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Abstract

Bipolar disorder (BD) is frequently misdiagnosed as major depressive disorder (MDD) in clinical practice, especially during
depressive episodes. A unifying triple-network model, involving the default mode network (DMN), central executive network
(CEN) and salience network (SN), has been proposed to explain the neural physiopathology of psychiatric and neurological
disorders. Although several studies revealed shared and specific alterations between BD and MDD in key regions of DMN, CEN,
and SN, and a few studies used different measures to detect detailed alterations in the triple networks in BD and MDD, their shared
and specific patterns of altered functional connectivity (FC) in the triple networks has remained unclear. In this study, we acquired
resting-state fMRI (R-fMRI) data from 38 unmedicated BD and 35 unmedicated MDD patients during depressive episodes along
with 47 healthy controls. We first determined the spatially independent components of the DMN, SN, and CEN by using
independent component analysis (ICA); then we estimated the inter-ROI and inter-network FC for each group. By comparing
the differences between the three groups, we obtained the following results: (1) both the BD and MDD patients showed shared
weaker intra-network FC in the left mPFC and right precuneus within the DMN as well as weaker inter-ROI FC between the left Al
and right Al compared with the healthy controls; (2) the BD had weaker while the MDD had stronger intra-network FC in the right
dIPFC within the rCEN as well as stronger inter-ROI FC between the right dIPFC and right ANG compared with the healthy
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Highlights

1) The BD and MDD groups had a shared weaker FC in the left mPFC
and right precuneus within the DMN, and between the left Al and right Al
within the SN.

2) The BD group had weaker, but the MDD group had stronger, FC in the
right dIPFC within the rCEN, and between the right dIPFC and right
ANG compared with the control group.

3) The BD group showed specific, stronger FC between the left PPC and
right Al and between the ICEN and SN compared with either the MDD or
the control group.
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controls; (3) the BD showed specific, stronger inter-ROI FC between the left PPC and right Al as well as stronger inter-network FC
between the ICEN and SN compared with either the MDD or the control group. Our findings provide new information for
understanding the neural physiopathology and clinical symptoms of depressed BD and MDD patients.

Keywords Resting-state fMRI (R-fMRI) - Default mode network - Salience network - Central executive network

Introduction

Bipolar disorder (BD) and major depressive disorder (MDD)
are two debilitating mood disorders that seriously affect the
quality of life in patients, cause impaired social functioning,
and increase mortality due to suicide (Grande et al. 2016; Judd
et al. 2002). Clinically, BD is characterized by recurrent de-
pressive and manic/hypomanic episodes, but the most com-
mon mood state is depression throughout the duration of the
illness (Judd et al. 2002, 2003; de Almeida and Phillips 2013;
Grande et al. 2016; Han et al. 2018). MDD, on the other hand,
is only characterized by recurrent depressive episodes. It is
difficult to distinguish between BD and MDD for the high
prevalence of depressive episodes relative to manic/
hypomanic episodes in the disease course of BD and the fact
that the symptoms of mania are sometimes subthreshold (de
Almeida and Phillips 2013). Unfortunately, this misdiagnosis
has many potentially deleterious consequences, including in-
appropriate medication, which may lead to poor prognosis,
higher suicide rates, switching to mania, and greater health
care costs. Thus, it is necessary to understand the shared and
specific neural physiopathology of BD and MDD patients
during depressive episodes. These differences may help us
to differentiate depressed BD from MDD.

The development of MRI has led to an accumulation of
evidence about the shared and specific functional and struc-
tural alterations in BD and MDD. Previous reviews (Han et al.
2018; Gong and He 2015; Vargas et al. 2013) showed that BD
and MDD patients have similar alterations in emotion- and
cognition-processing neural circuits, involving brain regions
in the default mode network (DMN), central executive net-
work (CEN), salience network (SN), limbic, and attention
networks, but have relatively few distinct neural correlates.
As for the few specific alterations, Han et al. (2018) reviewed
the results published on comparing alterations in BD and
MDD patients. From the perspective of brain function, BD
and MDD patients had different activation patterns in neural
networks including the amygdala, anterior cingulate cortex
(ACC), prefrontal cortex (PFC), and striatum. In addition,
BD patients had much stronger functional connectivity (FC)
pattern in the DMN, CEN, and brain regions including the
PFC, ACC, parietal and temporal regions, and thalamus than
MDD patients. From the perspective of brain structure, differ-
ent gray matter volumes in the ACC, hippocampus, amygdala,
and dorsolateral prefrontal cortex (dIPFC) were reported in
BD and MDD patients, along with a thinner cortical thickness

in dIPFC in BD compared with MDD patients. Additionally,
BD patients showed reduced integrity in the anterior part of
the corpus callosum and posterior cingulum. The goal of some
of our previous work was also to reveal the shared and specific
functional alterations between depressed BD and MDD pa-
tients by using the indices associated with graph theory and
FC strength (Wang et al. 2017a, b). We found that the alter-
ations in the depressed BD and MDD patients varied depend-
ing on the different indices and also found that the DMN and
the limbic system were always involved. Taking the previous
studies together, it seems that BD and MDD patients have
more shared than specific alterations although BD patients
have more pronounced alterations than MDD patients. At
the network level, these alterations involve widespread brain
regions, including key regions in the SN, DMN, and CEN.
However, the findings across studies, even those based on the
same indices, are sparse and inconsistent. One possible reason
for this inconsistency is that the data in the studies were ob-
tained when the patients were in different states, including
depressed, euthymic, or remitted states. Previous studies
found that the shared and specific neural alterations between
BD and MDD patients are state dependent (Almeida et al.
2010; Rive et al. 2015, 2016). Other possible confounding
factors include different durations of illness, number of epi-
sodes, levels of depressive symptoms, medications, or a mix
of BD subtypes (Kempton et al. 2011).

In 2011, Menon proposed a unifying triple-network model
to explain the neural physiopathology of psychiatric and neu-
rological disorders because the dysfunctions of these disorders
occur at a network-level rather than in an individual brain area
(Menon 2011). This model examines ‘core’ brain networks that
support cognitive, perceptual, affective, and social functions,
including the SN, DMN, and CEN, which are thought to be
abnormally organized in many psychiatric disorders (Menon
2011). So far, many studies have combined this model with
resting-state functional MRI (R-fMRI) data to further under-
stand the physiopathology of mental disorders, including BD
and MDD (Wei et al. 2015; Goya-Maldonado et al. 2016;
Zheng et al. 2015), schizophrenia (Manoliu et al. 2013,
2014b; Nekovarova et al. 2014; Lefebvre et al. 2016),
Parkinson’s disease (Putcha et al. 2015), unconscious patients
(Qin et al. 2015), and internet addiction (Wang et al. 2017).
Based on the fact that BD and MDD patients showed wide-
spread alterations in the triple networks (Mulders et al. 2015;
Kaiser et al. 2015; Vargas et al. 2013), some studies have used
different indices to detect detailed alterations in the triple
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networks with mixed results. Zheng et al. (2015) studied the
interactions of the triple networks based on graph theory anal-
ysis and found that the connectivity strength of the right ante-
rior insula (AI) was significantly higher, while the FC strength
between the DMN and CEN was significantly lower in
depressed MDD patients compared with healthy controls.
Wei et al. (2015) compared the Hurst exponents of spontaneous
brain activity between depressed MDD patients and healthy
controls and revealed altered interactions of the DMN with
the ventromedial PFC (vmPFC), SN, and CEN in MDD
patients. De Kwaasteniet et al. (2014) compared the FC in the
triple networks between patients with treatment resistant MDD
(TRD) and non-treatment resistant MDD (non-TRD) as well as
healthy controls and found weaker FC between the dIPFC and
the angular gyrus (ANG), between the CEN and the DMN, as
well as between the medial PFC and the precuneus in TRD
patients compared with either non-TRD patients or healthy
controls. In addition, only one study (Goya-Maldonado et al.
2016) has directly compared the FC alterations between de-
pressed BD and MDD patients in core regions of the triple
networks. They analyzed the FC in the fronto-parietal network
(including core regions of the CEN), cingulo-opercular net-
works (including core regions of the SN) and the DMN based
on R-fMRI data and found that depressed BD patients showed
stronger FC in the fronto-parietal network whereas MDD pa-
tients presented stronger FC in the DMN, compared with
healthy controls. This study provided information about the
intra-network differences between depressed BD and MDD
patients but no information about inter-network differences.

Our goal was to use R-fMRI data to analyze the FC of the
triple networks, including the intra-network, inter-ROI and
inter-network FC, in unmedicated BD and MDD patients dur-
ing depressive episodes. To reduce the confounding factors,
such as the subtype-, medicine-, and states-related effects, we
only included unmedicated BD-II (referred to as BD in the
following) and MDD patients during depressive episodes,
matching their number of episodes, age of onset, duration of
illness, and clinical states. Based on the findings from previ-
ous studies, we hypothesized as follows: 1) the depressed BD
and MDD patients had altered FC in the triple networks; 2) the
depressed BD and MDD patients had more shared than spe-
cific FC alterations; 3) the depressed BD patients had more
pronounced FC alterations than MDD patients. These combi-
nations may help us understand the clinical symptoms of de-
pressed BD and MDD patients.

Materials and methods
Subjects

A total of 73 patients, 38 currently depressed adults diagnosed
with BD and 35 currently depressed adults diagnosed with
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MDD, were recruited from the Psychiatry Department of the
First Affiliated Hospital of Jinan University (FAHJU),
Guangzhou, China, from June 2014 to May 2017. The diag-
noses of the BD and MDD patients were made according to
the Structured Clinical Interview for DSM-IV (SCID) by two
trained psychiatrists (Y.J. and S.Z.) independently. The clini-
cal state of each patient was assessed using the 24-item
Hamilton Depression Rating Scale (HDRS24) (Hamilton
1960) and the Young Mania Rating Scale (YMRS) (Young
et al. 1978) during the 7-day period prior to the R-fMRI scan-
ning. The inclusive criteria for each MDD patient were a
HDRS24 total score> 21, while for each BD patient were a
YMRS total score < 7 and a HDRS24 total score >21 (Wang
et al. 2015a). The exclusion criteria were patients with Axis-I
psychiatric disorders other than MDD, BD and anxiety disor-
ders, Axis-II psychiatric disorders, a history of organic brain
disorder, neurological disorders, mental retardation, cardio-
vascular illness, alcohol/substance abuse, pregnancy, or any
physical illness. At the time of scanning, all patients were
either medication-naive or had been unmedicated for at least
5 months. None of the patients had ever received electrocon-
vulsive therapy prior to participating in the study.

In addition, 47 age-, gender-, and education-matched
healthy controls were recruited via local advertisements to
be the healthy controls. They were carefully screened through
a diagnostic interview, the Structured Clinical Interview for
DSM-IV (non-patient edition), to rule out the presence of
current or past psychiatric illness. The exclusion criteria for
the healthy controls were similar to those of the patients; in
addition, people with any history of psychiatric illness in first-
degree relatives (determined by direct oral inquiry about any
family history of mood or psychotic disorders in first-degree
relatives), and any current or past mental disorders, neurolog-
ical illness, or brain injuries were excluded from the healthy
control group.

The present study was approved by the Ethics Committee
of the First Affiliated Hospital of Jinan University, China. All
subjects were right-handed according to their self-report and
signed a written informed consent form after a full written and
verbal explanation of the study.

Data acquisition

All the MRI data were obtained on a 3 T GE MR750 scanner
with an 8-channel phased-array head coil in the Medical
Center of the FAHJU. 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 (FA)=90°, field of view (FOV)=
240 mm X 240 mm, data matrix = 64 X 64, thickness/gap =
3.0/1.0 mm, 35 axial interleaved slices covering the whole-
brain, and 210 volumes acquired in 7 min. During the R-fMRI
scanning, each subject was requested to keep their eyes closed
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but not to fall asleep and to relax their minds but not to think of
anything particularly. After the scanning, we interviewed all
the subjects, and no one reported that they had fallen asleep
during the scanning. We also acquired high-resolution brain
structural images (Imm?® isotropic) for each subject by using a
T1-weighted three-dimensional brain volume imaging (3D-
BRAVO) sequence (TR=8.2 ms, TE=3.2 ms, FA=12°,
FOV =256 mm x 256 mm, data matrix =256 x 256, slice
thickness = 1.0 mm, and 136 axial slices covering the whole
brain). For each subject, the R-fMRI data and 3D high-
resolution brain structural images were acquired in the same
session.

fMRI data processing

R-fMRI data were pre-processed on single-subject level using
the FMRI Expert Analysis Tool from the FMRIB Software
Library (FEAT/FSL) (Smith et al. 2004), including removal
of first 10 time points, motion correction using FMRIB’s
Linear Image Registration Tool (MCFLIRT), brain extraction
(BET), spatial smoothing using a Gaussian kernel of 5 mm
FWHM (full width at half maximum), high pass temporal
filtering at 100 s, and resampling to 2 mm isotropic voxels.
All of the subjects in this study satisfied our criteria for head
motions, displacement <1.5 mm in any plane, and rotation
<1.5° in any direction. Subsequently, we registered the proc-
essed functional images to the T1-weighted high-resolution
structural images by using a boundary-based reconstruction
(BBR) approach (Greve and Fischl 2009) and then nor-
malized them into the standard space (MNI 152) by
using a non-linear registration (FNIRT). Afterward, we
performed a single-session independent component anal-
ysis (ICA) by using MELODIC/FSL to identify the indepen-
dent components (ICs) and applied FIX to remove noise ICs
(standard training set, threshold: 20) to yield a cleaned func-
tional dataset for each subject (Feis et al. 2015; Salimi-
Khorshidi et al. 2014).

Then the temporal concatenation approach in MELODIC
was applied to the cleaned functional data from all the subjects
to perform a group-level ICA with 30 spatial ICs (Shirer et al.
2012; Mingoia et al. 2012). For each IC, a group-level t-map
was generated and was used to identify the brain regions in-
volved. We first used the manual identification method of
visual inspection to discard the ICs of the noise signals.
Subsequently, we adopted the “discriminability index-based
component identification (DICI)”, an automatic IC identifica-
tion method. The DICI uses the “discriminability index (DI)”
(DeCarlo 1998) to quantitatively evaluate the similarity of the
spatial distribution of each IC to a predefined spatial template
for resting-state networks (RSNis) identification (Zhang et al.
2013; Huang et al. 2018). In the current study, we selected the
RSNs template provided by Shirer et al. (2012) as the refer-
ence template. Specifically, the #-maps for all the group-level

ICs were first converted to binary maps (p <0.01, FDR
corrected), and then, the DICI value for each IC was calculat-
ed by comparing it with the RSNs template according to the
following equation:

DICI = z (hit rate)—z (false alarm rate) (1)

where the hit rate or sensitivity is the number of correctly
identified voxels within a given IC versus the total number
of voxels in the RSNs template, and the false alarm rate (1 -
specificity) is the number of mistakenly identified voxels
within a given IC versus the number of voxels outside the
RSNs template. DICI is calculated as the z-transformed hit
rate minus the z-transformed false alarm rate. The IC with
the biggest DICI value was selected as the IC corresponding
to the RSNs template.

By combining the results from the manual and automatic
IC identification methods, we determined the group spatial
maps included in the triple-network model and the ICs corre-
sponding to the anterior DMN (aDMN), posterior DMN
(pDMN), left CEN (ICEN), right CEN (rCEN), and SN
(Menon 2011). Further, we used dual regression to estimate
the individual spatial maps of the ICs and the corresponding
time series for each subject. All these spatial maps of the ICs
corresponded to the intra-network FC.

From the group spatial maps corresponding to the triple-
network model, we identified the peak coordinates of the core
regions of interest (ROIs) in each IC. Similarly to previous
studies, we selected bilateral core ROIs in the precuneus,
ventro-medial PFC (vmPFC), and angular gyrus (ANG) for
the DMN (Buckner et al. 2008), the dIPFC and posterior pa-
rietal cortex (PPC) for the CEN (Seeley et al. 2007), and the
ACC and anterior insula (AI) for the SN (Goulden et al. 2014).
The coordinates of these ROIs were determined by the peak ¢-
value in their spatial maps. Subsequently, we extracted the
time course for each spherical ROI with the centroid at the
peak voxel (radius = 6 mm) and then estimated the Pearson’s
temporal correlation between any pair of ROIs (inter-ROI FC)
or between any pair of networks (inter-network FC).

Totally, we derived three indices, the intra-network FC,
inter-ROI FC and inter-network FC, to characterize the FC
within the triple networks between the BD, MDD, and control
groups. The intra-network FC characterizes the FC strength
within a specific network. The inter-ROI FC refers to the FC
between a pair of given core ROIs. If the ROIs belong to the
same network, the inter-ROI FC gives us knowledge about the
FC within the specific network. But if the ROIs belong to
different networks, the inter-ROI FC gives us knowledge
about the FC between networks, which is similar to the
inter-network FC. Briefly, the intra-network FC and inter-
network FC provide FC information within and between net-
works, respectively, from the macroscopical network perspec-
tive. And the inter-ROI FC emphasizes the FCs between core
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ROIs in the triple networks, adding supplementary informa-
tion to the within and between network FC. Thus, the intra-
network FC, inter-ROI FC, and inter-network FC provide in-
formation on the FC within the triple networks from different
perspectives and are complementary to each other.

Structural MRI data processing

Because the structural properties of gray matter may affect the
functional properties, we calculated the gray matter volume
and took it as a covariate in the FC analysis in this study.
Specifically, we conducted the FSL-VBM processing stream
based on brain structural images (Smith et al. 2004). The steps
of the VBM processing were as follows. First, the brain struc-
tural images for each subject were extracted using BET/FSL
and GM-segmented before being registered to the MNI 152
standard space using FNIRT. Second, the resulting images
were averaged across all subjects in this study and flipped
along the x-axis to create a left-right symmetric study-
specific GM template. Third, each native GM image was
nonlinearly registered to this study-specific template and
‘modulated’ to correct for local expansion due to the nonlinear
component of the spatial transformation. Each modulated GM
image was then smoothed with a Gaussian kernel of 7 mm
FWHM.

Statistics
Group effect

Considering that the data distribution may bias the statistical
results in parametric tests, we used the non-parametric tests in
our statistics. A permutation one-way analysis of variance
(ANOVA) was used to detect differences in age and education
level between the BD, MDD, and control groups. A Pearson’s
x>-test was used to detect difference in gender between the
BD, MDD, and control groups. For clinical variables, a per-
mutation two-sample #-test was used to detect the differences
in the number of episodes, age of onset, duration of illness,
HDRS24, and YMRS scores between the BD and MDD
groups. A Pearson’s x*-test was used to detect difference in
comorbid anxiety between the BD and MDD groups.

The voxel-wise one-way analysis of covariance
(ANCOVA) was conducted to detect the group effect on the
intra-network FC in the triple networks. In the calculations,
we compared the individual spatial map of each IC between
the BD, MDD, and control groups by taking age, gender,
years of education, and brain GM volume as covariates. The
statistical threshold was set at p <0.001 (Alphasim corrected)
by combining a height threshold of p <0.001 and an extent
threshold of p < 0.001 determined by Monte Carlo simulations
(Ledberg etal. 1998). Then a post-hoc analysis was performed
for each of the detected clusters showing a significant group
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effect by extracting the mean value of a spherical ROI with the
centroid at its corresponding peak voxel (radius = 6 mm).

The permutation ANCOVA was also conducted to
detect the group effect on the inter-ROI and inter-
network FC (p <0.05, FDR corrected). In the calcula-
tions, we took age, gender, and years of education as covari-
ates. A post hoc analysis was also carried out for the FCs that
showed group effects.

Brain-behavior relationship

For the intra-network, inter-ROI, and inter-network FCs with
a significant group effect, we performed a partial correlation
analysis to describe their relationships with the clinical vari-
ables in the BD and MDD groups, separately (p < 0.05, FDR
corrected). These clinical variables included the HDRS24
score, number of episodes, onset age, and total duration of
illness. In the calculations, we took age, gender, and education
as covariates.

Results
Demographic information

Table 1 lists the demographic and clinical characteristics of the
three groups. No significant differences were detected in age,
gender, or education level between the three groups.
Additionally, no significant differences were found in the
number of episodes, age of onset, duration of illness,
HDRS24 score, YMRS score, and comorbid anxiety between
the BD and MDD groups.

Spatial maps of the triple networks

Figure 1 shows the ICs corresponding to the aDMN, pDMN,
ICEN, rCEN, and SN, which were selected from the 30 ICs
(p<0.001, FDR corrected). These selected ICs matched the
ICs of the DMN, CEN, and SN reported in previous studies
(Damoiseaux et al. 2006; Smith et al. 2009). Table 2 lists the
peak coordinates of the core ROIs in each of the networks.

Group effect on intra-network FC

Figure 2a, b respectively show the group effects on the intra-
network FC of the aDMN and pDMN, including clusters lo-
cated in the left mPFC in the aDMN, and the right precuneus
in the pDMN (p <0.001, Alphasim corrected). The intra-
network FC of both the left mPFC and right precuneus were
weaker in both the BD and MDD groups compared with the
control group. Figure 2¢ shows the group effect on the intra-
network FC of the rCEN (p < 0.001, Alphasim corrected). The
BD group showed a significantly weaker while the MDD
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Table 1 Demographics and

clinical characteristics of the Parameters BD MDD Controls p value

patients with bipolar disorder (n =38) (n=135) (n=47)

(BD), major depressive disorder

(MDD), and the healthy controls Age (years old) 25.84+9.01 27.74+9.11 29.60+11.38 0.24

in this study Gender (female/male) 19/19 2213 25/22 0.52"
Education (years) 13.74+2.55 13.17+2.98 14.62+2.89 0.06"
Number of episodes 2.26+1.06 1.83+1.22 N/A 0.06°
Age of onset (years) 22.58+9.29 24.46+9.25 N/A 0.20¢
Duration of illness (months) 31.24+42.31 34.65+44.01 N/A 0.36°
HDRS24 26.24+5.25 26.06+6.62 N/A 0.46°
YMRS 2.08+£2.52 3.26+4.06 N/A 0.07°
Comorbid anxiety (yes/no) 23/18 13/22 N/A 0.10°

HDRS24, 24-item Hamilton Depression Rating Scale; YMRS, Young Mania Rating Scale

N/A, not applicable

* The p value was obtained from a permutation ANOVA analysis

° The p value was obtained from a Pearson’s x> -test

©The p value was calculated from a permutation two-sample ¢ test

group showed a significantly stronger intra-network FC in the
right dIPFC compared with the control group. The detailed
information about the statistical results is listed in Table 3.

Group effect on inter-ROI FC

Figure 3 reveals the three inter-ROI FCs showing significant
group effects (Fig. 3, p <0.05, FDR corrected). Both the BD
and MDD groups showed weaker inter-ROI FC between the
left Al and right Al compared with the control group. The
inter-ROI FC between the right dIPFC and right ANG was
weaker in the BD group but stronger in the MDD group com-
pared with the control group. In addition, the inter-ROI FC
between the left PPC and right Al was stronger in the BD
group compared with either the MDD or control groups.

Group effect on inter-network FC

Figure 4 shows that only one inter-network FC had a signifi-
cant group effect (p < 0.05, FDR corrected). A post hoc anal-
ysis revealed that the inter-network FC between the ICEN and
SN was stronger in the BD group compared with either the
MDD or control groups.

Brain-behavior correlations

For the brain-behavior correlation analysis, we found a signif-
icant negative correlation between the intra-network FC of the
pDMN in the right precuneus and the number of depressive
episodes (r=—0.495, p = 0.004), as well as between the intra-
network FC of the aDMN in the left mPFC, and the HDRS24
score (r=—0.362, p = 0.033) in the MDD group. However, no
significant correlation was detected between the FCs with sig-
nificant group effect and any of the clinical variables in the BD

group (p <0.05). All these results are displayed in Fig. S1 in
the Supplementary materials.

Discussion

In this study, we compared group differences in the intra-net-
work, inter-ROI, and inter-network FCs based on the triple-
network model. The shared and specific FC alteration patterns
in the depressed BD and MDD groups were as follows: 1)
Both the BD and MDD patients showed weaker intra-
network FC in the left mPFC and right precuneus within the
DMN as well as weaker inter-ROI FC between the left Al and
right Al within the SN. 2) The BD group had weaker, whereas
the MDD group had stronger, intra-network FC in the right
dIPFC and inter-ROI FC between the right dIPFC and right
ANG. 3) The BD group showed specific, stronger inter-ROI
FC between the left PPC and right Al and stronger inter-
network FC between the ICEN and SN compared with either
the MDD or control group. These findings confirmed that
there were a greater number of shared than specific alterations
in the triple networks connectivity patterns of BD and MDD
patients, but the differences were more pronounced in BD
than in MDD patients. These findings may provide new in-
sights into the neural physiopathology of depressed BD and
MDD patients.

Shared FC alterations in both BD and MDD

This study detected a shared, weaker intra-network FC within
the DMN, including the left mPFC of the aDMN and the right
precuneus of the pPDMN (Fig. 2) in both the BD and MDD
patients. This finding is consistent with previous studies that
reported a weaker DMN FC in BD (Khadka et al. 2013; Sole
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Fig. 1 Spatial distribution of the triple networks (» <0.001, FDR
corrected). aDMN, anterior default mode network; pDMN, posterior
default mode network; ICEN, left central executive network; rCEN,
right central executive network; SN, salience network

et al. 2017) and MDD (Yang et al. 2016; Zhu et al. 2017)
patients. In fact, previous studies also reported a stronger
DMN FC in BD (Khadka et al. 2013; Sole et al. 2017) and
MDD (Zhu et al. 2017; Straub et al. 2017) patients. Although
there is inconsistency in the alteration direction in DMN FC
across studies, the specific alterations but not alteration direc-
tion were always used to account for the depressive symptom-
atology (Broyd et al. 2009; Murrough et al. 2011). The DMN
is believed to be responsible for self-referential processing
(Menon 2011), and it has been suggested as a potential neural
substrate for ruminative thoughts and introspective cognitive
patterns (Liu et al. 2017). As a result, the aberrant DMN
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Table 2 Spatial coordinates of the core ROIs selected for the triple
networks based on the spatial maps derived from ICA (» <0.001, FDR
corrected)

Network L/R Region MNI Coordinates t value
x y z

aDMN L/R vmPFC -2 50 18 15.34

pDMN L/R Precuneus -8 —66 34 21.14
L ANG -36 —60 42 10.06
R ANG 38 —60 40 7.46

ICEN L/R PPC —48 =56 38 12.77
L/R dIPFC —38 18 46 11.74

rCEN L/R PPC 48 —54 46 18.14
L/R dIPFC 38 18 46 14.99

SN L/R ACC —4 28 36 10.71
L Al =30 22 4 6.76
R Al 38 16 0 5.79

aDMN, anterior default mode network; pDMN, posterior default mode
network; ICEN, left central executive network; rCEN, right central exec-
utive network; SN, salience network; L (R): left (right) hemisphere;
vmPFC, ventromedial prefrontal cortex; ANG, angular gyrus; PPC, pos-
terior parietal cortex; dIPFC, dorsolateral prefrontal cortex; ACC, anterior
cingulate cortex; Al, anterior insula

activity could lead to dysfunctional self-referential processing
in the form of an excessively negative self-focus (Ho et al.
2015; Whitfield-Gabrieli and Ford 2012), which is a typical
symptom of depressed patients. In addition, this study detect-
ed that the intra-network FC in the left mPFC was significant-
ly negatively correlated with the HDRS24 score, and the intra-
network FC in the right precuneus was significantly negative-
ly correlated with the number of episodes (Fig. S1 in the
Supplementary materials) in the MDD patients. Previous stud-
ies also have reported associations between less activity in the
precuneus and depressive severity (Rzepa and McCabe 2016;
Liu et al. 2017; Peng et al. 2015), as well as between altered
activity in the mPFC and depressive severity (Yoshimura et al.
2010; Kaiser et al. 2016). These significant correlation results
indicated that, as the depression accumulate, deficits in the
mPFC and precuneus become increasingly severe. Taken to-
gether, our finding of weaker intra-network FC in the DMN
for both depressed BD and MDD patients may account for
their similarities in the expression of depression clinically,
especially in maladaptive self-referential processing.

Within the SN, we detected weaker inter-ROI FC between
the bilateral Al in both the BD and MDD groups (Fig. 3). This
finding indicated the impaired inter-hemisphere communica-
tion in the Al in BD and MDD patients. The Al is involved in
a diverse functions related to emotion or regulation of the
body’s homeostasi (Craig 2009; Menon and Uddin 2010). It
has been validated that the Al showed weaker activity in emo-
tional information’s processing, attention, and cognitive con-
trol in depressed patients; and altered Al activity may be
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Fig. 2 The group effect on the
intra-network FC of aDMN,
pDMN, and rCEN in the patients
with bipolar disorder (BD),
patients with major depressive
disorder (MDD), and healthy
controls (p <0.001 Alphasim
corrected, ANCOVA). The post-
hoc analysis was performed for
the clusters showing significant
group effect. Symbols of O, A, and
o in the scatter plot indicate the
mean intra-network FC value of a
given cluster for a subject in the
BD, MDD, and control groups,
respectively. Red dots indicate
outliers. The box plot shows the
median (red line), interquartile
range (blue lines), and sample
minimum and maximum values
(dark lines). The horizontal lines
on top indicate pairwise
comparisons that survived
statistical thresholds: **, p < 0.01;
* p<0.05. mPFC, medial
prefrontal cortex; dIPFC,
dorsolateral prefrontal cortex
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related to altered salience processing of emotional stimuli,
mirroring anhedonic aspects of depressed patients (Diener
et al. 2012). Further, the inter-hemisphere communication
plays an important role in the integrated brain function under-
lying coherent cognition and behavior (Kelly et al. 2011;
Wang et al. 2015b), and it has been reported altered in BD
(Zhao et al. 2017; Wang et al. 2015a) and MDD (Guo et al.
2013) patients. Thus, the impaired inter-hemisphere commu-
nication in the Al detected in our study may reflect the im-
paired brain integration in salience processing of emotional
information, manifested by the clinical symptom of emotional
dysregulation in both depressed BD and MDD patients.

Shared but opposite FC alteration directions
between BD and MDD

Our study detected that the BD group had weaker, but the
MDD had stronger, intra-network FC of the CEN in the right

»
20 ggs e gég

0| » o =l
BD MDD Controls

dIPFC (Fig. 2) as well as inter-ROI FC between the right dIPFC
and right ANG compared with the control group (Fig. 3). The
dIPFC, a core region of the CEN, is believed to be involved in
control processes during goal-directed/externally oriented tasks
(Fox and Raichle 2007) and in the regulation of emotional
processing (Phillips et al. 2008). Aberrant activity in the right
dIPFC has been reported in BD (Chai et al. 2011; Chen et al.
2011) and MDD (Diener et al. 2012; Fitzgerald et al. 2008;
Grimm et al. 2008) patients during rest or multiple tasks. The
ANG, a core region of the DMN, plays an important role in
self-referential processing (Menon 2011). The inter-ROI FC
between the right dIPFC and right ANG corresponds to the
FC between the CEN and DMN. Previous studies have also
reported altered FC between the CEN and DMN in MDD pa-
tients (Manoliu et al. 2014a; Ye et al. 2012; de Kwaasteniet
et al. 2014; Sheline et al. 2010). Nolen-Hoeksema et al.
(1993) proposed that, during depressive episodes, the altered
DMN dominance over the task positive network (TPN, mainly
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Table 3 Clusters showing

significant group effects in the Network LR Cluster Type Cluster size (voxels) MNI coordinates F value

intra-network FC of the triple

networks (p < 0.001 Alphasim X y z

corrected, ANCOVA)
aDMN L mPFC Shared 31 -8 54 -8 11.13
pDMN R Precuneus Shared 60 6 —54 34 13.45
rCEN R dIPFC Shared 86 32 18 52 13.49

The ‘shared’ type indicates that the cluster with altered intra-network FC was detected in both the BD and MDD
patients. aDMN, anterior default mode network; pDMN, posterior default mode network; rCEN, right central
executive network; L (R): left (right) hemisphere; mPFC, medial prefrontal cortex; dIPFC, dorsolateral prefrontal

cortex

involves the CEN) is associated with higher levels of depres-
sive rumination in MDD patients. The insula has been impli-
cated casually in switching between modes of relative DMN
and CEN dominance (Sridharan et al. 2008). Hamilton et al.
(2013) proposed that, in depressive episodes, the DMN sup-
ports the representation of negative self-referential information
and that the insula, when promoted by heightened levels of
DMN activity, initiates a potentially adaptive engagement of
the CEN. This formulation can help to explain the association
between the FC between DMN and CEN and depressive rumi-
nation. Thus, our findings of altered intra-network FC in the
right dIPFC, as well as altered inter-ROI FC between the right
dIPFC and the right ANG, may provide an additional evidence
for the assumption of aberrant executive control, especially
emotional control, and hence depressive rumination in BD
and MDD patients during depressive episodes (Fales et al.
2008; Joormann and Siemer 2011).

Although both the BD and MDD groups showed altered
intra-network FC in the right dIPFC and altered inter-ROI FC
between the right dIPFC and right ANG, we found that they
altered in opposite directions. The two alteration directions,
corresponding to weaker and stronger FCs, all show abnor-
malities. Compared with control groups, weaker or stronger
FCs related to the dIPFC have been reported in MDD (Diener
et al. 2012; Grimm et al. 2008; Fitzgerald et al. 2008) and in
BD groups (Chai et al. 2011; Chen et al. 2011). Also, weaker
(Manoliu et al. 2014a; Ye et al. 2012; de Kwaasteniet et al.
2014) or stronger (Sheline et al. 2010) FCs between the DMN
and CEN have been detected in MDD groups, but no studies
directly compared this FC in a BD group with that in a control
group. Actually, these studies above paid more attention to the
specific abnormality but not the direction. Thus, it is hard to
infer which alteration direction lead to BD or MDD. As we
have discussed above, the altered intra-network FC in the right
dIPFC and stronger inter-network FC between DMN and
CEN in BD and MDD patients may account for the depressive
rumination clinically. While the weaker intra-network FC in
the right dIPFC and stronger inter-network FC between DMN
and CEN in BD patients may be related to the stronger inter-
network FC between SN and CEN, which may account for
their recurrent depressive and manic episodes. The specific
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stronger FC between SN and CEN in BD patients is discussed
in next part. Taken together, the different directions of FC
alteration may reflect different pathological mechanisms in
executive control, especially in emotional control, between
BD and MDD patients during depressive episodes.

Specific FC alterations to BD

Our study found that the BD group had specific, stronger inter-
ROI FC between the left PPC and the right Al (Fig. 3) and
stronger inter-network FC between the ICEN and SN compared
with either the MDD or the control group. This result is con-
sistent with previous studies that reported the FC between PPC
and Al was a key indicator of dysfunction in BD patients and
could be a biomarker to distinguish BD from MDD patients
(Liu et al. 2015; Ellard et al. 2018). The CEN is associated with
externally-oriented and cognitively demanding mental activity
(Dosenbach et al. 2007), and the SN plays a role in the identi-
fication of internal and external stimuli and in the shifting of
brain function from DMN to CEN activities (Sridharan et al.
2008; Palaniyappan and Liddle 2012). The stronger FC be-
tween the SN and CEN may reflect a greater assignment of
saliency to external stimuli (Menon 2011). Thus, the specific,
stronger inter-ROI FC between the left PPC and the right Al
and stronger inter-network FC between the CEN and SN in BD
patients can account for the vulnerability to hypomanic
occurrence or residual effects of previous hypomanic episodes
in BD patients, even though they are currently in a depressive
episode. But it is worth to mention that this specific alteration
detected in depressed BD patients should be considered in their
depressed state but not in their euthymic or remitted state.
When comparing our results with a recent study, in which
Syan et al. (2018) reviewed the resting-state FC in BD patients
during an euthymic or remitted state compared with healthy
controls, we found that our results have no overlapping with
their findings.

Limitations

This study has several limitations. First, although the shared
and specific FC alterations in the triple networks were detected
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Fig. 3 The group effect on the inter-ROI FC between core ROIs of the
triple networks. A post-hoc analysis was performed for the FC showing
significant group effect. a Inter-FC between different ROIs. The symbol of
‘+” indicates p <0.05 (FDR corrected, ANCOVA). b Post-hoc analysis.
Symbols of ¢, A, and o in the scatter plot indicate the mean inter-FC
value for a subject in the BD, MDD, and control groups, respectively.
Red dots indicate outliers. The box plot shows the median (red line),
interquartile range (blue lines), and sample minimum and maximum

in depressed BD and MDD patients, we cannot infer whether
these alterations would have persisted once the patients were in
other states and whether the findings represented state or trait
effects of the respective illnesses. Previous studies indicated
that the shared and specific neural alterations between BD
and MDD are state dependent (Almeida et al. 2010; Rive
et al. 2015; Rive et al. 2016). Second, selecting young patients

BD MDD Controls

BD MDD Controls

values (dark lines). The horizontal lines on top indicate pairwise
comparisons that survived statistical thresholds: **, p<0.01; *, p <0.05.
aDMN, anterior default mode network; pDMN, posterior default mode
network; 1CEN, left central executive network; rCEN, right central
executive network; SN, salience network; L (R): left (right) hemisphere;
vmPFC, ventromedial prefrontal cortex; ANG, angular gyrus; PPC,
posterior parietal cortex; dIPFC, dorsolateral prefrontal cortex; ACC,
anterior cingulate cortex; Al, anterior insula

with a clear BD-II diagnosis was difficult because of the low
number of episodes for BD patients and because of the uncer-
tainty as to whether some of the MDD patients might later
switch to a BD diagnosis in the absence of longitudinal data
is unclear. However, we tried our best to reduce the possibility
of misdiagnosis. Two experienced, senior psychiatrists carried
out the diagnosis. We also tracked the MDD patients after we
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Fig. 4 The group effect on the inter-network FC between different
networks. A post hoc analysis was performed for the inter-FC showing
significant group effect. a Correlations between different networks. The
symbol of ‘+” indicates p < 0.05 (FDR corrected, ANCOVA). b Post-hoc
analysis. Symbols of 0, A, and o in the scatter plot indicate the mean inter-
FC value for a subject in the BD, MDD, and control groups, respectively.
Red dots indicate outliers. The box plot shows the median (red line),
interquartile range (blue lines), and sample minimum and maximum
values (dark lines). The horizontal lines on top indicate pairwise
comparisons that survived statistical thresholds: **, p<0.01; *,
p<0.05. aDMN, anterior default mode network; pDMN, posterior
default mode network; ICEN, left central executive network; rCEN,
right central executive network; SN, salience network

acquired the data and found that none of the patients had
switched to another diagnosis type by the time of the submis-
sion of this manuscript. Third, we did not distinguish the num-
ber of depressive episodes from the number of manic episodes
in the BD group. This may have caused some confusion and
affected the analysis of the correlation between the FC and the
number of episodes. Future studies should record the number
of depressive and manic episodes separately. Fourth, although
the patients were unmedicated for at least 5 months prior to the
scan, the subjects in each group may have had different expo-
sures to medication, an issue which could have biased the
results. Thus, it is difficult to estimate the potential contribution
of lifetime exposure to medication in relation to the results.
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Fifth, we used the Alphasim correction for the multiple com-
parisons of the intra-network FC, which may increase the false
positive rate (FPR) (Eklund et al. 2016). However, in this
study, we set the statistical threshold at p < 0.001 by combining
a height threshold of p<0.001 and an extent threshold of
p<0.001, which can minimize the FPR (Cox et al. 2017;
Woo et al. 2014). Sixth, because the functional components
identified by ICA depend on the number of meaningful com-
ponents predetermined to exist in the datasets (Abou-Elseoud
et al. 2010), the derived results may be affected by the number
of input model order values. In this study, we set the compo-
nent number to 30, which is consistent with many previous
studies (Damoiseaux et al. 2006; Smith et al. 2009). As an
exploratory measure, we also tried other model order values,
but they all had a suboptimal decomposition in which the com-
ponents of interest either merged commonly recognized RSNs
or split the RSNs into multiple subcomponents. More accurate
dimension estimation methods are urgently needed to address
this issue in order to support reliable decompositions across
studies. Finally, we did not make any physiological
measurements so we could not exclude their effects on our
analysis. Future studies should be careful to collect and ana-
lyze this type of data.

Conclusion

In conclusion, this study revealed the altered FC in the triple
networks in depressed BD and MDD patients, manifested by
more shared than specific alterations in BD and MDD patients
but more pronounced alterations in BD than MDD patients.
The shared alterations in the FCs within DMN and SN may
reflect the similarity in the expressions of depression in both
BD and MDD patients. The shared but opposite alterations in
the FCs within CEN and between CEN and DMN may indi-
cate the different pathological mechanisms in executive con-
trol, especially in emotional control, between BD and MDD
patients. Additionally, the specific altered FC between CEN
and SN in BD may reflect either a pathway involved in the
vulnerability for hypomanic occurrence or the residual effects
of previous hypomanic episodes in BD patients. Thus, our
findings provide new information for further understanding
the physiopathology of depressed BD and MDD patients.
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