic FC was computed using a sliding window correlation
approach. Currently, there are no formal consensuses regarding the
window length. Final, as noted previously, what dynamic FC repre-
sents in terms of neurocognitive functioning is not completely under-
stood. As the field of dynamic FC grows, we may gain a better
understanding of how these parameter and properties of brain func-
tioning relates to psychopathology.

5 | CONCLUSIONS

In conclusion, by combining resting-state FC and VBM approaches,
our findings reveal the prominent functional and focal structural
changes within cerebellum in patients with schizophrenia. Further-
more, we show that the reduced GM within cerebellum has significant
ramification for the integrity of cortical and subcortical networks,

highlighting the fact that cerebellar abnormalities in schizophrenia are

likely to have far-reaching effects particularly on the pathophysiology
of schizophrenia positive symptom. These findings provided new
insights into the effects of abnormal cerebellum at the level of large-
scale networks connectivity and might help to design new treatment
strategies. Continued understanding of its role in schizophrenia
remains an important goal in unraveling the complex, multisystem

nature of this disorder.
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