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� Dynamic functional connectivity (FC) alterations in major depressive disorder (MDD) were mainly
concentrated in weakly-connected state.

� MDD patients exhibited increased mean dwell time and decreased FC in weakly-connected state.
� Dynamics of reduced FC predicted individual differences in depression symptom severity.

a b s t r a c t

Objective: Major depressive disorder (MDD) is accompanied by abnormal changes in dynamic functional
connectivity (FC) among brain regions. The aim of this study is to investigate whether the abnormalities
of dynamic FC in MDD are state-dependent (related to a specific connectivity state).
Methods: We performed time-varying connectivity analysis on resting-state functional magnetic reso-
nance imaging (rs-fMRI) of 49 MDD patients and 54 matched healthy controls (HCs). FC differences
between groups in each connectivity state were analyzed and associations between disease severity
and dynamics of aberrant FC were explored.
Results: Two distinct connectivity states (i.e., weakly-connected and strongly-connected state) were
identified. Compared to HCs, MDD patients were associated with increased mean dwell time and
decreased FC between and within subnetworks in the weakly-connected state. Dynamics of reduced
FC between cognitive control network and default mode network as well as within cognitive control net-
work predicted individual differences in depression symptom severity.
Conclusions: Our findings suggested that the MDD-caused FC alterations mostly appeared in the weakly-
connected state, which might contribute to clinical diagnosis of MDD.
Significance: These findings provide new perspectives for understanding the state-dependent neurophys-
iological mechanisms in MDD.

� 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Major depressive disorder (MDD) is one of the leading causes of
mortality worldwide characterized by depressed mood, guilt,
diminished interests, worthlessness, cognitive impairments, and
functional disability (Ferrari et al., 2013; Liu et al., 2010; Zheng
et al., 2015). Previous resting-state functional magnetic resonance
imaging (rs-fMRI) studies have reported that cognitive
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impairments in MDD were associated with abnormal functional
connectivity (FC) interactions between multiple brain regions
and networks (Gong and He, 2015; Mulders et al., 2015). In this
respect, the investigation of brain intrinsic FC might facilitate our
understanding of the neurophysiological mechanisms underlying
the MDD.

In the past decade, great progress has been made in under-
standing the neural basis of depression via connectivity analysis,
and multiple key functional networks have been detected to play
an important part in generating different symptoms of depression
(Iwabuchi et al., 2014). For example, abnormal FC in resting-state
revealed imbalanced communication within individual subnet-
works and between distributed subnetworks in patients with
MDD (Kaiser et al., 2015; Manoliu et al., 2014). Previous studies
also found that the altered FC in MDD cohort in default mode net-
work (DMN, involved in self-referential processing), cognitive con-
trol network (CCN, related to attention and working memory), and
other cortical or subcortical systems such as visual cortex, cerebel-
lum, and caudate nucleus (Bluhm et al., 2009; Dutta et al., 2014;
Mulders et al., 2015). However, these studies were all based on
the hypothesis that the FC between brain areas in the whole scan-
ning period was temporally stationary, which omitted the fact that
FC might change with the processes that affect cognition, e.g.,
memorizing and learning, ageing and growth, even during rs-
fMRI (Medaglia et al., 2015; Zheng et al., 2018). Dynamically inte-
grated networks could reveal FC variation during a scan process,
which might be difficult to achieve in the traditional static network
analysis of rs-fMRI.

Recent studies have identified time-varying characteristics of
resting-state FC during a scan period using sliding window
approach, so called temporal dynamic FC analysis (Allen et al.,
2014; Calhoun et al., 2014; Damaraju et al., 2014; Hutchison
et al., 2013b; Liu and Duyn, 2013). The derived time-varying pat-
terns across varied windows could reflect the dynamic characteris-
tic of FC, and might be an efficient way to facilitate our
understanding of the underlying neurophysiological mechanisms
of mental diseases. For example, abnormal dynamic FC was found
in varied diseases, such as autism (de Lacy et al., 2017), schizophre-
nia (Du et al., 2016; Yu et al., 2015), Parkinson’s disease (Díez-
Cirarda et al., 2018; Kim et al., 2017), minimal hepatic
encephalopathy (Chen et al., 2017), mild traumatic brain injury
(Vergara et al., 2018), and epilepsy (Liao et al., 2014; Liu et al.,
2017). Recently, studies also reported abnormal time-varying FC
in patients with MDD. For example, MDD patients showed altered
variability of FC in medial prefrontal cortex (Kaiser et al., 2016),
and possessed higher global synchronization and temporal stabil-
ity (Demirtas� et al., 2016). Also, patients with MDD showed altered
dynamic FC among different networks and the correlations
between personality traits and the brain’s dynamic characteristics
(Wu et al., 2019; Zhi et al., 2018). In addition, some dynamic FC
researches have concentrated on the exploration of FC states,
which are defined as reoccurring short-term connectivity patterns
across varied windows and subjects (Allen et al., 2014; Damaraju
et al., 2014). Weaker and stronger connectivity commonly charac-
terizes FC states, which can be conceptually analogous to elec-
troencephalography (EEG) microstates, short periods during that
scalp topography maintains quasi-stable (Lehmann, 1990;
Pascual-Marqui et al., 1995). Varied disease-related abnormalities
exhibited different sensitivity in FC states. Dynamic changes in
weakly-connected state were detected in autism (Yao et al.,
2016) and abnormalities of connectivity patterns were more
prominent during strongly-connected state in schizophrenia
patients (Damaraju et al., 2014), but whether these changes in
MDD are state-dependent (related to a specific connectivity state)
is not well characterized. The investigation of state-dependent
property in MDDmight advance our understanding of the disorder.
To the best of our knowledge, the present work is the first study to
investigate the state-dependent property of the dynamic FC pat-
terns in MDD, which provides new insights into state-dependent
mechanisms in MDD.

In the present study, we aim to investigate whether the abnor-
malities of dynamic FC in MDD are associated with specific state.
Group spatial independent component analysis (ICA) and dynamic
FC analysis were conducted on rs-fMRI data of 49 patients with
MDD and 54 healthy controls (HCs) to extract the whole-brain
time-varying functional networks and identify different connectiv-
ity states. FC differences between groups in each connectivity state
were analyzed using the network-based statistic (NBS) approach.
Finally, partial correlation analysis between dynamics of aberrant
FC and disease severity was performed.
2. Materials and methods

2.1. Participants

Fifty-nine MDD patients and 65 age-matched and sex-matched
HCs participated in the current study. This study was conducted in
accordance with the Helsinki Declaration and was approved by the
Ethics committee of the Gansu Provincial Hospital. The MDD
patients were recruited from the Gansu Provincial Hospital, while
the HC subjects were recruited through newspaper advertise-
ments. MDD participants were diagnosed using the Structured
Clinical Interview for DSM-IV Axis I Disorders (SCID), and HCs were
interviewed using the Structured Clinical Interview for DSM-IV,
non-patient edition. Among all the MDD patients, 8 patients
(13.56%) were currently medication free, 16 patients (27.12%) were
treated with monotherapy (with one of the escitalopram, parox-
etine, fluoxetine, deanxit, zoloft, venlafaxine and citalopram), and
35 patients (59.32%) were treated with combination therapy (with
two or more of the escitalopram, paroxetine, fluoxetine, deanxit,
zoloft, venlafaxine, citalopram, amitriptyline, trazodone, fluvoxox-
amine, sulpiride, mirtazapine and maprotiline). All participants
provided written informed consent after reading a description of
the study procedures.

2.2. Image acquisition

All rs-fMRI data were collected on a 3.0 T Siemens Trio scanner
(Siemens, Erlangen, Germany) at Gansu Provincial Hospital. All
participants were asked to keep silent, do not move, and close their
eyes. Participants were also instructed not to think of anything in
particular and do not fall asleep. After the scan, each participant
was asked to answer a questionnaire survey to confirm that he
or she remained awake and were not thinking during the scanning.
The resting-state functional data were acquired using an echo-
planar imaging sequence with following parameters: repetition
time (TR) = 2000 ms, echo time (TE) = 30 ms, slice thick-
ness = 3.5 mm, slice gap = 0.6 mm, field of view = 220 � 220 mm,
in-plane matrix = 64 � 64, flip angle = 90�, and slice number = 33.
Finally, 240 functional volumes were collected for each participant.

2.3. Image preprocessing

Imaging data were preprocessed using DPARSFA (Yan and Zang,
2010) based on SPM12 (http://www.fil.ion.ucl.ac.uk/spm). The first
10 volumes for each subject were discarded to allow for equilibra-
tion of the magnetic field, resulting in a total of 230 volumes. The
remaining volumes underwent slices signal acquisition time cor-
rection and were realigned to the first volume for head motion cor-
rection. The corrected functional data were spatially normalized to
Montreal Neurological Institute (MNI) space with
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3 mm � 3 mm � 3 mm resolution and then spatially smoothed
with a 8-mm full-width at half-maximum (FWHM) Gaussian ker-
nel. Notably, participants with the maximum translation > 2 mm,
rotation > 2� (4 MDD patients and 1 HCs), or frame-wise displace-
ments (FD) > 1 mm (6 MDD patients and 10 HCs) were excluded to
minimize the potential influence of head motion. According to the
exclusion criteria, the analyses were carried out with 49 MDD
patients and 54 HCs. The mean FD was calculated for each partic-
ipant (<0.5 mm) based on the realignment parameters and there
was no significant difference between two groups (p = 0.74).
2.4. Group ICA

A data-driven technique of group spatial ICA was performed via
Group ICA of fMRI Toolbox (GIFT) (Calhoun et al., 2001) (http://mi-
alab.mrn.org/software/gift/) on the preprocessed rs-fMRI data,
which decomposed the data into spatial independent components
(ICs). Specifically, 150 principal components (PCs) for subject-
specific data were obtained by the principal component analysis
(PCA). In the group-level data reduction, group data formed by con-
catenating subjects reduced data were further decomposed into
100 PCs using PCA. The Infomax ICA algorithm (Bell and
Sejnowski, 1995) was then used to obtain 100 ICs. The reliability
of the decomposition was evaluated by repeating the algorithm
20 times in ICASSO (Himberg et al., 2004). Subject-specific spatial
maps (SMs) and time-courses (TCs) for each IC were acquired using
the GICA back reconstruction algorithm. In the present study, we
identified 49 ICs based on the criteria by (Allen et al., 2011; Allen
et al., 2014) : (1) peak coordinates of spatial maps located primarily
in grey matter; (2) low spatial overlap with known vascular, ven-
tricular, motion, and susceptibility artifacts; (3) TCs dominated
by low frequency fluctuations; and (4) TCs characterized by a high
dynamic range (a range difference between the minimum and
maximum power frequencies). Based on anatomy and prior knowl-
edge of their function (Allen et al., 2014, Damaraju et al., 2014;
Rashid et al., 2014), 49 ICs were categorized into seven subnet-
works for further analysis. The seven subnetworks were subcorti-
cal (SC), auditory (AU), visual (VIS), sensorimotor (SM), cognitive
control (CC), default mode (DM), and cerebellar (CB) networks
(see Fig. 1A; Supplementary Table S1).
Fig. 1. SMs from the 49 ICs and static functional connectivity network. (A) Forty-nin
sample. Index numbers of ICs are written on the left side of the matrix, along with a colo
The colorbar represents the z value of the correlations; Red color represents positive cor
maps; IC, independent component; ICA, independent component analysis; FC, functional
SMN, sensorimotor network; CCN, cognitive control network; DMN, default mode networ
legend, the reader is referred to the web version of this article.)
We performed post processing on TCs of 49 ICs. Briefly, linear,
quadratic and cubic trends of time courses were removed, and
six realignment parameters and their temporal derivatives were
regressed out. Then, the regressed time serials were despiked by
3DDESPIKE to detect and remove the outliers, and filtered with
the high cutoff frequency of 0.15 Hz (Allen et al., 2014). Pair-wise
Pearson’s correlations were computed using the post processed
TCs between ICs over the entire scan to obtain the static FC matrix,
which was then converted to z-value via Fisher’s z-transformation
(Kim et al., 2017) (see Fig. 1B).
2.5. Dynamic FC state analysis

Dynamic FC was calculated based on a sliding window approach
using GIFT toolbox. We used a tapered window created by convolv-
ing a rectangle (width = 22 TRs) with a Gaussian (r = 3 TRs). By
sliding the time window in steps of 1TR along the 230-TRs length
scan, we obtained 208 consecutive windows across the entire scan.
For each window, 49 � 49 pair-wise covariance matrix was calcu-
lated by the regularized inverse covariance matrix (Varoquaux
et al., 2010) using the graphical LASSO framework (Friedman
et al., 2008). The regularization parameter lambda was optimized
for each subject by using a cross-validation framework. Values in
the resulting dynamic FC matrices were Fisher-Z transformed
and then residualized with age and gender. Therefore, 208 FC
matrices were obtained from each participant, which represented
the time-varying FC during the whole scan time. To measure FC
fluctuation, we defined the variance of FC across the entire scan
(208 windows) as FC dynamic.

After sliding windows step, k-means clustering method was
applied on all FC matrices of windows to estimate reoccurring FC
states in all participants. The similarity between each FC matrix
was estimated by using the L1 (Manhattan) distance, which is an
effective method for high dimensional data (Aggarwal et al.,
2001). The K-means clustering method was first repeated 100
times to obtain the unbiased initial cluster centroids, and then
were used to regroup all window FC matrices into several clusters
based on the similarity measurement. Here, we evaluated the opti-
mal number of clusters by using the cluster number validity anal-
ysis (gap statistic and silhouette) on the subsampling windows of
e ICs divided in 7 functional networks. (B) The static FC between ICs in the whole
r-coded legend, which corresponds to the overlaid colors of the spatial maps in (A).
relations and blue color represents negative correlations. Abbreviation: SMs, spatial
connectivity; SC, subcortical network; AUD, auditory network; VIS, visual network;
k; CB, cerebellar network. (For interpretation of the references to colour in this figure
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Table 1
Demographics and clinical characteristics of the participants.

Characteristics MDD (n = 49)
(Mean ± SD)

HCs (n = 54)
(Mean ± SD)

P-value

Age (years) 33.14 ± 11.39 35.33 ± 12.45 0.355a

Gender (males/females) 26/23 24/30 0.382b

Handedness (right/left) 49/0 54/0 –
HAMD 17.47 ± 5.95 0.37 ± 0.71 <0.001a

HAMA 17.16 ± 6.91 0.61 ± 0.88 <0.001a

Illness Duration (years) 7.35 ± 8.33 – –
Mean FD 0.129 ± 0.07 0.134 ± 0.05 0.74a

Abbreviations: HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Rating
Scale; FD, frame-wise displacement; MDD, major depressive disorder; HCs, healthy
controls; SD, standard deviation.

a Two-sample t-test.
b Chi-square test.
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all subjects varying k from 2 to 10 (Kim et al., 2017; Rousseeuw,
1987; Tibshirani et al., 2001). The effectiveness of the states in
the MDD and HCs was determined by the span of states in window
numbers. In this study, a state was considered reliable only when it
covered at least 10 windows.

We examined the temporal properties of dynamic FC states
derived from each participant’s state vector. Specifically, we
assessed two measures in subjects, including: (1) mean dwell time
in each state, measured as the average number of consecutive win-
dows in a certain state before changing to the other state; (2) num-
ber of transitions, measured as the number of times that the state
switched from one to the other. The between-group differences of
these metrics were assessed by using Mann-Whitney U-test in the
Statistical Package for Social Science (SPSS) (IBM SPSS Statistics
21).

A participant median was estimated for each cluster division
from the participant windows that were assigned to that cluster,
representing the connectivity pattern of each participant in that
state (Damaraju et al., 2014). The between-group differences of
FC in each state were analyzed by comparing medians in partici-
pants of different states via NBS approach (Liu et al., 2017;
Zalesky et al., 2010). Note that not all participants had dynamic
FC windows assigned to each state, in which case the statistical
analysis on a given state was only performed for participants
who had windows in that cluster. Here, nodes were defined as
ICs whose locations were specified with the peak coordinates of
ICs, and the edges were represented with the correlation values
of FC matrix (Díez-Cirarda et al., 2018). A t-test contrasting the
two groups was computed for each pair-wise connection, based
on the values stored in each subject’s connectivity matrix. The con-
nections with a t-statistic exceeding the primary t-statistic thresh-
old were admitted to a set of supra-threshold connections, within
which any connected components and their size (number of con-
nections) could then be determined. Permutation testing was used
to ascribe a p-value controlled for the family-wise error rate (FWE)
to each connected component based on its size. For each permuta-
tion, the size of the largest component was recorded to generate an
empirical estimate of the null distribution. A corrected p-value was
calculated for each component utilizing the null distribution of
maximal connected component size (Zalesky et al., 2010; Zalesky
et al., 2011). For the NBS, we performed the two dimension com-
parison of MDD and HCs. The contrasts were set as ‘‘MDD > con-
trols” and ‘‘MDD < controls”. The permutations were repeated for
5000 times and the primary t-statistic threshold was set as
t > 2.7. The threshold of multiple comparisons was set as corrected
p < 0.05. We also computed the partial correlation between the
dynamics of altered FC and HAMD scores in MDD patients, by con-
trolling for age and gender.
3. Results

3.1. Demographic characteristics

Table 1 demonstrated all statistical differences on the demo-
graphical and neuropsychological performances between the
MDD and HC groups. We did not detect significant differences in
the age, gender, and mean FD variables (p = 0.355, p = 0.382, and
p = 0.74). There were significant differences in the HAMA
(p < 0.001) and HAMD (p < 0.001) scores between the two groups.
3.2. Clustering analysis

The gap statistic presented little discrimination for each k value,
while the silhouette statistic showed highest silhouette coefficient
at k = 2. Combining the gap statistic and silhouette, the optimal
number of clusters was determined to be two (k = 2) (see Supple-
mentary Fig. S1). Based on the k-means clustering method, two
reoccurring state patterns were identified during the rs-fMRI
acquisition and across the whole sample. As illustrated in Fig. 2A,
state 1 occurred more frequently (84%) which was characterized
by the presence of weaker connectivity, whereas state 2 occurred
less frequently (16%) which was characterized by stronger connec-
tivity. The strongest 5% connections of each state were kept for bet-
ter visualization to display the distinct pattern of two states (see
Fig. 2B). Generally, ICs of the brain could be divided into low-
level perceptual network (SMN, VIS and AUD) and high-level cog-
nitive network (DMN and CCN). State 1 (the weakly-connected
state) exhibited high integration in the cognitive network, while
state 2 (the strongly-connected state) showed high connectedness
of perceptual network. Specifically, state 1 showed positive corre-
lations located mainly within DMN/CCN and between these two
networks, and negative correlations were mainly found between
CCN and DMN (and between SMN and DMN). In contrast, state 2
exhibited distributed positive connections mainly within and
between perceptual networks (i.e., AUD, SMN and VIS) and several
connections between CCN and SMN, VIS.

With respect to the dwell time in states, MDD patients exhib-
ited significantly (p = 0.041, Mann-Whitney U-test) longer mean
dwell time in state 1 (the weakly-connected state) (see Fig. 3A).
In addition, the difference in transition times between the two
cohorts was marginally significant (p = 0.070, Mann-Whitney
U-test) (see Fig. 3B).

3.3. Dynamic FC differences

Compared to the HCs, MDD patients showed reduced connec-
tions between and within subnetworks in weakly-connected state
(corrected p < 0.05) (see Table 2, Fig. 4A), which were mostly found
between CCN and DMN. Other reductions were the connections
between SC and CCN, SC and DMN, SMN and CCN, VIS and DMN,
as well as the connections within CCN. There was no significant dif-
ference of FC in strongly-connected state between MDD patients
and HCs. Furthermore, the dynamics of altered FC in CCN-DMN
and CCN-CCN had significant negative correlation with the symp-
tom severity. Specifically, the dynamics of connections that link
middle temporal gyrus (MTG, IC49) with both medial frontal gyrus
(medFG, IC74) and inferior frontal gyrus (orbital) (ORBinf, IC73)
could predict the severity of depressive symptoms in MDD
patients, with r = -0.41 (p = 0.004, uncorrected) and r = -0.30
(p = 0.044, uncorrected), respectively (see Fig. 4B, C, D).
4. Discussion

Recently, many studies began to capitalize on the wealth of
information hiding behind the temporal features, such as



Fig. 2. Results of the clustering analysis in the whole sample. (A) Cluster centroids for each state. The total number of occurrences and percentage of total occurrences are
listed for each state. The colorbar represents the z value of the correlations; Red color represents positive correlations and blue color represents negative correlations. (B) The
strongest 5% connections of each state. Each rectangle on the circumference of the big circle represents each IC, and each rectangle color represents one of the seven networks
(i.e., SC, AUD, SMN, VIS, CCN, DMN and CB). The lines connecting the rectangle pairs represent the connections between the corresponding two ICs. The red lines represent
positive correlations and blue lines represent negative correlations. Abbreviation: SC, subcortical network; AUD, auditory network; VIS, visual network; SMN, sensorimotor
network; CCN, cognitive control network; DMN, default mode network; CB, cerebellar network. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

Fig. 3. Temporal properties differences between groups. Asterisks indicate significant differences between groups. Error bars represent the standard error. Abbreviation:
MDD, major depressive disorder; HCs, healthy controls.
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time-varying FC and the derived dynamic FC metrics, which might
index changes in macroscopic neural activity patterns underlying
critical aspects of cognition and behavior (Hutchison et al.,
2013a). Our results showed that the altered connectivity of MDD
patients exhibited evident state-dependent property, in which
the abnormalities were largely related to the weakly-connected
state. These findings provide new insights into understanding of
the neurophysiological mechanisms underlying MDD.
In the present study, two different connectivity states, including
a weakly-connected state and a strongly-connected state, were
identified across the whole sample. The weakly-connected state
was characterized by positive correlations located mainly within
DMN and CCN and between these two networks, and the negative
correlations were mainly between CCN and DMN (and between
SMN and DMN). DMN and CCN are known as high-level cognitive
networks that play critical roles in the pathophysiology of MDD



Table 2
FC reductions in weakly-connected state in MDD compared to HCs.

FC reductions Test statistic (t values)

CCN-DMN
Middle temporal gyrus_BA39L Anterior cingulate cortex_BA32L 3.88
Middle temporal gyrus_BA22R Anterior cingulate cortex_BA32L 3.12
Inferior frontal gyrus (orbital)

_BA47L
Anterior cingulate cortex_BA32L 3.44

Middle temporal gyrus_BA21R Anterior cingulate cortex_BA32L 2.95
Middle temporal gyrus_BA22R Medial frontal gyrus_BA8R 2.74

SC-CCN
Caudate nucleus L Middle frontal gyrus (orbital)

_BA10R
3.27

Thalamus L Middle frontal gyrus (orbital)
_BA10R

3.79

Thalamus L Inferior parietal lobule_BA40L 2.96

SC-DMN
Thalamus L Precuneus_BA7R 2.89
Caudate nucleus L Medial frontal gyrus_BA8R 2.76
CCN-CCN
Middle temporal gyrus _BA22R Inferior frontal gyrus (orbital)

_BA47L
2.73

Inferior frontal gyrus (triangular)
_BA9R

Inferior parietal lobule_BA40L 3.05

SMN-CCN
Supplementary motor area_BA6L Middle frontal gyrus (orbital)

_BA10R
3.02

VIS-DMN
Calcarine _BA18 Precuneus_BA7R 2.96

Abbreviations: FC, functional connectivity; MDD, major depressive disorder; HCs,
healthy controls; SC, subcortical network; VIS, visual network; SMN, sensorimotor
network; CCN, cognitive control network; DMN, default mode network; BA, brod-
mann area; R, right; L, left.

Fig. 4. Results of dynamic FC analysis. (A) FC reductions in weakly-connected state in
HAMD. (C), (D) Significant correlation between the FNC dynamics and HAMD. Abbrev
Hamilton Depression Rating Scale; MTG, middle temporal gyrus; medFG, medial frontal g
network; VIS, visual network; SMN, sensorimotor network; CCN, cognitive control netw
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(Hamilton et al., 2013; Manoliu et al., 2014; Menon, 2011). The
high integration of DMN and CCN in weakly-connected state sug-
gested that the weakly-connected state might be more related to
the high-level cognitive functions (e.g., monitoring the internal
mental landscape, attentional capture, and allocate cognitive
resources) (Gusnard et al., 2001; Menon, 2011; Mulders et al.,
2015; Qin and Northoff, 2011). Specifically, DMN has been
reported to be associated with specific MDD clinical characteristics
like exaggerated self-focus and depressive maladaptive rumina-
tions (Berman et al., 2010; Demirtas� et al., 2016; Hamilton et al.,
2011); CCN is related to attention allocation, working memory
and cognitive inhibition, which enables participants to flexibly
adapt information processing to changing situational demands
(Carter and Van Veen, 2007; Miller and Cohen, 2001). In addition,
CCN is responsible for regulating DMN activity during cognitive
processing (Chen et al., 2013; Dong et al., 2019). In contrast, the
strongly-connected state exhibited distributed positive connec-
tions mainly within and between the perceptual network (i.e.,
SMN, VIS and AUD). The perceptual network is related to sensory
perception and motor process which play a central role in informa-
tion transfer with external environment (Liu et al., 2017). More-
over, the connections between CCN and SMN, VIS may reflect the
top-down control mechanism that allowed CCN to modulate
motion and perception, which is essential to the switch of effective
cognitive processing to action (Christopher et al., 2015; Gazzaley
et al., 2005a; Gazzaley et al., 2005b). The main aspects of depres-
sive symptomatology include rumination, emotional disinhibition
and impaired cognitive control, which are related to the high-
level functioning systems (Brakowski et al., 2017; Hamilton et al.,
2013). Therefore, we speculated the connectivity abnormalities in
MDD compared to HCs. (B) The FC which dynamics significantly correlated with
iation: IC, independent component; FNC, functional network connectivity; HAMD,
yrus; ORBinf, inferior frontal gyrus (orbital); SC, subcortical network; AUD, auditory
ork; DMN, default mode network; CB, cerebellar network.
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MDD patients might be more related to the weakly-connected
state.

The significant FC changes in weakly-connected state among
MDD patients supported our speculation. Abnormal dynamic FC
in MDD was observed primarily in CCN, DMN, and SC, which were
related to emotion regulation and cognitive function (Kaiser et al.,
2015; Kober et al., 2008; Mulders et al., 2015). Specifically, signif-
icant reduction of connections within CCN and between subnet-
works were found in weakly-connected state. Previous studies in
patients with depression also showed reduced FC between anterior
cingulate cortex (ACC) and MTG (in this study: CCN-DMN) (Lui
et al., 2011), decreased FC between caudate and middle orbitofron-
tal cortex (in this study: SC-CCN) (Ma et al., 2012), decreased con-
nectivity between thalamus and posterior cingulate cortex/
precuneus (in this study: SC-DMN) (Guo et al., 2013a), reduced
connectivity between the orbitofrontal cortex and the middle tem-
poral cortex in an explicit task (in this study: CCN-CCN) (Frodl
et al., 2010), and decreased connectivity between calcarine and
precuneus (in this study: VIS-DMN) (Guo et al., 2013b). Interest-
ingly, the decreased FC in weakly-connected state was found
mostly between CCN and DMN. Previous findings showed abnor-
mal FC in DMN (Greicius et al., 2007; Zhu et al., 2012; Zhu et al.,
2017) and CCN (Alexopoulos et al., 2012; Sexton et al., 2012; Ye
et al., 2012), as well as decreased communication between the
two subnetworks in depression patients (de Kwaasteniet et al.,
2015). Since DMN is associated with self-referential properties
(Sheline et al., 2009) and CCN is involved in cognitive processing
(Corbetta and Shulman, 2002), the alteration in DMN-CCN commu-
nication may underlie difficulty in switching from a ‘‘default-state”
to an ‘‘executive state” (Hamilton et al., 2013; Mulders et al., 2015).
Moreover, decreased connectivity within DMN and CCN may sug-
gest that negative self-referential dominate over cognitive process-
ing, which is highly related to the clinical behavior of MDD patients
(Mulders et al., 2015). In addition, studies reported decreased FC
that connected anterior cingulate cortex (ACC) with MTG and infe-
rior frontal gyrus (IFG) in patients with depression compared to the
HCs (Cullen et al., 2009; Lui et al., 2011). Consistent with these
findings, we found significant reduction in connectivity linking
ACC with both MTG and ORBinf in weakly-connected state among
patients with MDD. These connectivity changes might be relevant
to dramatic morphological atrophy of ACC (Abe et al., 2010; Du
et al., 2012) and MTG (Ma et al., 2012) in patients with MDD,
and the altered connectivity between MTG and DMN might con-
tribute to the negative thoughts and negative emotional experi-
ence in depression (Ma et al., 2012). The present study also
showed decreased FC between CCN and DMN located in MTG
and medFG in MDD patients. The medFG, a marker of vulnerability
for depression, is central to self-referential processing and emotion
regulation (Lemogne et al., 2009), while MTG is located in the
extended dorsal attention system and is involved in cued attention
and working memory (Corbetta and Shulman, 2002; Fox et al.,
2006). The decreased connectivity in CCN and DMN might suggest
abnormalities in regulation of emotion of MDD patients. Addition-
ally, the FC changes in weakly-connected state indicated that
abnormal dynamic FC underlies the negative, dysregulated think-
ing mode that characterizes depression (Kaiser et al., 2016).

Recent dynamic FC study reported that MDD patients had sig-
nificantly longer mean dwell time in the weakly-connected state,
which was associated with self-focused thinking (Zhi et al.,
2018). In line with the previous finding, our results also showed
MDD patients spend significantly longer time in the weakly-
connected state, which might because of more investment on
self-focused rumination during the resting-state (Berman et al.,
2014; Marusak et al., 2017). Similar changes were also reported
in other psychiatric disorders, such as autism (Yao et al., 2016)
and schizophrenia (Damaraju et al., 2014). In addition, the state
transition times exhibited marginally significant difference across
two groups. The less transition times in MDD patients might indi-
cate that MDD exhibited more stable network dynamic pattern in
the entire scan process.

Other findings also supported our speculation that MDD might
be more sensitive to the weakly-connected state. HAMD is a valid
and easily applicable measure of evaluating depression severity.
The high accuracy and specificity of the HAMD make this instru-
ment more suitable for diagnostic purposes (Aben et al., 2002).
We found that the dynamics of reduced FC within CCN (MTG-
ORBinf), and between CCN and DMN (MTG-medFG), had significant
negative correlations with the HAMD scores in weakly-connected
state. It should be noticed that the reduced FC here both connected
to the MTG, which is related with perception of intentional behav-
ior, the recall of memories and personal experiences. In addition,
MTG mediates the ability to explain and predict individual behav-
ior by attributing to independent mental states (e.g., beliefs, emo-
tions, and intentions), which indicates that this region regulates
semantic, emotion, and cognition (Gallagher and Frith, 2003; Guo
et al., 2017). Accordingly, abnormal MTG-related FC might cause
emotional dysregulation. Previous study reported that the DMN
and CCN might represent important neural substrates of MDD
(Ye et al., 2015). Moreover, reduced mean connectivity within
the entire CCN was stable and reliable over time and could repre-
sent a biomarker for trait phenotypes of depression risk (Stange
et al., 2017). Compatible with the previous studies, the results of
negative correlations between FC dynamics and HAMD scores indi-
cated that more stable dynamics of FC between MTG and medFG,
ORBinf in weakly-connected state, the patients would have more
severe depressive symptoms. The significant correlations provided
additional insights in the context of a dynamic perspective as
dynamics of FC in weakly-connected state implicated the symptom
severity in MDD, and contributed to the identification of efficient
biomarkers and the potential aid in clinical diagnosis of MDD.

Several limitations should be addressed in the future work.
First, most MDD patients were medicated with different antide-
pressant medications such as citalopram, zoloft, fluoxetine, fluvox-
oxamine, amitriptyline. A large number of studies have reported
the effects of antidepressant medication on rs-fMRI data, which
have been examined by FC (Li et al., 2013), amplitude of low-
frequency fluctuations (Wang Li-Juan et al., 2014), degree central-
ity (Shen et al., 2015), regional homogeneity (Wang L et al., 2014),
etc. For example, Van Wingen et al. explored the effects of dulox-
etine treatment in healthy subjects revealing the reduction of
resting-state FC within the DMN and the task positive network,
which may contribute to their antidepressant effects in depression
(Van Wingen et al., 2014). Our findings might be confounded by
the use of antidepressant medications, which might act to improve
depressed patients’ abnormalities in emotional reactivity and def-
icits in emotional regulation (Ma, 2015). In future studies, it would
be important to assess the effects of antidepressant medications on
dynamic function. Second, an empirically validated fixed sliding
window of 22 TR (44 s) was selected in sliding window analysis
same to (Damaraju et al., 2014; Zhang et al., 2018). The selection
of sliding window size is still inconclusive and may impact the
evaluation of dynamic FC. Connectivity changes using separate
windows of various windows lengths will be evaluated in the
future study. Third, the sample sizes included in the current study
is relatively small, the replication study with more participants
needs to be performed in the future to verify our findings. Forth,
determining reasonable connectivity states is a critical and contro-
versial issue in the field of dynamic FC. It would be beneficial to
develop and improve more effective methods for the identification
of FC states, providing more reference for clinical diagnosis. Finally,
the evolution of dynamic FC during progression of MDD and fol-
lowing various therapies cannot be determined in this study. Thus,
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future longitudinal studies are necessary to explore potential
altered dynamic FC as a clinical biomarker.
5. Conclusion

In summary, the present study revealed that the abnormalities
of FC in MDD patients were mainly concentrated in weakly-
connected state. MDD patients spend more time and exhibited
decreased FC between and within subnetworks in weakly-
connected state. Moreover, lower variability in reduced FC related
to the disease severity also implied that the dynamic changes of FC
might serve as efficient biomarkers for potential aid in clinical
diagnosis, and weakly-connected state might play a key role in
detecting symptom severity in MDD. These findings provide new
perspectives for understanding the state-dependent neurophysio-
logical mechanisms in MDD.
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