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Abstract

Abnormalities of cerebellar function have been implicated in the pathophysiology of

schizophrenia. Since the cerebellum has afferent and efferent projections to diverse

brain regions, abnormalities in cerebellar lobules could affect functional connectivity

with multiple functional systems in the brain. Prior studies, however, have not exam-

ined the relationship of individual cerebellar lobules with motor and nonmotor

resting-state functional networks. We evaluated these relationships using resting-

state fMRI in 30 patients with a schizophrenia-spectrum disorder and 37 healthy

comparison participants. For connectivity analyses, the cerebellum was parcellated

into 18 lobular and vermal regions, and functional connectivity of each lobule to

10 major functional networks in the cerebrum was evaluated. The relationship

between functional connectivity measures and behavioral performance on sensori-

motor tasks (i.e., finger-tapping and postural sway) was also examined. We found

cerebellar–cortical hyperconnectivity in schizophrenia, which was predominantly

associated with Crus I, Crus II, lobule IX, and lobule X. Specifically, abnormal cerebel-

lar connectivity was found to the cerebral ventral attention, motor, and auditory net-

works. This cerebellar–cortical connectivity in the resting-state was differentially

associated with sensorimotor task-based behavioral measures in schizophrenia and

healthy comparison participants—that is, dissociation with motor network and associ-

ation with nonmotor network in schizophrenia. These findings suggest that functional

association between individual cerebellar lobules and the ventral attentional, motor,

and auditory networks is particularly affected in schizophrenia. They are also consis-

tent with dysconnectivity models of schizophrenia suggesting cerebellar contribu-

tions to a broad range of sensorimotor and cognitive operations.
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1 | INTRODUCTION

It has been hypothesized that dysconnectivity between the frontal

cortex, thalamus, and cerebellum might produce “cognitive

dysmetria” in persons with schizophrenia-spectrum disorders

(Andreasen et al., 1999). When the cognitive dysmetria model was

proposed, there was scant research on the cerebellum in schizo-

phrenia. Since then, converging evidence has provided compelling

support for cerebellar pathology and dysfunction. Anatomical find-

ings include gray matter deficits (Wolfers et al., 2018), reduced

white matter integrity (Mamah, Ji, Rutlin, & Shimony, 2019),

disrupted connectivity (Klauser et al., 2017) and modularity

(D. J. Kim et al., 2014) in the cerebellum in schizophrenia. Such

structural abnormalities contribute to impairments in cognitive

processes (Andreasen et al., 1996; Andreasen & Pierson, 2008;

Ridler et al., 2006) and contribute to sensorimotor dysfunction—

for example, postural sway (Apthorp, Bolbecker, Bartolomeo,

O'Donnell, & Hetrick, 2019), sensorimotor synchronization

(Moussa-Tooks et al., 2019), and prediction (Shergill et al., 2014)

mediated by the cerebellum. Resting-state functional connectivity

disturbances have also been detected. Specifically, functional dys-

connectivity within the thalamo-cerebellar, cortico-cerebellar, and

sensorimotor networks in resting-state have been observed in

schizophrenia (Anticevic et al., 2014; Berman et al., 2016;

Kaufmann et al., 2015; Walther et al., 2017). However, few studies

of resting-state functional connectivity have applied anatomical

parcellation to identify specific cerebellar lobules or regions

affected in schizophrenia. In a seminal study, Buckner et al. utilized

a functional parcellation of the cerebellum based on the cerebral

functional networks (Buckner, Krienen, Castellanos, Diaz, &

Yeo, 2011; Yeo et al., 2011). These functional parcellations for cer-

ebellar resting-state connectivity, however, assigned cerebellar

regions only to their most dominant principal cerebral targets using

a winner-take-all algorithm, which might miss secondary functional

associations from cerebellar seed regions (Yeo et al., 2011).

While the cerebellum constitutes only 10% of total brain mass,

it has about four times as many neurons as the cerebral cortex, rep-

resenting 80% of total brain neurons (Azevedo et al., 2009). The

cerebellum is heterogeneous in terms of its structure and function.

Anatomically, it consists of four different types of neurons in the

cerebellar cortex—that is, granule cells, Purkinje cells, Golgi cells,

and the stellate/basket cells (Voogd & Glickstein, 1998), and the

cerebellar cortex can also be divided into the larger hemispheric

and vermal lobules based on the cerebellar fissures (Schmahmann

et al., 1999). The classical interpretation of the role of the cerebel-

lum is that it is critical for accurate motor control, prediction, and

adaptation (Fine, Ionita, & Lohr, 2002; Glickstein, 2007), consistent

with established neuronal connections between the cerebellum and

motor cortex via thalamus (Strick, 1985). However, since the late

1980s, evidence suggests that the cerebellum also contributes to a

wide range of cognitive processes (Sathyanesan et al., 2019),

including attention, executive control, language, working memory,

learning, pain, emotion, and addiction (Strick, Dum, & Fiez, 2009).

This functional involvement is consistent with anatomical findings

of “closed-looped circuits” between the frontal and parietal cortices

of the brain and the cerebellum (Dum & Strick, 2003; Kelly &

Strick, 2003; Strick et al., 2009).

Recent works by Bernard et al. (2012) demonstrated the impor-

tance of anatomically driven lobular approaches for the resting-state

functional connectivity analysis of the cerebellum. Subsequently, Ber-

nard and Mittal (2014) examined the cerebellar functional topogra-

phies in the psychosis population. One critical finding from these

studies is the importance of examining cerebellar structure regionally

to better understand its role in motor dysfunction in psychosis. How-

ever, nonmotor (cognitive) functional relationships between cerebellar

lobules and the brain have not been well characterized in psychotic

disorders. Consequently, as Bernard et al. suggested, because (a) both

motor and nonmotor-related connectivity changes could exist simulta-

neously in different cerebellar circuits in schizophrenia, and

(b) connectivity analyses from the whole cerebellum could obscure

this, an examination of resting-state functional connectivity based on

anatomically segregated cerebellar lobules could provide insight into

the cerebellar specific regions and connectivities affected in

schizophrenia.

In this study, using anatomically parcellated cerebellar lobules,

we examined resting-state cerebellar–cortical functional connectiv-

ity in patients with schizophrenia or schizoaffective disorder and

nonpsychiatric control participants. We tested the following three

questions: (a) “Does lobular connectivity in the cerebellum differ in

schizophrenia?” As found in previous resting-state studies

(Anticevic et al., 2015; Walther et al., 2017), we hypothesized that

cerebellar–cortical connectivity in schizophrenia would be

increased (i.e., hyperconnectivity) in selective lobules (e.g., Crus I

and II as shown in Anticevic et al., 2015) of the cerebellum,

depending on the connectivity to the cortical resting-state func-

tional network of particular lobules as in Walther et al. (2017).

(b) “Which functional networks in the cerebrum are predominant in

the lobular dysconnectivity of schizophrenia?” In addition to abnor-

mal connectivity in the motor network, typically identified in func-

tional abnormalities in schizophrenia, we also anticipated abnormal

connectivity in higher-level association networks in the cerebrum—

for example, ventral attention network as seen in Shinn, Baker,

Lewandowski, Ongur, and Cohen (2015) and Guo et al. (2018).

Finally, (c) “Is the lobular connectivity associated with motor task

behaviors related to cerebellar functioning?” In our previous study,

we found that schizophrenia-spectrum disorders showed abnormal

motor-related effective connectivity during sensorimotor synchro-

nization (Moussa-Tooks et al., 2019). Therefore, based on the

broad overlap between task and resting-state fMRI abnormalities in

schizophrenia (Mwansisya et al., 2017) and the shared cognitive

abnormalities in the cortico-cerebellar circuit in schizophrenia

(Sheffield & Barch, 2016), resting-state cerebellar–cortical func-

tional connectivity was also predicted to be weakly associated with

finger-tapping behavior in individuals with schizophrenia compared

3120 KIM ET AL.



to controls. By analogy, in the absence of previous relevant imaging

research, the same prediction was made for postural sway, which

has been found to be impaired in schizophrenia (Apthorp

et al., 2019).

2 | MATERIALS AND METHODS

2.1 | Participants

The research protocol was approved by Indiana University's Insti-

tutional Review Board for the protection of human subjects. An

initial patient sample of 50 was recruited through outpatient and

inpatient units at community and state hospitals. Forty-four

healthy control participants were recruited through flyers and

advertisements in local publications. Participants provided verbal

and written informed consent. Following, demographic, cognitive,

handedness (Edinburgh), substance use, and diagnostic details

were obtained. Eligible participants were 18 years of age or older,

and free of any neurological disorder, head trauma with loss of

consciousness greater than 10 min, learning disability, current

alcohol/drug abuse or dependence, past alcohol/drug abuse or

dependence (6 months for patients; lifetime for controls), current

use of illicit substances (confirmed by urine drug screen on the

date of MRI), and contraindication to MRI. Clinical interviews and

neuropsychological assessments were administered by trained,

supervised research personnel in our research center. DSM-IV-TR

Axis I mood, psychotic, alcohol, and substance abuse/dependence

modules of the Structured Clinical Interview for DSM-IV (SCID-I;

patient version for individuals enrolled as having a psychotic disor-

der and nonpatient version for individuals enrolled as control par-

ticipants) were administered. Axis I anxiety disorders were

evaluated using the Mini International Neuropsychiatric Interview

(MINI). Additionally, participants enrolled with a psychotic disorder

were administered the SCID-II for Axis II personality disorders

(i.e., schizoid, schizotypal, paranoid, and antisocial). Control partici-

pants did not have any current Axis I disorder and were deter-

mined via the Family Interview for Genetic Studies (FIGS) to not

have any relatives with a psychotic disorder. After exclusion of

participants with excessive head motion during MRI session (see

strict criteria in Preprocessing section below), analyses are

reported here on 30 individuals with schizophrenia or

schizoaffective disorder (for simplicity, referred to throughout as

the schizophrenia group) and 37 controls. Final demographic infor-

mation after the exclusion of ineligible participants is provided in

Table 1. The clinical ratings for symptoms of schizophrenia were

measured using the Positive and Negative Syndrome Scale

(PANSS) for severity of psychopathology (Kay, Fiszbein, &

Opler, 1987). Intelligence quotient (IQ) was measured using the

Wechsler Abbreviated Scale of Intelligence (WAIS) Full-Scale Intel-

ligence Quotient (2-component version; FSIQ-2; vocabulary and

matrix reasoning). Additionally, the Wechsler Adult Intelligence

Scale (WAIS) Digit Symbol subscale was administered to evaluate

processing speed. Due to the focus of this study on the cerebellum

and the association of this structure with a broad range of move-

ment disorders, the International Cooperative Ataxia Rating Scale

(ICARS) and the Abnormal Involuntary Movement Scale (AIMS)

were administered and Neurological Soft Signs (NSS) were

TABLE 1 Demographic characteristics for the schizophrenia (SZ)
and healthy control participants (HC)

Characteristics SZ (n = 30) HC (n = 37)

Age, mean (SD), years 34.3 (10.4) 38.0 (9.3)

Age, range, years 22–55 20–55

Sex (male/female)a 22/8 19/18

Handedness, (R/L/A)a,b 22/7/1 32/2/3

WASI

FSIQc 101.13 (15.69) 112.44 (13.79)

Vocabularyc 49.80 (12.38) 57.81 (8.66)

Matrix reasoningc 53.00 (11.11) 59.97 (13.30)

WAIS diagnosis

Digit-symbolc 7.70 (2.82) 12.21 (2.89)

Schizophrenia, n (%) 21 (70)

Schizoaffective disorder, n (%) 9 (30)

PANSS

Positive 13.66 (5.63)

Negative 13.41 (4.67)

General 26.72 (9.84)

Finger-tapping

Tone-paced

Interval, (ms) 470.15 (41.19) 475.06 (37.50)

CV of interval 0.11 (0.05) 0.09 (0.05)

Self-paced

Intervalc, (ms) 473.77 (56.41) 505.07 (30.76)

CV of interval 0.11 (0.05) 0.08 (0.08)

Postural sway

Area, log(mm2)

EOOBc 1.51 (0.56) 1.15 (0.33)

EOCBc 1.64 (0.25) 1.42 (0.23)

ECOBc 1.64 (0.46) 1.39 (0.33)

ECCBc 1.88 (0.33) 1.67 (0.31)

Path, log(mm)

EOOBc 2.70 (0.23) 2.55 (0.12)

EOCBc 2.70 (0.18) 2.57 (0.11)

ECOBc 2.78 (0.19) 2.67 (0.14)

ECCBc 2.87 (0.19) 2.77 (0.15)

aχ2 test.
bHandedness: right/left/ambidextrous.
cBetween-group difference for p < .05.

Abbreviations: CV, coefficient of variation; ECCB, eyes-closed

closed-base; ECOB, eyes-closed open-base; EOCB, eyes-open

closed-base; EOOB, eyes-open open-base; FSIQ, Full Scale Intelligent

Quotient; WAIS, Wechsler Adult Intelligence Scale; WASI, Wechsler

Abbreviated Scale of Intelligence.
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assessed. Antipsychotic medication and chlorpromazine (CPZ)

equivalent doses of each patient were evaluated and confirmed

through medical records if necessary. All but four patients were

taking antipsychotics at the time of study participation (Table S1).

2.2 | Behavioral measures

2.2.1 | Finger tapping

Details about the acquisition and processing of finger-tapping data

were described in our previous study (Moussa-Tooks et al., 2019).

Briefly, participants completed three 6-min, consecutive sessions of a

sensorimotor synchronization finger-tapping task. Each session

included six blocks of the following sequence: 6-s tone-paced syn-

chronization tapping (with 500-ms, 2-Hz pacemaker), 20-s self-paced

continuation tapping without tone, 6-s listening, and 15-s resting

periods. Participants tapped with their right index finger on a hand-

held tapping pad with a 1.5-cm diameter force sensor. For tone-paced

and self-paced blocks, mean and variability (defined by the coefficient

of variation) of consecutive tapping intervals were measured.

2.2.2 | Postural sway

Details about the acquisition and preprocessing of postural sway were

described in our previous study (Apthorp et al., 2019). Briefly, partici-

pants stood with their eyes either open or closed, and their feet either

open or closed, resulting in four conditions, on a force platform for

~2 min. To quantify each sway condition, we measured sway path

(path length of the center of pressure during sway trajectory) and area

(95% of confidence ellipse computed from two principal axes with

sway trajectory; Apthorp, Nagle, & Palmisano, 2014; Duarte &

Zatsiorsky, 2002; Tahayor, Riley, Mahmoudian, Koceja, &

Hong, 2012). Since the sway path and area were highly skewed, the

values were log-transformed before the analysis.

2.3 | MRI data acquisition

MRI data were acquired on a Siemens 3T MAGNETOM Trio-Tim

scanner using a 32-channel head coil. Resting-state functional scans

were collected using an echo-planar image (EPI) sequence [repetition

time (TR) = 700 ms; echo time (TE) = 28 ms; flip angle (FA) = 60�;

acquisition matrix = 64 × 64; field of view (FOV) = 220 × 220 mm2;

in-plane voxel size = 3.44 × 3.44 × 3.4 mm3; 36 transverse slices; no

slice gap]. Each participant was instructed to remain still and awake in

the scanner, checked by an MRI operator with a subject monitoring

camera, and keep their eyes open looking at a fixation-cross on a

screen via an LCD projector, resulting in 1,000 volumes (~12 min).

T1-weighted anatomical scans were collected using an inversion-

recovery spoiled gradient recalled acquisition (IR-SPGR) sequence

[TR = 1.8 s; TE = 2.67 ms; inversion time (TI) = 0.9 s; FA = 9�;

acquisition matrix = 256 × 256; in-plane voxel size = 1 × 1 × 1 mm3;

192 sagittal slices].

2.4 | MRI preprocessing

Functional scans were preprocessed with removal of the first 10 vol-

umes (~7 s), motion parameter estimation, de-spiking, slice timing cor-

rection, motion correction, linear trend removal, within-run intensity

normalization to a whole-brain mode value of 1,000, linear regression

of nuisance variables (see below), and temporal band-pass filtering

(0.009–0.08 Hz). Motion parameter estimation was performed prior

to the temporal interpolation of BOLD data (e.g., de-spiking or slice

timing correction), since the temporal interpolation tends to underes-

timate fMRI motion parameters (Power, Plitt, Kundu, Bandettini, &

Martin, 2017). Nuisance parameters for linear regression included six

rigid-body motions, cerebrospinal fluid (CSF), white-matter (WM), and

whole-brain signals, along with their temporal derivatives, squares,

and squares of derivatives (36 regressors; Parkes, Fulcher, Yucel, &

Fornito, 2018), in which we applied five erosion cycles to the WM

mask and two erosion cycles to the CSF mask to minimize the correla-

tion between WM/CSF and whole-brain BOLD signal (Parkes

et al., 2018; Power, Plitt, Laumann, & Martin, 2017). Functional scans

were then co-registered to each individual's anatomical MRI and nor-

malized to the MNI space. Due to the potential distortion when nor-

malizing the cerebellum (Diedrichsen, Balsters, Flavell, Cussans, &

Ramnani, 2009), we separately performed spatial normalization for

the cerebral and cerebellar regions (Bernard, Peltier, et al., 2014). The

Desikan–Killiany parcellation of Freesurfer (http://www.freesurfer.

net) was used to extract the cerebral and cerebellar structures from

each anatomical MRI. MNI152 nonlinear T1-weighted atlas (excluding

the cerebellum) and the spatially unbiased atlas template (SUIT;

Diedrichsen, 2006; Diedrichsen et al., 2009) were used as templates

for the cerebral and cerebellar spatial normalization, respectively. Vol-

umes with high motion in functional scans were censored to minimize

potential motion-artifacts (Power et al., 2014). We used a frame-wise

displacement (FD) threshold of 0.5 mm, assuming 5 cm cortical sphere

radius, and a percentage of BOLD signal changes over the whole-brain

(DVARS) of 0.3, above which scans (including 1 backward and 2 for-

ward volumes) were removed (Power, Barnes, Snyder, Schlaggar, &

Petersen, 2012). After censoring, the mean FD was <0.5 mm

(0.04–0.32) and DVARS <0.15 (0.04–0.11) for all participants.

Twenty-seven participants (20 patients +7 controls) had more than

50% censored scans marked as potentially contaminated by motion

artifacts and were excluded from the analyses, resulting in our final

sample sized of 30 patients and 37 controls.

2.5 | Functional connectivity estimation

Spatial smoothing (6-mm full width at half maximum) in the gray mat-

ter mask (eroded by 1 voxel) was applied to the normalized functional

scans of cortical regions. BOLD time-series were extracted in a set of
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264 putative brain areas (10-mm diameter spheres) acquired from a

task-based neuroimaging meta-analysis (Power et al., 2011). Only the

particular set of regions excluding 37 areas—for example, uncertain

assignment to a functional system; refer to Power et al. (2011), were

selected to represent 10 major functional networks (227 regions;

Figure S1). To extract the cerebellar BOLD time-series, we used

28 lobular parcellation scheme of SUIT cerebellar atlas (Diedrichsen

et al., 2009; Figure S1). Since the cortical functional networks are

located in the bilateral hemispheres, we accordingly extracted the

mean time-series merging hemispherical regions as well as vermis,

which represents 18 lobule-specific cerebellar BOLD time-series.

Functional scans of each cerebellar lobule are separately extracted,

eroded by 1 voxel, and smoothed to minimize BOLD effects from the

adjacent cerebellar lobules. Pearson's correlation coefficients were

then computed between time series from all pairs of brain regions

(227 cortical +18 cerebellar regions) and converted to z-scores using

Fisher's r-to-z transformation resulting in 245 × 245 functional con-

nectivity matrix (Figure S2). The global strength of functional connec-

tivity at the i-th cerebellar lobule was defined as follow:

FCi =
1
N

XN

j=1

zij

where N represents the number of cortical regions (227) and zij the z-

scored functional connectivity from i-th lobule to j-th cortical region.

The functional connectivity strength specific to the k-th cortical net-

work was defined as:

FCk
i =

1
Nk

XNk

j=1

zkij

where Nk represents the number of cortical regions for k-th cortical

network.

2.6 | Statistical analysis

To examine between-group differences of cerebellar–cortical func-

tional connectivity, we used two-step approach as used in Anticevic

et al. (2015). In detail, each lobular functional connectivity was first

correlated with functional connectivities of entire cortical functional

network, providing a connectivity map for each participant that was

entered into second-level analyses (i.e., one-tailed independent sam-

ples t-test based on the hypothesis) in which each lobule's value rep-

resented its global connectivity with the whole cortices.

Subsequently, to examine between-group differences of the func-

tional connectivity for each cerebellar lobule, all individual FCi values

were entered into appropriate second-level tests (i.e., independent

samples t-test). Multiple comparison correction was implemented with

a false-discovery rate (FDR) corrected p < .05 as the statistical thresh-

old. We included age, sex, and handedness as covariates in this model.

Since the patients had more head motion (FD; patients: 0.22 ± 0.09,

controls: 0.14 ± 0.08 in mm, p < .05), the mean FD for each partici-

pant was additionally included as a covariate. Once statistically signifi-

cant lobules were found, we restricted subsequent analyses to these

constrained lobules (Anticevic et al., 2015), showing cerebellar dys-

connectivity in the schizophrenia patients, to examine which func-

tional networks are linked to abnormal cerebellar connectivity. Finally,

correlational analyses were performed between the functional con-

nectivity measures derived from the restricted subsequent analyses

and the finger-tapping variables (e.g., mean tapping interval and its

variability during tone- and self-paced finger-tapping tasks) and the

postural sway variables (e.g., sway path and area for the four sway

conditions: eyes-open open-base, eyes-open closed-base, eyes-closed

open-base, and eyes-closed closed-base).

3 | RESULTS

3.1 | Cerebellar–cortical functional connectivity in
schizophrenia patients

We first tested whether the cerebellar–cortical functional connectiv-

ity from each cerebellar lobule differed between the schizophrenia

and control groups. In a two-step process as used in a previous study

(Anticevic et al., 2015), we initially examined functional connectivity

between the 18 cerebellar lobules and the whole-cerebrum with

10 cortical functional networks (Figure S1). Between-group differ-

ences were found in the cerebellar–cortical functional connectivity

from Crus I, lobule IX, and lobule X (FDR-corrected p < .05 with

Cohen's d: .60–.65) and a trend-level difference in Crus II (p = .01

with Cohen's d = .50, but not surviving FDR-correction) to the whole

cortical functional networks (Figure 1 and Table S2). In the second

step, we subsequently examined the connectivity of these four cere-

bellar lobules with the 10 cortical functional networks; Crus II was

included due to the potential abnormalities found in previous schizo-

phrenia resting-state studies (Ding et al., 2019; Gao et al., 2019; Guo

et al., 2015; Shinn et al., 2015). Our analyses revealed robust

between-group differences (FDR-corrected p < 0.05) for the specific

cortical functional networks (Figure 2 and Table S3). Marked connec-

tivity increases (i.e., hyperconnectivity) for the schizophrenia

patients compared to controls were observed: (a) between Crus I

and the ventral attention, motor, and auditory networks; (b) between

Crus II and the ventral attention network; (c) between lobule IX and

the ventral and dorsal attention, motor, auditory, and cingulo-

opercular networks; and (d) between lobule X and the ventral atten-

tion, motor, and auditory networks, consistent with previous obser-

vations of cortical network abnormalities in schizophrenia

(Bernard & Mittal, 2014; Dong, Wang, Chang, Luo, & Yao, 2018;

Jimenez et al., 2016; Wynn et al., 2015). Hyperconnectivity, which

might also be seen as less anti-correlation, was present even using a

methodological adjustment, global-signal regression (Figure S3–S5).

No vermal regions showed functional connectivity changes in the

patients (Figure S6).
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3.2 | Behavioral performance of finger-tapping and
postural sway

During the self-paced finger-tapping task, individuals with schizophre-

nia had shorter tapping intervals compared to control groups

(patients: controls = 473.77 ± 56.41:505.07 ± 30.76 in ms; t = 2.54,

p = .01, Cohen's d = .68; Figure S7), while the patients during the

same task showed a trend-level increase of tapping variability mea-

sured by the coefficient of variation (CV) of tapping intervals (patients:

controls = 0.11 ± 0.05:0.08 ± 0.08 in ms; t = 1.73, p = .09, Cohen's

d = .48). Also, the sway path and area for individuals with schizophre-

nia were significantly greater than for control groups (p < .05 for all

conditions). Findings of finger-tapping and postural sway measures

were consistent with our previous studies (Apthorp et al., 2019;

Moussa-Tooks et al., 2019).

3.3 | Association between finger-tapping and
cerebellar–cortical connectivity

First, we correlated finger-tapping measures (i.e., tapping intervals

and variability) with functional connectivity values separately for

the four constrained lobules found in the functional connectivity

analysis above (i.e., Crus I, Crus II, lobule IX, and lobule X), and then

subsequent post hoc exploratory analyses were also performed in

the other cerebellar lobules to investigate potential resting-task

associations. In patients, significant correlations were observed

between higher functional connectivity in lobule X to the whole

functional network, but most prominently in ventral attention net-

work, and shorter (r = −.717, p = .001, FDR-corrected) and more

variable (r = .710, p = .001, FDR-corrected) tapping intervals

(Figure 3). No such associations were found in the control group.

F IGURE 1 Resting-state functional connectivity (FC) from the cerebellum (10 hemispheric lobules +8 vermal regions) to the whole cortical
functional networks (FN) described in Power et al. (2011). Between-group differences (* marks) were found for four tentative regions of interest
in the cerebellar hemispheres—Crus I, lobule IX, and lobule X with false-discovery rate (FDR) corrected p < .05; Crus II with uncorrected p < .05.
The scale of radar plots ranged from −0.15 to 0.05 using increments of 0.05. Red and blue colors indicate patients with schizophrenia (SZ) and
healthy control participants (HC), respectively. Shaded areas and error bars represent ±1 SEM
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Relatedly, the associations of functional connectivity between lob-

ule X and the ventral attention network showed significant

between-group differences (Fisher's z-test: p < .05). In the control

group, individuals with less cerebellar–cortical connectivity

(i.e., between the Crus II and the whole functional network, but

most prominently the motor network) had longer self-paced tap-

ping intervals (r = −.573, p = .003, FDR-corrected), while the

patients had dissociable connectivity patterns (r = .060, p = .814 for

the Crus II and motor network) between the tapping behavior and

functional connectivity. Associations from the cerebellar lobules to

the whole cortical functional networks were shown in Figure S8. Of

note, we did not identify a significant association between identi-

fied cerebellar–cortical dysconnectivity and the tone-paced tapping

measures.

F IGURE 2 Resting-state functional connectivity (FC) from 4 tentative cerebellar lobules found in Figure 1 to the individual cortical functional
networks (FN) described in Power et al. (2011). aFalse-discovery rate (FDR) corrected p < .05. bUncorrected p < .05. The scale of radar plots
ranged from −0.4 to 0.4 using increments of 0.2. Red and blue colors indicate patients with schizophrenia (SZ) and healthy control participants
(HC), respectively. Shaded areas represent ±1 SEM. Abbreviations: AUD, auditory network; CON, cingulo-opercular network; DAN, dorsal

attention network; DMN, default-mode network; FPN, frontoparietal network; MOT, motor and somatosensory network; SAN, salience network;
SUB; subcortical network; VAN, ventral attention network; VIS, visual network
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3.4 | Association between postural sway and
cerebellar–cortical connectivity

There were also significant positive associations between the sway

path of eyes-closed conditions and functional connectivity of the Crus

I across the control participants (eyes-closed open-base: r = .428,

p = .018; eyes-closed closed-base r = .553, p = .002; FDR-corrected;

Figure 4) with no associations in patients, which showed significant

between-group differences (Fisher's z-test: p < .05).

4 | DISCUSSION

In this study, lobule-specific resting-state connectivity analysis in the

cerebellum revealed that (a) selective lobules in the cerebella of indi-

viduals with a schizophrenia-spectrum disorder exhibit increased

cerebellar–cortical functional connectivity, particularly in Crus I, Crus

II, lobule IX, and lobule X; (b) hyperconnectivity was most robust for

connections to the ventral attention network, thought to support

attentional filtering (Vossel, Geng, & Fink, 2014), as well as the motor

and auditory networks; and (c) cerebellar–cortical connectivity in the

resting-state was differentially associated with sensorimotor task-

based behavioral measures (i.e., finger-tapping and postural sway) in

schizophrenia compared to controls. These results provide evidence

of aberrant linkage between specific cerebellar lobules and resting-

state networks (sensory, motor, and attentional), lending support to

more recent conceptualizations of the cerebellum's importance in

coordinating a wide range of cognitive and regulatory processes

beyond motor function. Moreover, impairment within these networks

might contribute to the cerebellar motor and cognitive deficits

observed in individuals with schizophrenia-spectrum disorders, as well

as those at-risk for psychosis (Bernard & Mittal, 2014).

4.1 | Cerebellar–cortical functional connectivity in
schizophrenia patients

Previous studies examining resting-state functional connectivity in the

cerebellum demonstrated alterations of the cerebellar association

with cortical networks of schizophrenia, particularly in the

somatomotor system. For example, motivated by the cortico-cerebel-

lar-thalamo-cortical model to elucidate functional involvement of the

cerebellum, Cao et al. found persons with schizophrenia exhibit broad

cerebellar functional hyperconnectivity at rest and while engaged in

cognitive tasks, which covers the nonmotor cortical subnetworks

(e.g., frontoparietal, attention, and default-mode networks) as well as

the sensorimotor cortices (e.g., precentral, postcentral, and supple-

mentary motor areas), suggesting a state-independent neural trait in

schizophrenia (Cao et al., 2018). While Cao et al. showed abnormal

functional connectivity between the cerebellum and cortical areas

(i.e., both sensorimotor and frontotemporal regions) in schizophrenia,

their cerebellar seed regions of interest were located mostly at the

anterior parts of the cerebellum based on Power's brain atlas

(i.e., lobule V and VI; Power et al., 2011), suggesting potential associa-

tions between sensorimotor lobules of the cerebellum and the cortical

association networks. Here, we demonstrated consistent hyper-

connectivity from the cerebellum to cortex in schizophrenia, but spe-

cifically for lobules in Crus I, Crus II, lobule IX, and lobule X, which are

known for their functional role in the cognitive processes (Figures 1

and 2).

F IGURE 3 Significant associations between cerebellar–cortical
functional connectivity (FC) and finger-tapping behavioral measures.
Correlations were evaluated only in four altered lobules found in
Figures 1 and 2, significant associations in each group (p < .05) were
indicated with gray solid lines, and between-group effects (*marks)
between correlation coefficients of two groups at p < .05 (Fisher's
z-test)
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In this study, the most prominent connectivity alterations in

schizophrenia were observed between the cerebellum and the ventral

attention network (Figure 2). The ventral attention network is

involved in reorienting attention in response to salient sensory stimuli

(Fox, Corbetta, Snyder, Vincent, & Raichle, 2006), resulting in the

increased functional activities for the detection of changes in the sen-

sory environment (Downar, Crawley, Mikulis, & Davis, 2000). There is

also converging evidence of connectivity abnormalities in this func-

tional network in schizophrenia, suggesting that the ventral attention

network may play a core role in the disconnected large-scale brain

networks with self-representation and environmental salience

processing of schizophrenia (Dong et al., 2018). Our finding of cere-

bellar functional dysconnectivity to the ventral attention network,

therefore, suggests that patients may be using compensatory adapta-

tion to maintain intrinsic baseline resting-state—for example, con-

sciousness, monitoring body position, processing sensory and

automatic signals, tracking the passage of time, and so on (Binder

et al., 1999).

Previous findings, however, have been somewhat controversial in

terms of direction of the connectivity difference. While increased

functional connectivity in schizophrenia was found at rest with

frontoparietal regions including the ventral attention network associ-

ated with cognitive deficits (Anhoj et al., 2018), Dong et al. demon-

strated, in individual with schizophrenia, hypoconnectivities between

the ventral attention network and other cortical regions with the

default-mode, frontoparietal, and subcortical networks (Dong

et al., 2018). In the cerebellar resting-state analysis, similar

hypoconnectivity in schizophrenia was often found between the ven-

tral attention network and the corresponding cerebellar clusters

(e.g., Crus II and vermis VI; Shinn et al., 2015) and a seed voxel in the

lobule VI (Guo et al., 2018). On the other hand, we found increased

functional connectivity from the cerebellum (particularly, Crus I, Crus

II, lobule IX, and lobule X) to the ventral attention network in schizo-

phrenia. In addition to the complicated nature of functional alterations

in the cerebellum of schizophrenia, directional inconsistency of the

connectivity difference, in part, may be due to the different selection

strategies of the cerebellar seed regions for the computation of func-

tional connectivity. Specifically, Shinn et al. (2015) and Guo

et al. (2018) tried to find the most prominent cortico-cerebellar con-

nections at the whole or the limited set of voxel-level defined by the

functional parcellation (Buckner et al., 2011), and the findings over-

lapped with different cortical networks even in the same cerebellar

lobule. For instance, Crus II in schizophrenia had both

hypoconnectivities to the ventral attention, salience, control, and

default-mode networks, and hyperconnectivities to the somatomotor

and another default-mode networks (Shinn et al., 2015), which sug-

gests a diverse functional role and heterogenous connectivity profiles

in anatomically defined cerebellar lobules (Bernard et al., 2012; Ber-

nard & Mittal, 2014). Accordingly, biological meaning of our results in

the ventral attention network should be cautiously interpreted. Impor-

tantly, our results suggest that functional efficiency, not functional

activity itself, was impaired between the cerebellum and ventral

attention network of schizophrenia, which may be reflected in these

group differences in functional connectivity (Sun, Collinson, Suck-

ling, & Sim, 2019).

While it is noteworthy that alterations in the direction of

resting-state sensorimotor functional connectivity have been

observed in the cerebella of individuals with schizophrenia,

increased (Cao et al., 2018) or decreased (Anticevic et al., 2015;

Berman et al., 2016) hyperconnectivity of the cerebellum to the

sensorimotor system has been more commonly reported (Bernard,

Goen, & Maldonado, 2017; Cao et al., 2018; Shinn et al., 2015;

Walther et al., 2017). For instance, Walther et al. showed

hyperconnectivities within the resting-state motor network in

schizophrenia, which consisted of higher cortico-cerebellar and

thalamo-cortical connections, but not the cerebellar-thalamo con-

nection (Walther et al., 2017). In addition, Ji et al. (2019) found

cerebellar hyperconnectivity, in particular, with somatomotor and

superior temporal cortices in schizophrenia, suggesting the disrup-

tion of large-scale cortico-striatal-thalamic-cerebellar functional

F IGURE 4 Significant associations between cerebellar–cortical functional connectivity (FC) and postural sway measures. Correlations were
evaluated only in four altered lobules found in Figures 1 and 2, and significant associations (p < .05) found in healthy control participants
(HC) were indicated with gray solid lines. *Between-group effects between correlation coefficients of two groups at p < .05 (Fisher's z-test)
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pathways (Anticevic et al., 2015). Our results are in line with these

previous findings that cerebellar hyperconnectivity is prominent in

the cortical motor network in schizophrenia. As with Ji et al. (2019),

we also found hyperconnectivity in the cortical auditory network.

While Buckner's initial study suggested that the primary visual and

auditory cortices may not be functionally connected to cerebellum

at rest (Buckner et al., 2011), they also recognized the possibility

that the cerebellar regions might be connected to their second

dominant principal cerebral targets. Our hyperconnectivity finding

with the auditory network may suggest a potential auditory contri-

bution of the cerebellum in schizophrenia, which is supplementary

to the primary sensorimotor function.

4.2 | Association between finger-tapping and
cerebellar–cortical connectivity

In our previous study, we demonstrated that self-paced tapping, in

which the cerebellum is highly involved in the temporal coordina-

tion of motor activities, is impaired in schizophrenia, and showed a

dyscoordination of the cortico-cerebellar-thalamo-cortical circuit

during this task (Moussa-Tooks et al., 2019). The current study

demonstrated that resting-state connectivity from Crus I and II

(cognitive-related) was disproportionally associated with

cerebellar-mediated sensorimotor performance in patients with

schizophrenia during the self-paced portion of the task. In healthy

participants, tapping intervals further from the target interval

(i.e., reflecting poorer task performance) were correlated with

decreased cerebellar connectivity in Crus II (Figure 3) suggesting a

comparable cerebellar coordination of the nonmotor processes

(Andreasen & Pierson, 2008). Patients, however, demonstrated an

absence of these associations; instead, the cerebellar connectivity

from lobule X to the ventral attention network were negatively

correlated with the tapping interval and positively with tapping

variability. Lobule X, the substrate of the vestibulocerebellum, is

known to be involved in head and body orientation information

processing to help maintain balance (Johns, 2014) and executive

functions such as attentional set-shifting and cognitive inhibition

(T. Kim et al., 2018), and it is also known to be functionally con-

nected to the default-mode network (Bernard & Mittal, 2014). The

self-paced portion of sensorimotor synchronization has been

shown to more strongly engage temporal processing functions,

compared to tone-paced synchronization, for which the current

study found no correlations. Accordingly, these observed correla-

tions together suggest the broader coordinative role that the cere-

bellum contributes across critical domains (i.e., motor, sensory, and

attentional) while at rest or engaged in a task. Specific to schizo-

phrenia, observed associations between poorer tapping perfor-

mance and cerebellum to ventral attention network

hyperconnectivity may indicate: (a) a neural compensatory mecha-

nism in an attempt to remediate poor cerebellar error-correction

processes and/or (b) a deficit in behavioral performance as a func-

tion of excess neural signal.

4.3 | Association between postural sway and
cerebellar–cortical connectivity

Postural sway is known to be sensitive to sensorimotor functioning,

which includes the cerebellum, and impaired postural control as deter-

mined by increased postural sway in psychosis (e.g., ultra high-risk of

psychosis) has been suggested as a potential biomarker (Bernard, Dean,

et al., 2014). Postural sway is highly dependent on sensory integration of

vestibular, visual, and proprioceptive inputs as well as the basal ganglia

and motor cortices (Apthorp et al., 2019; Jacobs & Horak, 2007). We

found that cerebellar lobular connectivity to cortical resting-state net-

works was differentially associated with postural sway depending on

group (Figure 4). Specifically, in healthy participants, less sway

(e.g., “better” task performance as indicated by smaller area and shorter

path length of sway) was associated with lower connectivity from the

nonmotor cerebellar lobule (i.e., Crus I), as would be expected during a

fundamentally motor task. Patients, however, had more sway (“worse”

task performance) and did not show such associations in the nonmotor

cerebellar lobule. This finding of impaired cerebellar rest-task association

in schizophrenia is largely consistent with a previous postural sway study

demonstrating abnormal cerebellar connectivities to both motor and

nonmotor cortices in individuals at ultra-high-risk for the development of

psychosis (Bernard, Dean, et al., 2014). Accordingly, our finding is indica-

tive of altered interactions between the cerebellum and cortical net-

works, in which sensorimotor performance might have an altered

association with cerebellar resting-state connectivity at specific lobules

in schizophrenia.

4.4 | Pathophysiological implications

Alterations in functional connectivity might reflect anatomical or neuro-

physiological alterations within cellular networks. Anatomically, there is

evidence of reduction of dendritic spine density, particularly affecting

pyramidal cells, which would affect long range signaling (Glausier &

Lewis, 2013). From a neurophysiological perspective, NMDA receptor

dysfunction has been implicated in the pathophysiology of schizophrenia

(Javitt, Zukin, Heresco-Levy, & Umbricht, 2012). In humans, acute admin-

istration of the NMDA receptor antagonist, ketamine, elicits symptoms

and cognitive deficits characteristic of schizophrenia. Similarly, in rodent

models, ketamine and other NMDA receptor antagonists can produce

behavioral and electrophysiological deficits similar to those observed in

schizophrenia, such as working memory deficits and reduction of the

mismatch negativity of the event-related potential. It is intriguing in light

of these data that ketamine administration in humans frequently pro-

duces functional hyperconnectivity on MR imaging (Maltbie,

Kaundinya, & Howell, 2017), similar to the findings in the current study.

4.5 | Limitations

This study has several limitations. First, medication assessed by

chlorpromazine-equivalent doses in this study was not correlated with
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any sensorimotor behavioral or functional connectivity measures.

However, the antipsychotic medications might affect the resting-state

connectivity of some functional networks in the cortical areas

(e.g., dorsal attention, executive control, and salience networks;

Kraguljac, White, Hadley, Visscher, et al., 2016) as well as subcortical

regions—for example, the striatum (Sarpal et al., 2015), hippocampus

(Kraguljac, White, Hadley, Hadley, et al., 2016), and ventral tegmental

area (Hadley et al., 2014). Antipsychotic medication has been known

to be associated with motor dysfunction in schizophrenia

(Peralta, Campos, De Jalon, & Cuesta, 2010; Whitty, Owoeye, &

Waddington, 2009). Accordingly, we cannot rule out the possibility

that the medication effect influences altered cerebellar–cortical con-

nectivities in schizophrenia in ways that are not detected by the cur-

rent samples. Several points mitigate this concern: (a) Woodward,

Karbasforoushan, and Heckers (2012) showed that the prefrontal–

thalamic and motor/somatosensory–thalamic connectivity, which are

core constituents of the cerebro-cerebellar loops, were not related to

antipsychotic medication dosage in schizophrenia. (b) Drug-naïve

schizophrenia patients showed functional hyperconnectivity between

the thalamus and the sensorimotor cortex—that is, a part of the

cortico-cerebellar-thalamo-cortical loop (Martino et al., 2018), compa-

rable to the hyperconnectivty between the cerebellum and the motor

functional network in the patients of this study. (c) Antipsychotic

medication may both improve pre-existing abnormalities and cause

“de novo” neurologic syndromes (Peralta & Cuesta, 2010). (d) It is

important to note that in our sample, ratings of involuntary motor

activity (i.e., ICARS, AIMS, and NSS) did not correlate with connectiv-

ity measures. Second, it is possible that the different diagnostic cate-

gories or clinical features may be differentially associated with the

functional connectivity changes or the connectivity-behavior associa-

tions in the cerebellum. Third, we limited our cerebellar lobule-specific

connectivity analyses only to those lobules that showed group differ-

ences in connectivity with whole-brain cortical connectivity to reduce

multiple comparisons. Given the reduced power of the present study,

our findings warrant further examination with larger samples. The rel-

atively small sample size limited our ability to assess the impact of

additional variables (e.g., clinical status, chlorpromazine-equivalent

doses, etc.). In addition, the exploratory nature of the analyses of the

behavioral correlates warrants caution until larger studies are con-

ducted wherein more stringent corrections for multiple comparisons

can be appropriately applied. Forth, the resting-state acquisition

period in this study was relatively short (~12 min), especially com-

pared to recent recommendations for much longer sessions (Marek

et al., 2018), which may be impractical for clinical studies due to head

motion.

5 | CONCLUSION

Significant functional hyperconnectivity was found between specific

cerebellar lobules and cortical resting-state networks in schizophrenia.

Moreover, cerebellar functional connectivity of both motor and non-

motor lobules to cortical networks was associated with impaired

sensorimotor synchronization and postural control in schizophrenia.

These connectivity alterations in the cerebellum are consistent with

dysconnectivity theories of schizophrenia (Andreasen &

Pierson, 2008), and expand understanding of the role of the cerebel-

lum beyond motor function to include broader cerebral coordinative

processes. Findings of cerebellar hyperconnectivity and abnormal con-

nectivity associations with sensorimotor behavioral tasks suggest that

lobule-specific resting-state functional connectivity may be a candi-

date biological marker of schizophrenia and may predict a putative

relationship with behavioral mechanisms of motor and cognitive

processes.

ACKNOWLEDGMENTS

We thank the patients and their families for their participation. We

also thank the IUB Imaging Research Facility staff. The authors

declare no conflicts of interest in relation to the subject of this study.

The data that support the findings of this study are available from the

corresponding author upon reasonable request. This work was

supported by the National Institute of Mental Health (R01

MH074983 to W.P.H., R21 MH091774 to B.F.O., T32 MH103213 to

W.P.H. and A.B.M.), Indiana Clinical and Translational Sciences Insti-

tute award (TL1 TR001107 and UL1 TR001108 to A.B.M.), and the

Brain and Behavior Research Foundation (NARSAD Young Investiga-

tor Award to A.R.B.).

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Dae-Jin Kim https://orcid.org/0000-0001-6664-0869

Sharlene D. Newman https://orcid.org/0000-0002-5575-8535

REFERENCES

Andreasen, N. C., Nopoulos, P., O'Leary, D. S., Miller, D. D., Wassink, T., &

Flaum, M. (1999). Defining the phenotype of schizophrenia: Cognitive

dysmetria and its neural mechanisms. Biological Psychiatry, 46(7),

908–920. https://doi.org/10.1016/s0006-3223(99)00152-3
Andreasen, N. C., O'Leary, D. S., Cizadlo, T., Arndt, S., Rezai, K.,

Ponto, L. L., … Hichwa, R. D. (1996). Schizophrenia and cognitive

dysmetria: A positron-emission tomography study of dysfunctional

prefrontal-thalamic-cerebellar circuitry. Proceedings of the National

Academy of Sciences of the United States of America, 93(18),

9985–9990. https://doi.org/10.1073/pnas.93.18.9985
Andreasen, N. C., & Pierson, R. (2008). The role of the cerebellum in

schizophrenia. Biological Psychiatry, 64(2), 81–88. https://doi.org/10.
1016/j.biopsych.2008.01.003

Anhoj, S., Odegaard Nielsen, M., Jensen, M. H., Ford, K., Fagerlund, B.,

Williamson, P., … Rostrup, E. (2018). Alterations of intrinsic connectiv-

ity networks in antipsychotic-naive first-episode schizophrenia. Schizo-

phrenia Bulletin, 44(6), 1332–1340. https://doi.org/10.1093/schbul/

sbx171

Anticevic, A., Haut, K., Murray, J. D., Repovs, G., Yang, G. J., Diehl, C., …
Cannon, T. D. (2015). Association of Thalamic Dysconnectivity and

Conversion to psychosis in youth and young adults at elevated clinical

risk. JAMA Psychiatry, 72(9), 882–891. https://doi.org/10.1001/

jamapsychiatry.2015.0566

KIM ET AL. 3129

https://orcid.org/0000-0001-6664-0869
https://orcid.org/0000-0001-6664-0869
https://orcid.org/0000-0002-5575-8535
https://orcid.org/0000-0002-5575-8535
https://doi.org/10.1016/s0006-3223(99)00152-3
https://doi.org/10.1073/pnas.93.18.9985
https://doi.org/10.1016/j.biopsych.2008.01.003
https://doi.org/10.1016/j.biopsych.2008.01.003
https://doi.org/10.1093/schbul/sbx171
https://doi.org/10.1093/schbul/sbx171
https://doi.org/10.1001/jamapsychiatry.2015.0566
https://doi.org/10.1001/jamapsychiatry.2015.0566


Anticevic, A., Yang, G., Savic, A., Murray, J. D., Cole, M. W., Repovs, G., …
Glahn, D. C. (2014). Mediodorsal and visual thalamic connectivity dif-

fer in schizophrenia and bipolar disorder with and without psychosis

history. Schizophrenia Bulletin, 40(6), 1227–1243. https://doi.org/10.
1093/schbul/sbu100

Apthorp, D., Bolbecker, A. R., Bartolomeo, L. A., O'Donnell, B. F., &

Hetrick, W. P. (2019). Postural sway abnormalities in schizotypal per-

sonality disorder. Schizophrenia Bulletin, 45(3), 512–521. https://doi.
org/10.1093/schbul/sby141

Apthorp, D., Nagle, F., & Palmisano, S. (2014). Chaos in balance: Non-linear

measures of postural control predict individual variations in visual illu-

sions of motion. PLoS One, 9(12), e113897. https://doi.org/10.1371/

journal.pone.0113897

Azevedo, F. A., Carvalho, L. R., Grinberg, L. T., Farfel, J. M., Ferretti, R. E.,

Leite, R. E., … Herculano-Houzel, S. (2009). Equal numbers of neuronal

and nonneuronal cells make the human brain an isometrically scaled-

up primate brain. The Journal of Comparative Neurology, 513(5),

532–541. https://doi.org/10.1002/cne.21974
Berman, R. A., Gotts, S. J., McAdams, H. M., Greenstein, D., Lalonde, F.,

Clasen, L., … Rapoport, J. (2016). Disrupted sensorimotor and social-

cognitive networks underlie symptoms in childhood-onset schizophre-

nia. Brain, 139(Pt 1), 276–291. https://doi.org/10.1093/brain/awv306

Bernard, J. A., Dean, D. J., Kent, J. S., Orr, J. M., Pelletier-Baldelli, A.,

Lunsford-Avery, J. R., … Mittal, V. A. (2014). Cerebellar networks in

individuals at ultra high-risk of psychosis: Impact on postural sway and

symptom severity. Human Brain Mapping, 35(8), 4064–4078. https://
doi.org/10.1002/hbm.22458

Bernard, J. A., Goen, J. R. M., & Maldonado, T. (2017). A case for motor

network contributions to schizophrenia symptoms: Evidence from

resting-state connectivity. Human Brain Mapping, 38(9), 4535–4545.
https://doi.org/10.1002/hbm.23680

Bernard, J. A., & Mittal, V. A. (2014). Cerebellar-motor dysfunction in

schizophrenia and psychosis-risk: The importance of regional cerebel-

lar analysis approaches. Frontiers in Psychiatry, 5, 160. https://doi.org/

10.3389/fpsyt.2014.00160

Bernard, J. A., Peltier, S. J., Benson, B. L., Wiggins, J. L., Jaeggi, S. M.,

Buschkuehl, M., … Seidler, R. D. (2014). Dissociable functional net-

works of the human dentate nucleus. Cerebral Cortex, 24(8),

2151–2159. https://doi.org/10.1093/cercor/bht065
Bernard, J. A., Seidler, R. D., Hassevoort, K. M., Benson, B. L., Welsh, R. C.,

Wiggins, J. L., … Peltier, S. J. (2012). Resting state cortico-cerebellar

functional connectivity networks: A comparison of anatomical and

self-organizing map approaches. Frontiers in Neuroanatomy, 6, 31.

https://doi.org/10.3389/fnana.2012.00031

Binder, J. R., Frost, J. A., Hammeke, T. A., Bellgowan, P. S., Rao, S. M., &

Cox, R. W. (1999). Conceptual processing during the conscious resting

state. A functional MRI study. Journal of Cognitive Neuroscience, 11(1),

80–95. https://doi.org/10.1162/089892999563265
Buckner, R. L., Krienen, F. M., Castellanos, A., Diaz, J. C., & Yeo, B. T.

(2011). The organization of the human cerebellum estimated by intrin-

sic functional connectivity. Journal of Neurophysiology, 106(5),

2322–2345. https://doi.org/10.1152/jn.00339.2011
Cao, H., Chen, O. Y., Chung, Y., Forsyth, J. K., McEwen, S. C., Gee, D. G., …

Cannon, T. D. (2018). Cerebello-thalamo-cortical hyperconnectivity as

a state-independent functional neural signature for psychosis predic-

tion and characterization. Nature Communications, 9(1), 3836. https://

doi.org/10.1038/s41467-018-06350-7

Diedrichsen, J. (2006). A spatially unbiased atlas template of the human

cerebellum. NeuroImage, 33(1), 127–138. https://doi.org/10.1016/j.

neuroimage.2006.05.056

Diedrichsen, J., Balsters, J. H., Flavell, J., Cussans, E., & Ramnani, N. (2009).

A probabilistic MR atlas of the human cerebellum. NeuroImage, 46(1),

39–46. https://doi.org/10.1016/j.neuroimage.2009.01.045

Ding, Y., Ou, Y., Pan, P., Shan, X., Chen, J., Liu, F., … Guo, W. (2019). Cere-

bellar structural and functional abnormalities in first-episode and drug-

naive patients with schizophrenia: A meta-analysis. Psychiatry

Research: Neuroimaging, 283, 24–33. https://doi.org/10.1016/j.

pscychresns.2018.11.009

Dong, D., Wang, Y., Chang, X., Luo, C., & Yao, D. (2018). Dysfunction of

large-scale brain networks in schizophrenia: A meta-analysis of

resting-state functional connectivity. Schizophrenia Bulletin, 44(1),

168–181. https://doi.org/10.1093/schbul/sbx034
Downar, J., Crawley, A. P., Mikulis, D. J., & Davis, K. D. (2000). A multi-

modal cortical network for the detection of changes in the sensory

environment. Nature Neuroscience, 3(3), 277–283. https://doi.org/10.
1038/72991

Duarte, M., & Zatsiorsky, V. M. (2002). Effects of body lean and visual

information on the equilibrium maintenance during stance. Experimen-

tal Brain Research, 146(1), 60–69. https://doi.org/10.1007/s00221-

002-1154-1

Dum, R. P., & Strick, P. L. (2003). An unfolded map of the cerebellar den-

tate nucleus and its projections to the cerebral cortex. Journal of Neu-

rophysiology, 89(1), 634–639. https://doi.org/10.1152/jn.00626.2002
Fine, E. J., Ionita, C. C., & Lohr, L. (2002). The history of the development

of the cerebellar examination. Seminars in Neurology, 22(4), 375–384.
https://doi.org/10.1055/s-2002-36759

Fox, M. D., Corbetta, M., Snyder, A. Z., Vincent, J. L., & Raichle, M. E.

(2006). Spontaneous neuronal activity distinguishes human dorsal and

ventral attention systems. Proceedings of the National Academy of Sci-

ences of the United States of America, 103(26), 10046–10051. https://
doi.org/10.1073/pnas.0604187103

Gao, J., Tang, X., Wang, C., Yu, M., Sha, W., Wang, X., … Zhang, X. (2019).

Aberrant cerebellar neural activity and cerebro-cerebellar functional

connectivity involving executive dysfunction in schizophrenia with pri-

mary negative symptoms. Brain Imaging and Behavior. https://doi.org/

10.1007/s11682-018-0032-9

Glausier, J. R., & Lewis, D. A. (2013). Dendritic spine pathology in schizo-

phrenia. Neuroscience, 251, 90–107. https://doi.org/10.1016/j.

neuroscience.2012.04.044

Glickstein, M. (2007). What does the cerebellum really do? Current

Biology, 17(19), R824–R827. https://doi.org/10.1016/j.cub.2007.

08.009

Guo, W., Liu, F., Chen, J., Wu, R., Zhang, Z., Yu, M., … Zhao, J. (2015). Rest-

ing-state cerebellar-cerebral networks are differently affected in first-

episode, drug-naive schizophrenia patients and unaffected siblings.

Scientific Reports, 5, 17275. https://doi.org/10.1038/srep17275

Guo, W., Zhang, F., Liu, F., Chen, J., Wu, R., Chen, D. Q., … Zhao, J. (2018).

Cerebellar abnormalities in first-episode, drug-naive schizophrenia at

rest. Psychiatry Research: Neuroimaging, 276, 73–79. https://doi.org/
10.1016/j.pscychresns.2018.03.010

Hadley, J. A., Nenert, R., Kraguljac, N. V., Bolding, M. S., White, D. M.,

Skidmore, F. M., … Lahti, A. C. (2014). Ventral tegmental area/midbrain

functional connectivity and response to antipsychotic medication in

schizophrenia. Neuropsychopharmacology, 39(4), 1020–1030. https://
doi.org/10.1038/npp.2013.305

Jacobs, J. V., & Horak, F. B. (2007). External postural perturbations induce

multiple anticipatory postural adjustments when subjects cannot pre-

select their stepping foot. Experimental Brain Research, 179(1), 29–42.
https://doi.org/10.1007/s00221-006-0763-5

Javitt, D. C., Zukin, S. R., Heresco-Levy, U., & Umbricht, D. (2012). Has an

angel shown the way? Etiological and therapeutic implications of the

PCP/NMDA model of schizophrenia. Schizophrenia Bulletin, 38(5),

958–966. https://doi.org/10.1093/schbul/sbs069
Ji, J. L., Diehl, C., Schleifer, C., Tamminga, C. A., Keshavan, M. S.,

Sweeney, J. A., … Anticevic, A. (2019). Schizophrenia exhibits bi-

directional brain-wide alterations in Cortico-Striato-cerebellar circuits.

Cerebral Cortex, 29(11), 4463–4487. https://doi.org/10.1093/cercor/
bhy306

Jimenez, A. M., Lee, J., Wynn, J. K., Cohen, M. S., Engel, S. A., Glahn, D. C.,

… Green, M. F. (2016). Abnormal ventral and dorsal attention network

3130 KIM ET AL.

https://doi.org/10.1093/schbul/sbu100
https://doi.org/10.1093/schbul/sbu100
https://doi.org/10.1093/schbul/sby141
https://doi.org/10.1093/schbul/sby141
https://doi.org/10.1371/journal.pone.0113897
https://doi.org/10.1371/journal.pone.0113897
https://doi.org/10.1002/cne.21974
https://doi.org/10.1093/brain/awv306
https://doi.org/10.1002/hbm.22458
https://doi.org/10.1002/hbm.22458
https://doi.org/10.1002/hbm.23680
https://doi.org/10.3389/fpsyt.2014.00160
https://doi.org/10.3389/fpsyt.2014.00160
https://doi.org/10.1093/cercor/bht065
https://doi.org/10.3389/fnana.2012.00031
https://doi.org/10.1162/089892999563265
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.1038/s41467-018-06350-7
https://doi.org/10.1038/s41467-018-06350-7
https://doi.org/10.1016/j.neuroimage.2006.05.056
https://doi.org/10.1016/j.neuroimage.2006.05.056
https://doi.org/10.1016/j.neuroimage.2009.01.045
https://doi.org/10.1016/j.pscychresns.2018.11.009
https://doi.org/10.1016/j.pscychresns.2018.11.009
https://doi.org/10.1093/schbul/sbx034
https://doi.org/10.1038/72991
https://doi.org/10.1038/72991
https://doi.org/10.1007/s00221-002-1154-1
https://doi.org/10.1007/s00221-002-1154-1
https://doi.org/10.1152/jn.00626.2002
https://doi.org/10.1055/s-2002-36759
https://doi.org/10.1073/pnas.0604187103
https://doi.org/10.1073/pnas.0604187103
https://doi.org/10.1007/s11682-018-0032-9
https://doi.org/10.1007/s11682-018-0032-9
https://doi.org/10.1016/j.neuroscience.2012.04.044
https://doi.org/10.1016/j.neuroscience.2012.04.044
https://doi.org/10.1016/j.cub.2007.08.009
https://doi.org/10.1016/j.cub.2007.08.009
https://doi.org/10.1038/srep17275
https://doi.org/10.1016/j.pscychresns.2018.03.010
https://doi.org/10.1016/j.pscychresns.2018.03.010
https://doi.org/10.1038/npp.2013.305
https://doi.org/10.1038/npp.2013.305
https://doi.org/10.1007/s00221-006-0763-5
https://doi.org/10.1093/schbul/sbs069
https://doi.org/10.1093/cercor/bhy306
https://doi.org/10.1093/cercor/bhy306


activity during single and dual target detection in schizophrenia. Fron-

tiers in Psychology, 7, 323. https://doi.org/10.3389/fpsyg.2016.00323

Johns, P. (2014). Functional neuroanatomy. In P. Johns (Ed.), Clinical Neuro-

science (pp. 27–47). London: Churchill Livingstone.
Kaufmann, T., Skatun, K. C., Alnaes, D., Doan, N. T., Duff, E. P.,

Tonnesen, S., … Westlye, L. T. (2015). Disintegration of sensorimotor

brain networks in schizophrenia. Schizophrenia Bulletin, 41(6),

1326–1335. https://doi.org/10.1093/schbul/sbv060
Kay, S. R., Fiszbein, A., & Opler, L. A. (1987). The positive and negative

syndrome scale (PANSS) for schizophrenia. Schizophrenia Bulletin, 13

(2), 261–276. https://doi.org/10.1093/schbul/13.2.261
Kelly, R. M., & Strick, P. L. (2003). Cerebellar loops with motor cortex and

prefrontal cortex of a nonhuman primate. The Journal of Neuroscience,

23(23), 8432–8444.
Kim, D. J., Kent, J. S., Bolbecker, A. R., Sporns, O., Cheng, H.,

Newman, S. D., … Hetrick, W. P. (2014). Disrupted modular architec-

ture of cerebellum in schizophrenia: A graph theoretic analysis. Schizo-

phrenia Bulletin, 40(6), 1216–1226. https://doi.org/10.1093/schbul/

sbu059

Kim, T., Lee, K. H., Oh, H., Lee, T. Y., Cho, K. I. K., Lee, J., & Kwon, J. S.

(2018). Cerebellar structural abnormalities associated with cognitive

function in patients with first-episode psychosis. Frontiers in Psychia-

try, 9, 286. https://doi.org/10.3389/fpsyt.2018.00286

Klauser, P., Baker, S. T., Cropley, V. L., Bousman, C., Fornito, A., Cocchi, L.,

… Zalesky, A. (2017). White matter disruptions in schizophrenia are

spatially widespread and topologically converge on brain network

hubs. Schizophrenia Bulletin, 43(2), 425–435. https://doi.org/10.1093/
schbul/sbw100

Kraguljac, N. V., White, D. M., Hadley, J. A., Visscher, K., Knight, D., Ver

Hoef, L., … Lahti, A. C. (2016). Abnormalities in large scale functional

networks in unmedicated patients with schizophrenia and effects of

risperidone. Neuroimage Clinical, 10, 146–158. https://doi.org/10.

1016/j.nicl.2015.11.015

Kraguljac, N. V., White, D. M., Hadley, N., Hadley, J. A., Ver Hoef, L.,

Davis, E., & Lahti, A. C. (2016). Aberrant hippocampal connectivity in

Unmedicated patients with schizophrenia and effects of antipsychotic

medication: A longitudinal resting state functional MRI study. Schizo-

phrenia Bulletin, 42(4), 1046–1055. https://doi.org/10.1093/schbul/

sbv228

Maltbie, E. A., Kaundinya, G. S., & Howell, L. L. (2017). Ketamine and phar-

macological imaging: Use of functional magnetic resonance imaging to

evaluate mechanisms of action. Behavioural Pharmacology, 28(8),

610–622. https://doi.org/10.1097/FBP.0000000000000354
Mamah, D., Ji, A., Rutlin, J., & Shimony, J. S. (2019). White matter integrity

in schizophrenia and bipolar disorder: Tract- and voxel-based analyses

of diffusion data from the Connectom scanner. Neuroimage Clinical,

21, 101649. https://doi.org/10.1016/j.nicl.2018.101649

Marek, S., Siegel, J. S., Gordon, E. M., Raut, R. V., Gratton, C.,

Newbold, D. J., … Dosenbach, N. U. F. (2018). Spatial and temporal

Organization of the Individual Human Cerebellum. Neuron, 100(4),

977–993.e977. https://doi.org/10.1016/j.neuron.2018.10.010
Martino, M., Magioncalda, P., Yu, H., Li, X., Wang, Q., Meng, Y., … Li, T.

(2018). Abnormal resting-state connectivity in a Substantia Nigra-

related Striato-Thalamo-cortical network in a large sample of first-

episode drug-naive patients with schizophrenia. Schizophrenia Bulletin,

44(2), 419–431. https://doi.org/10.1093/schbul/sbx067
Moussa-Tooks, A. B., Kim, D. J., Bartolomeo, L. A., Purcell, J. R.,

Bolbecker, A. R., Newman, S. D., … Hetrick, W. P. (2019). Impaired

effective connectivity during a cerebellar-mediated sensorimotor syn-

chronization task in schizophrenia. Schizophrenia Bulletin, 45(3),

531–541. https://doi.org/10.1093/schbul/sby064
Mwansisya, T. E., Hu, A., Li, Y., Chen, X., Wu, G., Huang, X., … Liu, Z.

(2017). Task and resting-state fMRI studies in first-episode schizo-

phrenia: A systematic review. Schizophrenia Research, 189, 9–18.
https://doi.org/10.1016/j.schres.2017.02.026

Parkes, L., Fulcher, B., Yucel, M., & Fornito, A. (2018). An evaluation of the

efficacy, reliability, and sensitivity of motion correction strategies for

resting-state functional MRI. NeuroImage, 171, 415–436. https://doi.
org/10.1016/j.neuroimage.2017.12.073

Peralta, V., Campos, M. S., De Jalon, E. G., & Cuesta, M. J. (2010). Motor

behavior abnormalities in drug-naive patients with schizophrenia spec-

trum disorders. Movement Disorders, 25(8), 1068–1076. https://doi.
org/10.1002/mds.23050

Peralta, V., & Cuesta, M. J. (2010). The effect of antipsychotic medica-

tion on neuromotor abnormalities in neuroleptic-naive nonaffective

psychotic patients: A naturalistic study with haloperidol, risperi-

done, or olanzapine. Primary Care Companion to the Journal of Clini-

cal Psychiatry, 12(2), PCC.09m00799. https://doi.org/10.4088/

PCC.09m00799gry

Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., & Petersen, S. E.

(2012). Spurious but systematic correlations in functional connectivity

MRI networks arise from subject motion. NeuroImage, 59(3),

2142–2154. https://doi.org/10.1016/j.neuroimage.2011.10.018

Power, J. D., Cohen, A. L., Nelson, S. M., Wig, G. S., Barnes, K. A.,

Church, J. A., … Petersen, S. E. (2011). Functional network organization

of the human brain. Neuron, 72(4), 665–678. https://doi.org/10.1016/
j.neuron.2011.09.006

Power, J. D., Mitra, A., Laumann, T. O., Snyder, A. Z., Schlaggar, B. L., &

Petersen, S. E. (2014). Methods to detect, characterize, and remove

motion artifact in resting state fMRI. NeuroImage, 84, 320–341.
https://doi.org/10.1016/j.neuroimage.2013.08.048

Power, J. D., Plitt, M., Kundu, P., Bandettini, P. A., & Martin, A. (2017).

Temporal interpolation alters motion in fMRI scans: Magnitudes and

consequences for artifact detection. PLoS One, 12(9), e0182939.

https://doi.org/10.1371/journal.pone.0182939

Power, J. D., Plitt, M., Laumann, T. O., & Martin, A. (2017). Sources and

implications of whole-brain fMRI signals in humans. NeuroImage, 146,

609–625. https://doi.org/10.1016/j.neuroimage.2016.09.038

Ridler, K., Veijola, J. M., Tanskanen, P., Miettunen, J., Chitnis, X.,

Suckling, J., … Bullmore, E. T. (2006). Fronto-cerebellar systems are

associated with infant motor and adult executive functions in healthy

adults but not in schizophrenia. Proceedings of the National Academy of

Sciences of the United States of America, 103(42), 15651–15656.
https://doi.org/10.1073/pnas.0602639103

Sarpal, D. K., Robinson, D. G., Lencz, T., Argyelan, M., Ikuta, T.,

Karlsgodt, K., … Malhotra, A. K. (2015). Antipsychotic treatment and

functional connectivity of the striatum in first-episode schizophrenia.

JAMA Psychiatry, 72(1), 5–13. https://doi.org/10.1001/

jamapsychiatry.2014.1734

Sathyanesan, A., Zhou, J., Scafidi, J., Heck, D. H., Sillitoe, R. V., &

Gallo, V. (2019). Emerging connections between cerebellar develop-

ment, behaviour and complex brain disorders. Nature Reviews. Neu-

roscience, 20(5), 298–313. https://doi.org/10.1038/s41583-019-

0152-2

Schmahmann, J. D., Doyon, J., McDonald, D., Holmes, C., Lavoie, K.,

Hurwitz, A. S., … Petrides, M. (1999). Three-dimensional MRI atlas of

the human cerebellum in proportional stereotaxic space. NeuroImage,

10(3 Pt 1), 233–260. https://doi.org/10.1006/nimg.1999.0459

Sheffield, J. M., & Barch, D. M. (2016). Cognition and resting-state func-

tional connectivity in schizophrenia. Neuroscience and Biobehavioral

Reviews, 61, 108–120. https://doi.org/10.1016/j.neubiorev.2015.

12.007

Shergill, S. S., White, T. P., Joyce, D. W., Bays, P. M., Wolpert, D. M., &

Frith, C. D. (2014). Functional magnetic resonance imaging of impaired

sensory prediction in schizophrenia. JAMA Psychiatry, 71(1), 28–35.
https://doi.org/10.1001/jamapsychiatry.2013.2974

Shinn, A. K., Baker, J. T., Lewandowski, K. E., Ongur, D., & Cohen, B. M.

(2015). Aberrant cerebellar connectivity in motor and association net-

works in schizophrenia. Frontiers in Human Neuroscience, 9, 134.

https://doi.org/10.3389/fnhum.2015.00134

KIM ET AL. 3131

https://doi.org/10.3389/fpsyg.2016.00323
https://doi.org/10.1093/schbul/sbv060
https://doi.org/10.1093/schbul/13.2.261
https://doi.org/10.1093/schbul/sbu059
https://doi.org/10.1093/schbul/sbu059
https://doi.org/10.3389/fpsyt.2018.00286
https://doi.org/10.1093/schbul/sbw100
https://doi.org/10.1093/schbul/sbw100
https://doi.org/10.1016/j.nicl.2015.11.015
https://doi.org/10.1016/j.nicl.2015.11.015
https://doi.org/10.1093/schbul/sbv228
https://doi.org/10.1093/schbul/sbv228
https://doi.org/10.1097/FBP.0000000000000354
https://doi.org/10.1016/j.nicl.2018.101649
https://doi.org/10.1016/j.neuron.2018.10.010
https://doi.org/10.1093/schbul/sbx067
https://doi.org/10.1093/schbul/sby064
https://doi.org/10.1016/j.schres.2017.02.026
https://doi.org/10.1016/j.neuroimage.2017.12.073
https://doi.org/10.1016/j.neuroimage.2017.12.073
https://doi.org/10.1002/mds.23050
https://doi.org/10.1002/mds.23050
https://doi.org/10.4088/PCC.09m00799gry
https://doi.org/10.4088/PCC.09m00799gry
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1016/j.neuron.2011.09.006
https://doi.org/10.1016/j.neuron.2011.09.006
https://doi.org/10.1016/j.neuroimage.2013.08.048
https://doi.org/10.1371/journal.pone.0182939
https://doi.org/10.1016/j.neuroimage.2016.09.038
https://doi.org/10.1073/pnas.0602639103
https://doi.org/10.1001/jamapsychiatry.2014.1734
https://doi.org/10.1001/jamapsychiatry.2014.1734
https://doi.org/10.1038/s41583-019-0152-2
https://doi.org/10.1038/s41583-019-0152-2
https://doi.org/10.1006/nimg.1999.0459
https://doi.org/10.1016/j.neubiorev.2015.12.007
https://doi.org/10.1016/j.neubiorev.2015.12.007
https://doi.org/10.1001/jamapsychiatry.2013.2974
https://doi.org/10.3389/fnhum.2015.00134


Strick, P. L. (1985). How do the basal ganglia and cerebellum gain access

to the cortical motor areas? Behavioural Brain Research, 18(2),

107–123. https://doi.org/10.1016/0166-4328(85)90067-1
Strick, P. L., Dum, R. P., & Fiez, J. A. (2009). Cerebellum and nonmotor

function. Annual Review of Neuroscience, 32, 413–434. https://doi.org/
10.1146/annurev.neuro.31.060407.125606

Sun, Y., Collinson, S. L., Suckling, J., & Sim, K. (2019). Dynamic reorganiza-

tion of functional connectivity reveals abnormal temporal efficiency in

schizophrenia. Schizophrenia Bulletin, 45(3), 659–669. https://doi.org/
10.1093/schbul/sby077

Tahayor, B., Riley, Z. A., Mahmoudian, A., Koceja, D. M., & Hong, S. L.

(2012). Rambling and trembling in response to body loading. Motor

Control, 16(2), 144–157. https://doi.org/10.1123/mcj.16.2.144

Voogd, J., & Glickstein, M. (1998). The anatomy of the cerebellum. Trends

in Cognitive Sciences, 2(9), 307–313. https://doi.org/10.1016/s1364-
6613(98)01210-8

Vossel, S., Geng, J. J., & Fink, G. R. (2014). Dorsal and ventral attention

systems: Distinct neural circuits but collaborative roles. The Neurosci-

entist, 20(2), 150–159. https://doi.org/10.1177/1073858413494269
Walther, S., Stegmayer, K., Federspiel, A., Bohlhalter, S., Wiest, R., &

Viher, P. V. (2017). Aberrant Hyperconnectivity in the motor system at

rest is linked to motor abnormalities in schizophrenia Spectrum disor-

ders. Schizophrenia Bulletin, 43(5), 982–992. https://doi.org/10.1093/
schbul/sbx091

Whitty, P. F., Owoeye, O., & Waddington, J. L. (2009). Neurological signs

and involuntary movements in schizophrenia: Intrinsic to and informa-

tive on systems pathobiology. Schizophrenia Bulletin, 35(2), 415–424.
https://doi.org/10.1093/schbul/sbn126

Wolfers, T., Doan, N. T., Kaufmann, T., Alnaes, D., Moberget, T., Agartz, I.,

… Marquand, A. F. (2018). Mapping the heterogeneous phenotype of

schizophrenia and bipolar disorder using normative models. JAMA

Psychiatry, 75(11), 1146–1155. https://doi.org/10.1001/

jamapsychiatry.2018.2467

Woodward, N. D., Karbasforoushan, H., & Heckers, S. (2012).

Thalamocortical dysconnectivity in schizophrenia. The American Jour-

nal of Psychiatry, 169(10), 1092–1099. https://doi.org/10.1176/appi.
ajp.2012.12010056

Wynn, J. K., Jimenez, A. M., Roach, B. J., Korb, A., Lee, J., Horan, W. P., …
Green, M. F. (2015). Impaired target detection in schizophrenia and

the ventral attentional network: Findings from a joint event-related

potential-functional MRI analysis. Neuroimage Clinical, 9, 95–102.
https://doi.org/10.1016/j.nicl.2015.07.004

Yeo, B. T., Krienen, F. M., Sepulcre, J., Sabuncu, M. R., Lashkari, D.,

Hollinshead, M., … Buckner, R. L. (2011). The organization of the

human cerebral cortex estimated by intrinsic functional connectivity.

Journal of Neurophysiology, 106(3), 1125–1165. https://doi.org/10.

1152/jn.00338.2011

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Kim D-J, Moussa-Tooks AB,

Bolbecker AR, et al. Cerebellar–cortical dysconnectivity in

resting-state associated with sensorimotor tasks in

schizophrenia. Hum Brain Mapp. 2020;41:3119–3132. https://

doi.org/10.1002/hbm.25002

3132 KIM ET AL.

https://doi.org/10.1016/0166-4328(85)90067-1
https://doi.org/10.1146/annurev.neuro.31.060407.125606
https://doi.org/10.1146/annurev.neuro.31.060407.125606
https://doi.org/10.1093/schbul/sby077
https://doi.org/10.1093/schbul/sby077
https://doi.org/10.1123/mcj.16.2.144
https://doi.org/10.1016/s1364-6613(98)01210-8
https://doi.org/10.1016/s1364-6613(98)01210-8
https://doi.org/10.1177/1073858413494269
https://doi.org/10.1093/schbul/sbx091
https://doi.org/10.1093/schbul/sbx091
https://doi.org/10.1093/schbul/sbn126
https://doi.org/10.1001/jamapsychiatry.2018.2467
https://doi.org/10.1001/jamapsychiatry.2018.2467
https://doi.org/10.1176/appi.ajp.2012.12010056
https://doi.org/10.1176/appi.ajp.2012.12010056
https://doi.org/10.1016/j.nicl.2015.07.004
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1152/jn.00338.2011
https://doi.org/10.1002/hbm.25002
https://doi.org/10.1002/hbm.25002

	Cerebellar-cortical dysconnectivity in resting-state associated with sensorimotor tasks in schizophrenia
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Participants
	2.2  Behavioral measures
	2.2.1  Finger tapping
	2.2.2  Postural sway

	2.3  MRI data acquisition
	2.4  MRI preprocessing
	2.5  Functional connectivity estimation
	2.6  Statistical analysis

	3  RESULTS
	3.1  Cerebellar-cortical functional connectivity in schizophrenia patients
	3.2  Behavioral performance of finger-tapping and postural sway
	3.3  Association between finger-tapping and cerebellar-cortical connectivity
	3.4  Association between postural sway and cerebellar-cortical connectivity

	4  DISCUSSION
	4.1  Cerebellar-cortical functional connectivity in schizophrenia patients
	4.2  Association between finger-tapping and cerebellar-cortical connectivity
	4.3  Association between postural sway and cerebellar-cortical connectivity
	4.4  Pathophysiological implications
	4.5  Limitations

	5  CONCLUSION
	ACKNOWLEDGMENTS
	  DATA AVAILABILITY STATEMENT

	REFERENCES


