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Abstract
Objective The cerebellum plays an important role in depression. Cerebro-cerebellar circuits have been found to show aberrance
in bipolar disorder (BD) and major depressive disorder (MDD). However, whether the cerebro-cerebellar connectivity contrib-
utes equally to the pathologic mechanisms of BD and MDD remains unknown.
Methods We recruited 33 patients with MDD, 32 patients with BD, and 43 healthy controls (HC). We selected six seed regions
(three per hemisphere) in the cerebrum, corresponding to the affective, cognitive control, and default mode networks, to establish
cerebro-cerebellar functional connectivity maps.
Results Relative to the HC, both the BD and MDD patients exhibited weaker negative connectivity between the right subgenual
anterior cingulate cortex and the cerebellar vermis IV_V (pBD = 0.03, pMDD = 0.001) and weaker positive connectivity between
the left precuneus and the left cerebellar lobule IX (pBD = 0.043, pMDD = 0.000). Moreover, the MDD patients showed weaker
positive connectivity in the left precuneus—left cerebellar lobule IX circuit than the BD patients (p = 0.049). In addition, the BD
patients showed weaker positive connectivity in the right dorsolateral prefrontal cortex—left cerebellar lobule Crus Ι circuit
compared to the HC (p = 0.002) or the MDD patients (p = 0.013). Receiver operating characteristic curves analyses showed that
the altered cerebro-cerebellar connectivities could be used to distinguish the patients from the HC with relatively high accuracy.
Conclusions Our findings suggested that differences in connectivity of cerebro-cerebellar circuits, which are involved in affective
or cognitive functioning, significantly contributed to BD and MDD.
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Highlights
• The BD patients showed weaker cerebro-cerebellar positive connectiv-
ity between the right dorsolateral prefrontal cortex (DLPFC) and the left
cerebellar lobule Crus Ι compared to the HC and MDD groups;

• Cerebro-cerebellar negative connectivity between the right subgenual
anterior cingulate cortex (sACC) and the cerebellar vermis IV_V was
weaker in both the BD and MDD patients;

• Both the MDD and BD patients showed a weaker positive connectivity
between the left precuneus and the left cerebellar lobule IX; in addition,
the MDD patients showed a weaker RSFC in that coupling than the BD
patients.
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Abbreviations
BD Bipolar disorder
MDD Major depressive disorder
HC Healthy controls
DLPFC Dorsolateral prefrontal cortex
SCID-IV Structured Clinical Interview for DSM-IV
HDRS Hamilton Depression Rating Scale
YMRS Young Mania Rating Scale
TR Repetition time
TE Echo time
FOV Field of view
FD-J Frame-wise displacement Jenkinson
ROI Region of interest
sACC Subgenual anterior cingulate cortex
PREC Precuneus
M1 Postcentral gyri
FDR False discovery rate
ANCOVA One-way analysis of covariance
LSD Least significant difference test
ROC Receiver operating characteristic

Introduction

Major depressive disorder (MDD) and bipolar disorder (BD)
are the most debilitating mood disorders worldwide (Clark
et al. 2008) with a prevalence of at least 15% and 1%, respec-
tively, and result in psychosocial, emotional, and cognitive
dysfunction in affected individuals (Manelis et al. 2016).
MDD is characterized by depressive episodes, whereas BD
is characterized by alternating episodes of depression and ma-
nia or hypomania (Merikangas et al. 2011). However, the
majority of BD patients suffer more frequently from depres-
sive symptoms than frommanic or hypomanic symptoms dur-
ing the course of BD (Judd et al. 2012), causing BD patients to
be difficult to distinguish from MDD patients (Hirschfeld
et al. 2003). In fact, around 60% of patients with BD are
initially misdiagnosed as MDD (Hirschfeld et al. 2003).
Therefore, it is imperative to identify the objective biomarkers
of BD and MDD to advance our understanding of the patho-
logical mechanisms underlying the two mood disorders.

Recent advances in understanding large-scale brain function-
al networks have provided useful information that can be used
to detect aberrant cognitive and affective function in psychiatric
and neurological disorders (Menon 2011). Resting-state func-
tional connectivity examines inter-regional temporal correla-
tions in slow (< 0.1 Hz) spontaneous fluctuations in the
BOLD signal (Fox and Raichle 2007). A high correlation, also
regarded as synchrony and coherence, may serve a role in inte-
grating neuronal processes for similar goals or cooperating rep-
resentations. But a negative correlation, also regarded as
anticorrelation, may serve a role in segregating neuronal pro-
cesses for opposing goals or competing representations (Fox

et al. 2005). Coupling resting-state functional connectivity, with
the existing knowledge about large-scale brain functional net-
works has been found to be helpful for identifying neurophys-
iological abnormalities in BD and MDD patients (Brady Jr.
et al. 2017; Goya-Maldonado et al. 2016; Kaiser et al. 2015).
Among the most well-established brain networks, the cognitive
control network, affective network, and default mode network
are the three core networks that appear to be particularly impor-
tant for understanding dysfunction in the pathophysiology of
depression (Fischer et al. 2016; Li et al. 2017; Menon 2011).
The cognitive control network is comprised of the dorsolateral
prefrontal cortex (DLPFC), pre-supplementary motor area, in-
ferior frontal junction, dorsal pre-motor cortex, anterior insular
cortex, and posterior parietal cortex (Cole and Schneider 2007).
It is responsible for high level cognitive functions, such as de-
cision-making, planning, and attention (Menon 2011). The af-
fective network contains the anterior cingulate cortex (Bush
et al. 2000), amygdala, nucleus accumbens, hypothalamus, an-
terior insula, hippocampus, and orbitofrontal cortex (Ongur
et al. 2003) and is believed to be involved in emotional regula-
tion and monitoring for the salience of motivational stimuli
(Sheline et al. 2010). The default mode network contains the
posterior cingulate cortex, precuneus, andmedial prefrontal cor-
tex (Raichle et al. 2001). It has been suggested to be in charge of
self-referential mental processes (Menon 2011), including eval-
uating the salience of internal and external cues, remembering
the past, and planning the future (Sheline et al. 2010). These
three networks constitute the core components of self-regulation
and control of cognitive and affective functioning; thus aberrant
resting-state functional connectivity in these three core net-
works may contribute to clinical symptoms for depression
(Kaiser et al. 2015; Menon 2011). Deficits in engagement and
disengagement of these three core networks have therefore been
suggested as being associated with many psychiatric and neu-
rological disorders, especially depression (Menon 2011).

Although several studies have suggested the role of the cere-
bral networks in depression (Goya-Maldonado et al. 2016; He
et al. 2017; Kaiser et al. 2015; Menon 2011), a growing body of
evidence has suggested that the cerebellum contributes to the
dysfunctional brain circuits in depressive disorder (Minichino
et al. 2014; Phillips et al. 2015; Wise et al. 2017; Zhao et al.
2016). The cerebellum is a highly heterogeneous structure,
which can be anatomically divided into lobules designated I-X
(Schmahmann et al. 1999). The unique afferent and efferent
connectivity of each individual cerebellar lobule highly reflects
the functional and structural diversity (Diedrichsen et al. 2009).
The anterior lobe (lobules I-V) and lobule VIII are linked to
sensorimotor areas, while the posterior lobe (especially lobules
VI-VII) is connected to the prefrontal and parietal cortices,
which receive non-motor inputs (Buckner et al. 2011;
Stoodley and Schmahmann 2010; Strick et al. 2009). In addi-
tion, the cerebellar vermis is connectedwith limbic-related struc-
tures (Buckner et al. 2011; Stoodley and Schmahmann 2010).
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Based on their functional properties, the cerebellum can be
parceled into several subdivisions, some of them coupled with
a specific cortical network, including the sensorimotor, default
mode, frontoparietal, and limbic networks (Buckner et al. 2011;
Habas et al. 2009; O'Reilly et al. 2010). By forming structurally
and functionally closed-loop circuits with cognitive and affec-
tive regions of cortical and subcortical structures, the cerebellum
is likely playing a role in cognitive function and emotion.

Evidence has suggested that the cerebellum is not only
involved in motor control but also supports multiple higher-
level functions, including emotion regulation, cognitive pro-
cessing, learning, and memory (Habas et al. 2009; Krienen
and Buckner 2009; Moulton et al. 2011; O'Reilly et al.
2010; Oertel-Knöchel et al. 2015; Schmahmann and
Sherman 1998). Damage to the posterior cerebellar lobe is
often accompanied by the clinical cerebellar cognitive affec-
tive syndrome (Schmahmann and Sherman 1998). These find-
ings may explain some of the pathological basis of cerebellar
abnormalities contributing to the affective and cognitive dys-
function in psychiatric disorders. Cordova-Palomera et al.
(2016) suggested that cerebellar alterations in the resting state
constitute a key candidate mechanism for depressive psycho-
pathology. Specifically, abnormal cerebellar gray matter vol-
ume or blood flow (DelBello et al. 1999; Depping et al. 2017,
2018; Mills et al. 2005; Shen et al. 2016) were found in BD
and MDD. A voxel-based meta-analysis suggested that the
volume of some of the cerebellar regions is larger in BD pa-
tients than in healthy controls or in MDD patients (Wise et al.
2017). Another meta-analysis suggested that MDD patients
showed less cerebellar gray matter compared to healthy sub-
jects (Arnone et al. 2016). Cerebro-cerebellar functional con-
nectivity was also studied in a variety of populations of people
with MDD (Alalade et al. 2011; Guo et al. 2013a, b; Liu et al.
2012; Ma et al. 2013; Zeng et al. 2012). For instance, Alalade
et al. (2011) found that people with geriatric depression had
reduced connectivity between the ventromedial prefrontal cor-
tex and regions of the cerebellum, specifically in the cerebellar
executive and affective-limbic networks. Liu et al. (2012)
found that adults with MDD showed weaker connectivity be-
tween the cerebellum and brain areas in the default mode
network and the executive control network. Guo et al.
(2013a) reported that patients with first-episode, treatment-
naive MDD showed weaker connectivity between the
cerebellum and bilateral inferior temporal gyrus as well as
the inferior parietal lobule. Both Zeng et al. (2012) and Ma
et al. (2013) found that altered connectivity in cerebro-
cerebellar circuits can be used to distinguish MDD patients
from healthy subjects. Abnormal functional interactions be-
tween the cerebrum and cerebellum in BD were also reported
in many studies (Mamah et al. 2013; Samudra et al. 2015;
Wang et al. 2015). In addition, cerebro-cerebellar connectivity
in the salience and frontoparietal networks was weaker in BD
in Shinn et al.’ s study (2017). Another study (Wang et al.

2017) also found weaker functional connectivity between
the right posterior cerebellum and the default mode network
(i.e., the right posterior cingulate cortex/precuneus and right
superior temporal gyrus), bilateral hippocampus, and right
putamen as well as between the left posterior cerebellum and
the right inferior parietal lobule in patients with remitted BD.
All of these studies reported preliminary results indicating that
abnormal cerebro-cerebellar circuits contribute to MDD and
BD. However, although the pathogenesis of BD and MDD is
presumed to be different, no detailed study to detect whether
there is a difference in cerebro-cerebellar connectivity be-
tween BD and MDD patients has yet been performed.

Our goal was to use a seed-based functional connectivity
approach to study the intrinsic cerebro-cerebellar connectivity
in patients with BD and MDD. Based on the literature
reviewed above, we selected seed regions in the cerebrum that
corresponded to the cognitive control network, default mode
network, and affective network (Anand et al. 2005; McCarthy
et al. 2013; Schmahmann et al. 1998; Sierakowiak et al.
2015). The temporal correlation was calculated between the
time series for each given seed and each voxel in the cerebel-
lum to establish cerebro-cerebellar connectivity maps. Since
abnormal connectivity between the cerebellar and cerebral
regions, specifically in areas of the affective-limbic network,
the default mode network, and/or the cognitive control net-
work, has been found in BD and MDD (Alalade et al. 2011;
Guo et al. 2013a; Liu et al. 2012; Shinn et al. 2017;Wang et al.
2017), we hypothesized that there would be abnormal and
weaker cerebro-cerebellar connectivity involved with cogni-
tive and affective functioning in BD and MDD.

Methods and materials

Subjects

Thirty-three patients with MDD (11 M/22F, age = 30.76 ±
8.57 years old) and 32 patients with BD (18 M/14F, age =
28.25 ± 9.55 years old) were recruited from the Psychiatry
Department of the First Affiliated Hospital of Jinan
University, Guangzhou, China. Among the 32 BD patients, 3
were diagnosed with BD-I and 29 with BD-II. For each patient,
the diagnosis was made according to the Structured Clinical
Interview for DSM-IV (SCID-IV) by two experienced psychi-
atrists (Y.J. and S.Z.). The clinical state for each patient was
assessed using the 24-item Hamilton Depression Rating Scale
(HDRS) (Hamilton 1960) and the Young Mania Rating Scale
(YMRS) (Young et al. 1978). Both the BD and MDD patients
were experiencing a major depressive episode when they were
recruited. The inclusion criteria for the MDD patients was a
HDRS score > 21 and for the BD patients was a YMRS score
< 7 and a HDRS score > 21. All the patients were either
medication-naive or un-medicated for at least 6 months before
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the MRI scanning. None of the patients had received electro-
convulsive therapy prior to participating in the present study.
The exclusion criteria for the patients were as follows: (1) any
Axis I disorders other than BD and MDD, (2) any history of
organic brain disorders, (3) neurological illness, and (4) mental
retardation, cardiovascular diseases, alcohol/substance abuse or
any physical illness. In addition, we recruited 43 healthy sub-
jects (18 M/25 F, age = 24.49 ± 9.91 years old) as healthy con-
trols (HC) via local advertisements. The exclusion criteria for
the HC were same as for the patients with the addition that they
could not have had any history of psychiatric illness, any first-
degree relatives with psychiatric illness, nor a significant med-
ical or neurological illness either currently or previously. All the
subjects satisfied the criteria for undergoing MRI scanning
based on a screening questionnaire.

This study was approved by the Ethics Committee of First
Affiliated Hospital of Jinan University, Guangzhou, China.
Before the scanning, each subject signed a written informed
consent form after a full written and verbal explanation of the
study. The demographics for all subjects in this study are listed
in Table 1.

Data acquisition

All images were acquired on a GE 3T MR 750 Discovery
Systemwith an eight-channel phased-array receiver-only head
coil. All of the participants underwent a 7-min R-fMRI scan.
The R-fMRI data were acquired using a single-shot gradient-
echo EPI sequence with the following parameters: volume
repetition time (TR) = 2000 ms, echo time (TE) = 25 ms, flip
angle = 90°, field of view (FOV) = 240 mm× 240 mm, data
matrix = 64 × 64, thickness = 3.0 mm, inter-slice gap =
1.0 mm, 35 interleaved axial slices covering the whole brain,
and 210 volumes. High resolution brain structural images
were collected using a T1-weighted 3D Ax FSPGR BRAVO
sequence (TR = 8.2 ms, TE = 3.2 ms, flip angle = 12o, data

matrix = 256 × 256, FOV = 256 mm× 256 mm, thickness =
1 mm, and 136 axial slices covering the whole brain). In
addition, the routine axial T1-weighted fluid attenuation in-
version recovery and fast spin-echo T2-weighted MR se-
quences were applied to obtain brain images that were
checked for the absence of brain structural or signal abnormal-
ities. All of the above scans were performed in a single ses-
sion. During the scanning, the subjects were simply instructed
to close their eyes, relax, and stay awake.

Data preprocessing

Functional imaging data were preprocessed and analyzed
using SPM12 (http://www.fil.ion.ucl.ac.uk/spm) and
DPABI_V2.3_170105 (http://restfmri.net/forum/DPARSF).
For each subject, we discarded the first ten volumes to allow
for adaptation to the scanning environment. Then, we
performed the following steps: (1) slice-timing correction to
correct for the acquisition delay; (2) realignment to estimate
head motions within the R-fMRI scan. All subjects in this
study satisfied the head motion criteria of translation < 1.
5 mm in x, y, or z direction and rotation < 1.5° for each axis.
In this study, no significant difference in the mean frame-wise
displacement Jenkinson (FD-J) of head motion was found
between the three groups (FD-JBD = 0.05 ± 0.03, FD-
JMDD = 0.05 ± 0.03, FD-JHC = 0.05 ± 0.02; F = 0.47, p = 0.
62); (3) spatial normalization to the EPI template in the stan-
dardMNI space with a resampled voxel size of 3 × 3 × 3mm3;
and (4) spatial smoothing with a 4-mm full-width half maxi-
mum isotropic Gaussian kernel. Finally, we performed a linear
trend removal and temporal band-pass filtering (0.01–0.
08 Hz) on the time series of each voxel. In the calculations,
we regressed out nuisance covariates, including head motion
profiles (Friston 24-parameter model) (Friston et al. 1996),
white matter signal, global signal, and cerebrospinal fluid
signal.

Table 1 Demographic and
clinical characteristics of the
patients with bipolar disorder
(BD) and major depressive
disorder (MDD) as well as the
healthy controls (HC)

Characteristics MDD BD HC p value Post-hoc
(n = 33) (n = 32) (n = 43) (p value)

Gender a (male/female) 11/22 18/14 18/25 0.17 N.A.

Age b (years old) 30.8 ± 8.6 28.3 ± 9.6 29.5 ± 9.9 0.56 N.A.

Years of education b 13.2 ± 2.9 14.0 ± 2.8 14.9 ± 2.8 0.05 N.A.

Disease duration c (months) 39.2 ± 50.7 44.4 ± 58.0 N.A. 0.70 N.A.

HDRS score c 26.6 ± 4.4 27.8 ± 4.4 N.A. 0.29 N.A.

YMRS score c 3.1 ± 4.1 2.0 ± 1.8 N.A. 0.17 N.A.

Onset age c (years old) 27.4 ± 9.7 23.3 ± 10.9 N.A. 0.12 N.A.

Total number of episodes c 2.0 ± 2.2 2.4 ± 1.3 N.A. 0.37 N.A.

Cerebellar volume b (cm3) 90.0 ± 9.6 85.6 ± 10.3 92.5 ± 11.8 0.03 0.02d

Mean and standard deviation (SD) are reported unless otherwise specified. aχ2 test, b one-way analysis of
variance, c two-sample t test, d post-hoc comparisons showed significant differences between the BD and HC
groups. HDRS, Hamilton Depression Rating Scale; YMRS, Young Mania Rating Scale; N.A., non-applicable
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Functional connectivity analysis

The present study examined seed-based cerebro-cerebellar
functional connectivity in the BD and MDD patients using
REST_V1.9_140508 (http://resting-fmri.sourceforge.net).
In the cerebrum, we selected six spheres as regions of
interest (ROIs; three per hemisphere) of 5 mm in radius
as the most typical seed regions in specific networks,
which correspond to those in previous studies (McCarthy
et al. 2013; Sheline et al. 2010). These seeds were centered
in the bilateral subgenual anterior cingulate cortex (sACC,
x = ± 10, y = 35, z = − 2), dorsolateral prefrontal cortex
(DLPFC, x = ± 36, y = 27, z = 29), and precuneus (PREC,
x = ± 7, y = − 60, z = 21), each of which corresponds re-
spectively to the bilateral affective network, cognitive con-
trol network, and default mode network. Because of the
obligatory recruitment of the cerebellum in motor function
(Stoodley and Schmahmann 2010), we also defined the
ROIs centered in the bilateral postcentral gyri (M1, x = ±
46, y = − 15, z = 40) as seeds of the motor network
(Sierakowiak et al. 2015). The time series for each seed
was extracted by averaging across all the voxels within
each ROI. For each seed, we created the voxel-wise con-
nectivity maps for each subject by computing the Pearson’s
correlation coefficients between the time series for the giv-
en seed in the cerebrum and each voxel in the cerebellum.
Eight connectivity maps were obtained for each subject
and were converted to z-scores by applying Fisher’s r-to-
z transformation to improve the normality of the distribu-
tion (Fox et al. 2005).

To confirm that the seeds used to identify the networks of
interest were located appropriately, we used the seeds to con-
struct voxel-wise functional connectivity maps in the cere-
brum for the healthy subjects. A one-sample t test was used
to detect the network pattern in the HC group (p < 0.001
corrected for false discovery rate, FDR). The significant net-
work connection patterns are shown in Figure S1 in the
Supplementary Materials.

Finally, we also used an independent component analysis, a
fully data-driven multivariate blind source separation method
that requires no prior assumptions, to select the core regions of
the intrinsic networks to perform a validation analysis. The
method and main results can be found in the Validation anal-
ysis, Results, and Figure S2 in the Supplementary Materials.

Statistical analysis

A one-way analysis of variance (ANOVA) was used to test
group differences in age, education level, cerebellar volume,
and mean frame-wise displacement Jenkinson (FD-J) of the
imaging data. Aχ2 test was used to compare group differences
in gender. A two-sample t test was used to compare differ-
ences in clinical indices, such as total number of episodes,

disease duration, disease onset age, HDRS total score, and
YMRS total score, between the two patient groups.

For any given seed, we used a one-sample t test to
identify voxels in the cerebellum that exhibited signifi-
cant correlations with the seed for each group. The sig-
nificance level was set at p < 0.01 with a FDR correction
(Benjamini and Hochberg 1995). A union mask was cre-
ated from the union set of the one-sample t test results of
the three groups for each seed. Then, within the union
mask for each seed, a one-way analysis of covariance
(ANCOVA) was used to compare differences in the
cerebro-cerebellar connectivity between the three groups.
Correction for multiple comparisons was performed
using a cluster-level threshold at an uncorrected voxel-
wise p < 0.05 and a minimum cluster size threshold to
maintain a corrected threshold at a cluster level of a <
0.01. The cluster size thresholds are shown in Table S1.
Cluster extents were computed via 1000 Monte Carlo
simulations implemented in the 3dClustSim program
(AFNI, https://afni.nimh.nih.gov/pub/dist/doc/program_
help/3dClustSim.html). A post-hoc ANCOVA was used
to extract the mean functional connectivity value of each
cluster that showed a difference between the three groups
to identify the significance of pair-wise group (BD vs.
MDD, BD vs. HC, and MDD vs. HC) differences in
connectivity (p < 0.05, least significant difference test
for multiple comparisons, LSD). In the calculations, we
regressed out age, gender, education level (Castellazzi
et al. 2014), and head motions (Power et al. 2012).
Because altered cerebellar volume in BD and MDD had
been reported in a previous study (Wise et al. 2017), we
first calculated the cerebellar volume for each subject
and then regressed it out as a covariate in the one-
sample t test and ANCOVA.

ROC analysis

Receiver operating characteristic (ROC) curves analyses were
conducted to determine whether the connectivity differences
between the three groups could serve as biomarkers for dis-
criminating the BD patients from the MDD patients or
distinguishing the two patient groups from the HC. This anal-
ysis was performed using a public MATLAB code (https://cn.
mathworks.com/matlabcentral/fileexchange/19950-rocout=
roc-varargin-, Giuseppe Cardillo).

We also estimated the partial correlations between the
cerebro-cerebellar connectivity and the clinical variables, in-
cluding the number of depressive episodes, disease duration,
disease onset age, and HDRS total score in the BD and MDD
patients by regressing out age, gender, cerebellar volume, and
education level. The significant results were set at the thresh-
old at p < 0.05 (FDR corrected).
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Results

Demographic and clinical characteristics

The demographic information and clinical characteristics are
listed in Table 1. No significant differences were found in age,
gender, or education level between the three groups. The two
patient groups had no significant differences in disease dura-
tion, onset age, total number of episodes, total HDRS score, or
total YMRS score. Significant group differences in cerebellar
volume were found between the three groups (F = 3.53, p =
0.03*). The post-hoc ANOVA showed that the BD group had
a significantly smaller cerebellar volume than the HC group
(BD = 85.6 ± 10.3, HC = 92.5 ± 11.8, p = 0.02*). No signifi-
cant difference in cerebellar volume was found either between
the BD and the MDD or between the MDD and the HC.

Functional connectivity

Figure 1 displays significant differences in the cerebro-
cerebellar connectivity circuits derived from the seed-based
functional connectivity analysis between the three groups
(p < 0.05, а = 0.01, 3dClustSim corrected). We found three
distinct cerebro-cerebellar circuits showing significant differ-
ences between the three groups: one connecting the right
sACC and cerebellar vermis IV_V; another connecting the
right DLPFC to the left cerebellar lobule Crus Ι; and the third
connecting the left precuneus and left cerebellar lobule IX.
Specifically, the negative connectivity between the right
sACC and cerebellar vermis IV_V was weaker, whereas the
positive connectivity values in the other two circuits (the right
DLPFC—left cerebellar lobule Crus Ι circuit, and the left
precuneus—left cerebellar lobule IX circuit) were weaker in
the BD compared to that in the HC. In addition, the MDD also
showed weaker positive connectivity between the left
precuneus and left cerebellar lobule IX and weaker negative
connectivity between the right sACC and cerebellar vermis
IV_V compared to the HC. We also found that the two
cerebro-cerebellar circuits, including the right DLPFC—left
cerebellar lobule Crus Ι circuit and the left precuneus—left
cerebellar lobule IX circuit, showed significant or marginal
difference in connectivity between the BD and the MDD. In
addition, the three groups showed no significant difference in
connectivity between the bilateral postcentral gyri and cere-
bellum. Detailed information about the abnormal cerebro-
cerebellar connectivity is listed in Table 2.

ROC analysis

Next, to examine the robustness of the ability to distinguish
between each of the patient groups and the HC group, we
plotted the ROC curves for each of the cerebro-cerebellar con-
nectivities that showed significant differences between the three

groups. For the abnormal connectivity between the right sACC
and cerebellar vermis IV_V, the accuracies for discriminating
the BD patients from the HC as well as the MDD patients from
the HCwere 59% (p = 0.09) and 71% (p < 0.00**), respectively.
For the abnormal connectivity between the right DLPFC and
left cerebellar lobule Crus I, the accuracies for discriminating
the BD patients from the HC and from the MDD patients were
73% (p < 0.00**) and 69% (p < 0.00**), respectively.

The abnormal connectivity between the left precuneus and
left cerebellar lobule IX showed the greatest ability to distin-
guish the MDD patients from the HC at 76% (p < 0.00**). In
addition, the discriminatory accuracies of the connectivity be-
tween these same areas, the left precuneus and left cerebellar
lobule IX, were 65% (p < 0.01**) for discriminating the BD
patients from the HC and 64% (p = 0.02*) for discriminating
the BD from the MDD patients. Detailed information about
the ROC curves for each of the cerebro-cerebellar connectiv-
ities is shown in Fig. 2 and Table 3.

We also estimated the correlations between differences in
connectivity and clinical variables. However, no significant
correlation was found for either the MDD or BD patients
(p < 0.05, FDR corrected).

Discussion

This study analyzed cerebro-cerebellar functional connectivi-
ty in patients with MDD and BD. The main findings were as
follows: (1) Both the BD and MDD patients showed weaker
negative connectivity between the right sACC and cerebellar
vermis IV_V than the HC. (2) Both the BD andMDD patients
showed weaker positive connectivity between the left
precuneus and left cerebellar lobule IX than the HC, but the
connectivity in the left precuneus—left cerebellar lobule IX
loops was much weaker in the MDD than the BD. (3) The BD
group showed weaker positive connectivity between the right
DLPFC and left cerebellar lobule Crus I than either the MDD
patients or the HC group.We identified differences in cerebro-
cerebellar functional connectivity in patients with BD or
MDD. In addition, differences in the extent of the differences
in the cerebro-cerebellar circuits, which are involved in affec-
tive or cognitive functioning, in BD and MDD suggest that
cerebro-cerebellar functional circuits play different roles in the
mechanisms of BD from those in MDD.

Common abnormalities in the connectivity of the BD
and MDD

In this study, the BD and MDD groups both showed a similar
and weaker negative cerebro-cerebellar connectivity between
the right sACC and the cerebellar vermis IV_V, with part of
cerebellar vermis VI, than the HC group (Fig. 1 and Table 2). In
further ROC analyses, the accuracies of using altered
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connectivity between the right sACC and cerebellar vermis
IV_V to distinguish BD and MDD patients from the HC group
were 59% (p = 0.09) and 71% (p < 0.00**), respectively (Fig. 2
and Table 3). The cerebellar vermis has reciprocal connections
with regions in the limbic system, such as the hippocampus and
amygdala (Bernard et al. 2012). It has been proposed that the
posterior vermis can be viewed as the “limbic cerebellum’
(Schmahmann et al. 1998; Stoodley and Schmahmann 2010)
and defined as part of the affective-limbic network (Alalade
et al. 2011; Guo et al. 2013b; Liu et al. 2012). Baumann and
Mattingley (2012) found stable activity of the cerebellar vermis
during an emotional processing task, suggesting that it plays an
important role in emotional processing. Previous studies found
that malformations or damage to the cerebellar vermis are com-
monly linked to affective alterations (Tavano and Borgatti
2010) or impairments, such as blunting of emotion
(Schmahmann and Sherman 1998), flattened affect, and re-
duced emotional expressivity (Sokolov et al. 2017; Young
et al. 1978). Previous studies also found structural or functional
abnormality of the cerebellar vermis in BD and MDD (Mills

et al. 2005; Minichino et al. 2014; Yucel et al. 2013), and
impaired connection between the cerebellar vermis and ACC
can be regarded as one of the most discriminative features for
distinguishing MDD patients from an HC group (Ma et al.
2013). Therefore, it seems likely that the cerebellar vermis is
involved in the pathophysiology of BD and MDD. Our finding
of abnormal functional connectivity between the sACC and
cerebellar vermis may further reveal dysfunction in the
cerebro-cerebellar emotion processing circuit.

Of note, in the HC group, the connectivity between the
sACC and cerebellar vermis was negative, which may be
regarded as anti-correlated connectivity. Fox et al. (2005) sug-
gested that anti-correlations play a role in segregating neuro-
nal processes that subserve opposing goals or competing rep-
resentations. In our study, both the BD and MDD patients
showed weaker negative connectivity between the sACC
and cerebellar vermis compared to the healthy controls, a
finding which indicates dysregulated cerebro-cerebellar inter-
actions, which are involved in affective functioning. These
dysregulations may be related to a negative processing bias

Fig. 1 Seed-based cerebro-
cerebellar resting-state functional
connectivity in patients with
bipolar disorder (BD) and major
depressive disorder (MDD) as
well as healthy controls (HC).
The seeds in the cerebrum,
corresponding to the cognitive
control network, default mode
network, and affective network,
are shown inside of the center
annulus, and the clusters in the
cerebellum that were significantly
connected to the seeds are
displayed outside of the center
annulus. The bar plot shows the
pair-wise contrasts in functional
connectivity between the three
groups. The bar height
corresponds to the mean value of
the functional connectivity and
the error bar to the standard
deviation for a given group.
Abbreviations: sACC, subgenual
anterior cingulate cortex; DLPFC,
dorsolateral prefrontal cortex;
PREC, precuneus; vermis IV_V,
cerebellar vermis IV_V; Crus I,
cerebellar lobule Crus I; IX,
cerebellar lobule IX; CCN,
cognitive control network; DMN,
default mode network; AN,
affective network; L (R), left
(right) hemisphere. *p < 0.05;
**p < 0.01
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that manifests as defective disengagement from enhanced at-
tentional capture and negative events in BD and MDD.

Different abnormalities in connectivity
between the BD and MDD

We found that both the BD and MDD patients showed weaker
positive connectivity between the left precuneus and left cere-
bellar lobule IX (Fig. 1 and Table 2) compared to the HC. In
addition, the weaker positive connectivity between the left
precuneus and left cerebellar lobule IX provided the highest
ability for distinguishing the MDD from the HC with an accu-
racy of about 76% (p < 0.00**) (Fig. 2 and Table 3). Sang et al.
(2012) found that both the anterior and posterior default mode
network were correlated with cerebellar lobule IX. Habas et al.
(2009) indicated that cerebellar lobule IXmay play an important
role in the default mode network. Thus, we infer that abnormal
connectivity between the left precuneus and left cerebellar lob-
ule IX may reflect dysfunction within the cerebro-cerebellar
default mode network in the BD andMDDpatients. An aberrant
default mode network may lead to dysfunctional self-referential
and affective processing in the form of an excessively negative
self-focus (Greicius et al. 2003; Gusnard et al. 2001; Raichle
et al. 2001), which has been found in BD and MDD patients
in previous studies (Kaiser et al. 2015; Ongur et al. 2010;
Sheline et al. 2010; Zhu et al. 2012). Our finding of weaker
connectivity between the left precuneus and left cerebellar lob-
ule IX in the MDD patients is consistent with several previous
studies (Guo et al. 2013b; Liu et al. 2012) that also found re-
duced connectivity in the cerebellar-cerebral default mode net-
work. Although no research has investigated cerebro-cerebellar
default mode network connectivity in BD patients, hypoactivity
in the default mode network in BD patients has been reported
(Houenou et al. 2011; Ongur et al. 2010). In the present study,
we also found weaker connectivity within the cerebro-cerebellar
default mode network in the MDD patients compared with the
BD patients. This is in line with previous studies that also found
a relatively weaker connectivity of the precuneus within the
default mode network in MDD patients than in BD patients
(Liu et al. 2015). Rive et al. (2016) used default mode network
functional connectivity patterns to distinguish depressed sub-
jects with MDD from depressed subjects with BD, suggesting
that the nature of default mode network abnormalities differs
between the two mood disorders while they are in a depressed
state. In our study, depressed subjects withMDD or BD, despite
having no significant difference in clinical symptoms such as
YMRS scales or HDRS scales, still had different connectivities
within the cerebro-cerebellar default mode network. This differ-
ence may reflect scarring effects due to the experience of previ-
ous (hypo) manic episodes in BD (Rive et al. 2016). Hence, our
findings of abnormal connectivity within the cerebro-cerebellar
default mode network may provide a reference for clinical diag-
nosis of the two disorders.Ta
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Specific abnormalities in connectivity of the BD
patients

We found that the BD patients showed weaker positive con-
nectivity between the right DLPFC and left cerebellar lobule

Crus I than the MDD patients or the HC group (Fig. 1 and
Table 2). Stoodley et al. (2012) indicated that the cerebellar
lobule Crus I may be involved in cognitively demanding tasks
along with the prefrontal and parietal cortices. Other studies
also reported that the Crus I lobule was part of the cognitive

Fig. 2 Receiver operating
characteristic (ROC) curves show
the classification power of
different resting-state functional
connectivities for between-group
discriminations in the patients
with bipolar disorder (BD), the
patients with major depressive
disorder (MDD), and the healthy
controls (HC). The black arrow
indicates the point with
simultaneously optimized
sensitivity and specificity. a
functional connectivity of the left
PREC—left cerebellar lobule IX;
b functional connectivity of the
right sACC—cerebellar vermis
IV_V; c functional connectivity of
the right DLPFC—left cerebellar
lobule Crus I. Abbreviations:
PREC, precuneus; sACC,
subgenual anterior cingulate
cortex; DLPFC, dorsolateral
prefrontal cortex; AUC, area
under the curve; Sen, sensitivity;
Spe, specificity; TPR, true
positive rate; FPR, false positive
rate. *p < 0.05; **p < 0.01

Table 3 ROC analysis of altered
functional connectivity between
the BD patients, the MDD
patients, and the healthy controls
(HC)

Altered connectivity BD vs. HC MDD vs. HC BD vs. MDD

AUC Sen Spe AUC Sen Spe AUC Sen Spe

sACC. R - vermis IV_V 59% -- -- 71%** 0.64 0.84 -- -- --

DLPFC. R - Crus I. L 73%** 0.75 0.67 -- -- -- 69%** 0.59 0.76

PREC. L - IX.L 65%** 0.66 0.67 76%** 0.76 0.72 64%* 0.56 0.73

AUC, area under curve; sACC, subgenual anterior cingulate cortex;DLPFC, dorsolateral prefrontal cortex;PREC,
precuneus; vermis IV_V, cerebellar vermis IV_V; Crus I, cerebellar lobule Crus I; IX, cerebellar lobule IX; L(R),
left (right) hemisphere; –, no value; AUC, area under the curve; Sen, sensitivity; Spe, specificity. * p < 0.05;
** p < 0.01
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control network (Habas et al. 2009; Krienen and Buckner
2009). In a meta-analysis, Stoodley and Schmahmann
(2009) identified the cerebellar lobule Crus I as being engaged
in executive functions. Habas et al. (2009) suggested that the
cerebellar lobule Crus I may contribute to the specific cerebro-
cerebellar loops that are involved in executive control. Its
replicable presence in the cognitive function of the cerebellar
lobule Crus I and weaker connectivity between the right
DLPFC and left cerebellar lobule Crus I in the BD patients
compared to the HC in our study may indicate an imbalance in
the homeostasis of the cerebro-cerebellar cognitive loops in
BD patients (Aydemir et al. 2014; Bauer et al. 2014;
Breakspear et al. 2015; Rogers et al. 2004; Wolkenstein
et al. 2017). Previous studies found reduced engagement in
the cognitive control network in BD patients when viewing
positive face stimuli (Pavuluri et al. 2007) or positive autobio-
graphical memory recall (Young et al. 2016) or during a target
anticipation and feedback anticipation task (Urosevic et al.
2016). Disner et al. (2011) suggested that reduced connectiv-
ity within the cognitive control network may result in im-
paired top-down regulation of aberrant emotional processing
in BD patients (Chai et al. 2011; Fernández-Corcuera et al.
2013; Reinke et al. 2013). Based on the previous studies men-
tioned above, we suggest that the altered connectivity between
the right DLPFC and left cerebellar lobule Crus I is associated
with dysfunction of the cerebro-cerebellar cognitive circuit in
BD patients compared to HC.

We also found weaker connectivity between the right
DLPFC and left cerebellar lobule Crus I in the BD than in
the MDD patients in our study. Gildengers et al. (2012) found
worse overall cognitive function in BD patients than in MDD
patients.MacQueen andMemedovich (2017) also suggested a
higher degree of cognitive impairment in BD patients than in
MDD patients. Our finding of a weaker cerebro-cerebellar
cognitive loop connection in the BD patients than in the
MDD patients may indicate greater cognitive impairment in
BD patients than inMDD patients. In addition, the accuracy of
using altered right DLPFC-cerebellar lobule Crus I functional
connectivity to distinguish the BD patients from the MDD
patients or from the HC group are 69% (p < 0.00**) and
73% (p < 0.00**), respectively, according to the ROC analysis
(Fig. 2 and Table 3). The specific alteration of the DLPFC-
cerebellar lobule Crus I coupling pattern in the BD patients but
not in the MDD ones encourages further investigations using
neuroimaging tools to support the differential diagnosis of
depression between the two affective disorders.

Overall, abnormal cerebro-cerebellar cognitive and affec-
tive loop connections were found in the BD and the MDD
patients in our study. These results may indicate the contribu-
tion of interactions between the cerebrum and cerebellum to
both cognitive and affective dysfunction in BD and MDD
patients. The ROC analysis further showed that the altered
connections between the cerebro-cerebellar cognitive circuit

and the affective circuit can be used to distinguish the BD
patients from the MDD patients or the patient groups from
the HC group (Fig. 2 and Table 3).

Limitations

The present study has several limitations. This study failed to
find any significant brain-behavior correlation because we did
not collect behavioral and cognitive measures for the BD and
MDD patients. It is unknown whether the altered cerebro-
cerebellar affective or cognitive circuits have direct causal
relationships with the clinical symptoms in the depressed.
Besides, the patients who were diagnosed as MDD in the
present study were in severe depression and had never previ-
ously exhibited manic or hypo-manic symptoms. Because this
study was not longitudinal, we cannot be sure that none of the
MDD patients will never turn out to have BD. The next lim-
itation was that we applied a 3dClustSim correction for the
multiple comparisons correction, which was set at an uncor-
rected voxel-wise p < 0.05 and a minimum cluster size thresh-
old to maintain a corrected threshold at a cluster level of a <
0.01. Because our uncorrected threshold was relatively le-
nient, we cannot claim that the false positive error was strong-
ly controlled. Another limitation was that we did not perform
an inter-rater reliability analysis. In the present study, the di-
agnosis for each patient was made according to the Structured
Clinical Interview for DSM-IV (SCID-IV) by two experi-
enced psychiatrists (Y.J. and S.Z.). One of the two psychia-
trists has had 6 years of clinical experience, and the other has
had 20 years. In addition, in the present study, the total number
of episodes included depressive, manic, hypomanic, and
mixed episodes for the BD patients. Future studies should
record the separate numbers of depressive, manic, hypomanic,
and mixed episodes for the BD patients. Finally, we did not
analyze the causal relationship of these core functional net-
works between the cerebrum and cerebellum. Understanding
the dynamic interaction processes can help to reveal the role of
the cerebellum in high level cognitive and affective functions
in MDD and BD patients.

Conclusion

This study analyzed abnormal cerebro-cerebellar connectivity
in BD and MDD patients. We found common patterns of
weaker negative connectivity in the cerebro-cerebellar affec-
tive circuit and weaker positive connectivity in the cerebro-
cerebellar default mode network in both the BD and MDD
groups. In addition, we found that the MDD patients showed
weaker connectivity within the cerebro-cerebellar default
mode network than the BD patients. The significantly weaker
positive connectivity in the cerebro-cerebellar cognitive cir-
cuit is specific to BD patients. Our results suggested that
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MDD and BD are characterized by common and distinct pat-
terns of cerebro-cerebellar connectivity differences. This com-
bination of differences and similarities has the potential to
inform the development of diagnostic biomarkers for the
two mood disorders. Our findings provide further evidence
for the important role of the cerebellum in the pathophysio-
logical models of BD and MDD patients.
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