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Abstract
Electroconvulsive therapy (ECT) is an effective and rapid treatment for major depressive disorder

(MDD). However, the neurobiological underpinnings of ECT are still largely unknown. Recent studies

have identified dysregulated brain networks in MDD. Therefore, we hypothesized that ECT may

improve MDD symptoms through reorganizing these networks. To test this hypothesis, we used

resting-state functional connectivity to investigate changes to the intra- and internetwork architec-

ture of five reproducible resting-state networks: the default mode network (DMN), dorsal attention

network (DAN), executive control network (CON), salience network (SAL), and sensory-motor net-

work. Twenty-three MDD patients were assessed before and after ECT, along with 25 sex-, age-,

and education-matched healthy controls. At the network level, enhanced intranetwork connectivities

were found in the CON in MDD patients after ECT. Furthermore, enhanced internetwork connectiv-

ities between the DMN and SAL, and between the CON and DMN, DAN, and SAL were also

identified. At the nodal level, the posterior cingulate cortex had increased connections with the left

posterior cerebellum, right posterior intraparietal sulcus (rpIPS), and right anterior prefrontal cortex.

The rpIPS had increased connections with the medial PFC (mPFC) and left anterior cingulate cortex.

The left lateral parietal had increased connections with the dorsal mPFC (dmPFC), left anterior pre-

frontal cortex, and right anterior cingulate cortex. The dmPFC had increased connection with the left

anterolateral prefrontal cortex. Our findings indicate that enhanced interactions in intra- and inter-

networks may contribute to the ECT response in MDD patients. These findings provide novel and

important insights into the neurobiological mechanisms underlying ECT.
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1 | INTRODUCTION

Major depressive disorder (MDD) is characterized by the core symp-

toms of low mood, lack of interest, anhedonia, and reduced energy. It

is one of the most prevalent and serious psychiatric disorders, often

leading to an increased risk of suicide (Belzung, Willner, & Philippot,

2015; Jia et al., 2010). Electroconvulsive therapy (ECT) is an effective

and widely used treatment for MDD, especially for treatment-resistant

depression because of the rapid response to the disease (Kellner et al.,

2012). However, the neurobiological underpinnings of ECT are still

largely unknown. Recent studies have shown that MDD exhibits not

only affective deficits, but also cognitive impairments and somatic

symptoms, which are driven by different functional networks (Disner,

Beevers, Haigh, & Beck, 2011; Drevets, 2001; Veer et al., 2010; Zhang

et al., 2016). Increasingly, MDD is being recognized as a disorder of

dysregulated interconnected brain networks, rather than a disruption in

one single brain area (Wang, Hermens, Hickie, & Lagopoulos, 2012b;

Wu et al., 2016, 2017).

Resting-state functional magnetic resonance imaging (fMRI), which

enables the identification of spontaneous neural activity related to self-

initiated behavior, can provide a task-free approach to detect the

intrinsic functional modules in the brain (Eickhoff & Grefkes, 2011; Fox

& Raichle, 2007; Wang et al., 2015b,2016b,2017c). Using seed-based

analysis and independent components analysis (Calhoun, Adali, Pearl-

son, & Pekar, 2001; Damoiseaux et al., 2006), five resting-state net-

works, the default mode network (DMN), dorsal attention network

(DAN), executive control network (CON), salience network (SAL), and

sensory-motor network (SMN) have been reproducibly identified in

many previous studies (Mantini, Perrucci, Del Gratta, Romani, & Cor-

betta, 2007; Yeo et al., 2011). The DMN primarily participates in self-

referential functioning and autobiographical memory (Buckner,

Andrews-Hanna, & Schacter, 2008; Raichle et al., 2001; Zhang et al.,

2014). In contrast to the DMN, the DAN is typically involved in top-

down attention processing, and the ECN in the management of exoge-

nous cognitive functions, and externally guided cognition (Corbetta &

Shulman, 2002; Seeley et al., 2007; Sridharan, Levitin, & Menon, 2008;

Wang et al., 2016a). The SAL and SMN are separately implicated in

allocating attentional resource to salient events, sensory-motor proc-

essing, and emotional experience (Lindquist, Wager, Kober, Bliss-

Moreau, & Barrett, 2012; Menon & Uddin, 2010; Menon, 2011).

The alteration of these five brain networks in MDD has been

documented in previous studies. Greicius et al. (2007) first reported

abnormal functional connectivities of the DMN in MDD patients. Sub-

sequently, a large number of studies have also found abnormal activity

in the DMN (Broyd et al., 2009; Zhu et al., 2012). This is mainly related

to negative rumination, and can be normalized by antidepressant treat-

ment (Dichter, Gibbs, & Smoski, 2015; Li et al., 2013). Sheline, Price,

Yan, and Mintun (2010) found abnormal functional activity not only in

the DMN, but also in the CON and the affective network in MDD

patients, and that the three networks are mediated by a dorsal nexus

area of the medial prefrontal cortex. Studies testing MDD patients

after ECT have shown decreased global functional connectivities in the

CON subcomponent of the dorsolateral prefrontal cortex (dlPFC), and

reversed functional connectivity between the posterior DMN and

dlPFC (Abbott et al., 2013; Perrin et al., 2012). Abnormal activity in the

SAL network has been widely reported in depression, and the func-

tional activities in SAL are of high relevance to the treatment response

(Anand et al., 2005; Dutta, McKie, & Deakin, 2014; Wu et al., 2011).

For the DAN network, a recent meta-analysis revealed that disrupted

connectivity between the frontoparietal network and DAN may reflect

biases toward ruminative thoughts at the cost of attending to the

external world (Kaiser, Andrews-Hanna, Wager, & Pizzagalli, 2015). In

addition to the aforementioned networks, structural and functional

changes in the SMN have also been observed (Guo et al., 2011;

Schmaal et al., 2017; Wu et al., 2016; Zhang et al., 2016). Our recent

study demonstrated that the functional connectivity density in the

SMN is closely related to the response to ECT in MDD patients, which

may be an early predictor of treatment response (Wang et al., 2017b).

Although previous studies have identified structural and functional

changes in these five large-scale networks in MDD patients, how these

networks reorganize their interaction after ECT remains largely

unknown.

In the present study, we aimed to increase our understanding of

the neurobiological basis of ECT in MDD by investigating the altered

intra- and internetwork functional connectivities in five brain networks:

the DMN, DAN, CON, SAL, and SMN. We hypothesized that ECT may

reconfigure the intranetwork connectivities of the CON to enhance

internetwork connectivities between the DMN, DAN, SAL and SMN,

which may contribute to the response to ECT in MDD patients.

2 | MATERIALS AND METHODS

2.1 | Participants

Twenty-three MDD patients participating in ECT treatment were

recruited at Anhui Mental Health Center. MDD was diagnosed using

the Diagnostic and Statistical Manual of Mental Disorders-IV (DSM-IV)

criteria which is the Chinese translation of the English DSM-IV (Jiang,

2012). Patients with treatment-resistant MDD or with acute suicidal

tendencies were entered for ECT. Patients with substance dependence,

pregnancy, life threatening somatic disease, neurological disorders,

other comorbid mental disorders, previous ECT treatment, as well as

MRI-contraindications were excluded. A total of 23 participants (11

males and 12 females, age range 18–55 years, mean age 5 38.74,

standard deviation 5 11.02; mean education level 5 8.83 years, stand-

ard deviation 5 3.89) were enrolled in the present study. All patients

continued to take anti-depressive medication during the course of

receiving ECT. The severity of depression was assessed using the 17-

item Hamilton Rating Scale for Depression (HRSD) (Hamilton, 1960).

The scale was administered 12–24 h before the first ECT session and

24–72 h after the last ECT session. The antidepressive ECT response

was evaluated using a paired two-sided t test on the HRSD scores, and

the threshold for significance was set at p < .05. Additionally, 25 sex,

age, and education matched healthy controls (HC) (12 males and 13

females, range 26–51 years, mean 5 39.52 years, standard

deviation 5 8.07; mean education level 5 8.84 years, standard
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deviation 5 3.05) were included. All participants were right-handed

and provided written informed consent. The study was conducted in

accordance with the latest revision of the Declaration of Helsinki and

had full ethical approval from the local ethics committees of Anhui

Medical University.

2.2 | ECT procedures

A modified bi-frontal ECT protocol using a Thymatron System IV Inte-

grated ECT System (Somatics, Lake Bluff, IL, USA) in Anhui Mental

Health Center was used in the present study. The first three ECT ses-

sions were administered on consecutive days, and the subsequent ECT

sessions were conducted every other day with a break over the week-

ends until patients reached symptom remission. The criterion for remis-

sion was defined as the HRSD score of patient was not more than 7.

The mean of the total duration of the ECT sessions was

14.6 6 5.8 days. During ECT, all the MDD patients were anesthetized

using propofol. A previous study has revealed that patients were anes-

thetized using propofol affecting resting state brain activity. Given that

patients were scanned 24–72 h after the last ECT and propofol half-

life is between 1 and 8 h (dependent on infusion duration), this should

not have a confounding effect on the data (Guldenmund et al., 2013).

In addition, succinylcholine and atropine were used to relax the muscu-

lature and suppress the secretion of glands. Electroencephalography

was used to monitor seizure activity. The initial percent energy dial was

set based on the age of each participant (e.g., 50% for a 50-year-old

patient). The stimulation strength was evenly adjusted with an incre-

ment of 5% of the maximum charge (approximately 1,000 millicou-

lombs) in our treatment strategy. If no seizure activity was detected

with the initial stimulation setting, the percent energy was increased

until seizure was visually observed (Wang et al., 2017a,b; Wei et al.,

2014). The final energy used was 42.1 6 11.7% of the maximum

charge.

2.3 | MRI data acquisition

All MRI data were acquired on a clinical 3.0T whole-body MRI system

(Signa HDxt, GE Healthcare, Buckinghamshire, UK) located at the First

Affiliated Hospital of Anhui Medical University. Patients were scanned

12–24 h before the first ECT session and 24–72 h after the last ECT

session. In addition, the healthy controls were scanned once to deter-

mine pre-treatment neural alterations in the patients. Participants were

instructed to relax and to keep their eyes closed, to remain awake and

not to think of anything during the MRI acquisition. The resting-state

functional images were acquired using a standard echo planar imaging

(EPI) sequence. The main parameters were: repetition time/echo time

ratio 5 2,000/22.5 ms, 240 volumes, flip angle 5 308, 33 slices, thick-

ness/gap 5 4.0/0.6 mm, voxel size 5 3.4 3 3.4 3 4.6 mm3, matrix

size 5 64 3 64, field of view 5 220 3 220 mm2. Total acquisition of

resting-state MRI was 8 min. We also acquired a T1-weighted anatomi-

cal image with 188 slices for each patient to further identify and dis-

card gross radiological alterations. (TR 5 8.676 ms; TE 5 3.184 ms;

inversion time 5 800 ms; flip angle 5 88; field of

view 5 256 3 256 mm; slice thickness 5 1 mm; voxel

size 5 1 3 1 3 1 mm).

2.4 | Resting-state fMRI data preprocessing

Preprocessing of the resting-state fMRI data was carried out using

SPM8 software. The first 10 volumes were discarded to allow for mag-

netization equilibrium. The slice timing for the remaining images was

corrected, and images were realigned to the first volume to account for

head motion. All participants who showed a maximum displacement of

less than 3 mm and an angular motion of less than 38 were included in

the subsequent analyses. All fMRI images were normalized to the Mon-

treal Neurological Institute (MNI) template and resampled at

3 3 3 3 3 mm3. The functional images were smoothed using a Gaus-

sian kernel of 6 mm FWHM. Subsequently, the functional images were

filtered with a temporal band-path of 0.01–0.1 Hz and six motion

parameters, and white matter and cerebrospinal fluid signals were

regressed out (Wang et al., 2012a,2015a). As previous studies have

shown that global mean signal regression can lead to spurious resting-

state functional correlations and false inferences, particularly at group

level inference (Gotts et al., 2013; Saad et al., 2013), the global mean

signal was not regressed during preprocessing.

2.5 | Definition of the five networks

We defined the DMN, DAN, CON, SAL, and SMN on the basis of a

previous study which identified 36 regions of interest (ROIs) derived by

maximizing the topographic concordance between results obtained by

seed-based correlation mapping and by spatial independent component

analysis to represent the five networks (Brier et al., 2012). Because the

coordinate for the right putamen was missed in Brier and colleagues’

study, the updated coordinate was adopted from study of Zhan et al.

(2016). Finally, the peak MNI coordinates of the 36 voxels were used

to create the ROIs with 6 mm radius to study the intra- and internet-

work connections.

2.6 | Intra- and internetworks connections

Intra- and internetwork functional connections were measured using

Pearson’s correlation coefficient. First, the correlation coefficient was

calculated between the mean time series of each pair of the 36 ROIs

for each participant. Then, the intranetwork connection was calculated

by averaging the correlation coefficients of all ROI pairs in each particu-

lar network. Internetwork connection was computed by averaging the

correlation coefficients of all ROI pairs belonging to different networks.

2.7 | Nodal level connections

Intra- and internetwork connectivity analyses cannot differentiate poten-

tially focal effects at the individual ROI pair level, thus, we evaluated the

connectivity differences between all the possible pairs of ROIs. For the

36 ROIs, we calculated the correlation coefficient between any pair of

the 36 ROIs, and a 36 3 36 matrix was obtained. Finally, 630 connec-

tions between the 36 ROIs were obtained. The connectivity differences

WANG ET AL. | 1405



for all the 630 connections between all the possible pairs of ROIs were

assessed between MDD patients before and after ECT, and between

HCs andMDD patients before and after ECT.

2.8 | Statistical and correlation analyses

Paired t-tests were used to determine differences in the intra-, inter-

network, and nodal level connections in MDD patients before and after

ECT. Two-sample t tests were used to identify differences in the intra-,

internetwork, and nodal level connections between HCs and MDD

patients before and after ECT. For intra- and internetwork connections,

the significance threshold was set at p < .05/15 (5 intranetworks and

10 internetwork) using a Bonferroni correction for multiple compari-

sons. For the ROI pair connection analyses, the significance threshold

was set at p < .05/630 (630 connections between any pair of the 36

ROIs) using a Bonferroni correction for multiple comparisons.

Finally, correlation analyses between HRSD scores and intra-,

internetwork, and nodal level connections in MDD patients before ECT

and after ECT were performed separately to reveal whether functional

connections were associated with disease symptoms. Furthermore, cor-

relation analyses between the changes in intra-network, internetwork,

and nodal connections of MDD patients following ECT, and the

changes in HRSD scores, were performed to further explore whether

the neuroimaging indices were related to changes at the symptom-

level. The significance level was set at p < .05.

3 | RESULTS

3.1 | Demographic and clinical characteristics

A chi-squared test and two-sample t test were used to determine any dif-

ferences in sex, age, and education years. There were no statistically sig-

nificant differences in sex (p 5 .99), age (p 5 .78), or education level

(p 5 .99) between the MDD and HC groups (Table 1). Within the group

of MDD patients, the depressive symptom load as assessed by the HRSD

significantly decreased during ECT treatment (p < 10213) (Table 1).

3.2 | Alteration of intranetwork connections

Statistical analysis identified significantly increased intra-network con-

nections of the CON in MDD patients after ECT compared with MDD

patients before ECT, and compared with HCs (Figure 1). There were no

significant differences in intra-network connections of the CON

between HCs and MDD patients before ECT (Figure 1). Additionally,

we did not find significant differences in intranetwork connections in

any of the other four networks, which were the DMN, DAN, SAL, and

SMN, in MDD patients after ECT compared with MDD patients before

ECT after correction for multiple comparisons (Figure 1).

3.3 | Alteration of internetwork connections

Statistical analysis identified significantly increased internetwork con-

nections between the DMN and SAL in MDD patients after ECT com-

pared with MDD patients before ECT (Figure 2). The significantly

TABLE 1 Demographic and clinical variables

Participants MDD
Healthy
controls P value

Number of partici-
pants

23 25

Age (mean 6 SD)
years

38.74 6 11.02 39.52 6 8.07 0.78

Gender
(male/female)

11/12 12/13 0.99

Education level
(mean 6 SD) years

8.83 6 3.89 8.84 6 3.05 0.99

HRSD scores (mean 6 SD)

Before ECT 22.22 6 4.74
After ECT 3.83 6 2.15
Number of
treatment
(mean 6 SD)

7.26 6 2

Age of onset
(years)

33.90 6 12.26

Durations of
illness (months)

70.35 6 83.27

Episodes (n patients)

First
Recurrence

8
15

Family history
(n patients)

2

Medication
(n patients)

23

Medication-free 0

On-medication 23

Note. A Pearson chi-squared test was used for gender comparison. Two-
sample t tests were used for age, education comparisons.
MDD, major depressive disorder; HRSD, Hamilton Rating Scale for Depression.

FIGURE 1 Increased intranetwork functional connectivity in the
executive control network (CON) was observed in major depressive
disorder (MDD) patients after electroconvulsive therapy (ECT). The
increased intranetwork functional connectivity in the CON was
also found between MDD patients after ECT, and healthy controls.
The significance level was determined using Bonferroni correction
for multiple comparisons with p < .05 [Color figure can be viewed
at wileyonlinelibrary.com]

1406 | WANG ET AL.

http://wileyonlinelibrary.com


enhanced internetwork connections between the CON and DMN,

DAN, and SAL were also found in MDD patients after ECT compared

with MDD patients before ECT (Figure 2). In addition, significantly

increased internetwork connections were observed between the DMN

and CON, and SAL in MDD patients after ECT compared with HCs

(Figure 2). There were no significant differences in internetwork con-

nections between HCs and MDD patients before ECT (Figure 2).

3.4 | Nodal level interconnections

At the nodal level, enhanced connections were found in MDD patients

after ECT. The posterior cingulate cortex (PCC) had increased connections

with the left posterior cerebellum (lpCBL), right posterior intraparietal sul-

cus (rpIPS), and right anterior prefrontal cortex (raPFC) in MDD patients

after ECT compared with both MDD patients before ECT, and HCs. The

rpIPS had increased connections with the medial PFC (mPFC) and left

anterior cingulate cortex (lACC) in MDD patients after ECT compared

with MDD patients before ECT, and HCs. The left lateral parietal (lLP)

had stronger connections with the dorsal mPFC (dmPFC), left aPFC, and

right ACC in MDD patients after ECT than MDD patients before ECT,

and HCs, except for the connectivity between the lLP and right ACC, for

which no significant difference between MDD patients after ECT and

HCs was found. The dmPFC had enhanced connection with laPFC in

MDD patients after ECT compared with MDD patients before ECT, and

HCs. In addition, altered functional connection between the rpIPS and

lACC was found between all three groups. The MDD group showed sig-

nificant reduction in functional connections between the rpIPS and lACC

compared with both HCs and MDD patients after ECT (Figure 3).

3.5 | Correlation analyses

We identified significant correlations between HRSD scores and intra-

network connection of the CON, internetwork connection between

the CON and DMN, functional connectivity between the PCC and

raPFC, and functional connectivity between the dmPFC and laPFC in

MDD patients before ECT (Figure 4). In addition, significant correla-

tions were found for MDD patients between the changed HRSD

scores and changed intranetwork connections of the CON, changed

internetwork connection between the CON and DMN, changed func-

tional connectivity between the PCC and raPFC, and changed func-

tional connectivity between the dmPFC and laPFC (Figure 4). We did

not find any significant correlations between the functional connec-

tions and HRSD scores in MDD patients after ECT.

4 | DISCUSSION

By assessing functional interactions within and between the five net-

works and nodal pairs, we aimed to reveal whether and how the inter-

actions were modulated by ECT in MDD patients. Our findings showed

that ECT can increase intra-network connectivity of the CON and

internetwork interactions between the DMN and SAL, and between

the CON and DMN, DAN, and SAL. Furthermore, we also found that

ECT enhanced interactions between nodal pairs. The PCC had

increased connections with the lpCBL, rpIPS, and raPFC. The rpIPS had

increased connections with the mPFC and lACC. The lLP had increased

connections with the dmPFC, left aPFC, and right ACC. The dmPFC

had increased connection with the laPFC. These findings indicate that

ECT can reorganize the functional architecture of the brain in MDD

patients for effective therapy.

4.1 | Intranetwork connectivity

In this study, we identified increased intranetwork connectivity of the

CON at the module level. At the nodal level, we further showed the

increased functional connection between the CON’s subareas of the

dmPFC and laPFC. Our findings are supported by previous studies in

FIGURE 2 The longitudinal effect of electroconvulsive therapy (ECT) on internetwork connectivities. Five reproducible resting-state networks:
The default mode network (DMN), dorsal attention network (DAN), executive control network (CON), salience network (SAL), and sensory-motor
network (SMN) were studied. Increased inter-network connectivities between the DMN and SAL, and between the CON and DMN, DAN and SAL
were found in major depressive disorder (MDD) patients after ECT compared with MDD patients before ECT. The significantly increased internet-
work connectivities between the DMN, SAL, and CON were also identified in MDD patients after ECT compared with healthy controls. The signifi-
cance level was set at p < .05 using Bonferroni correction for multiple comparisons [Color figure can be viewed at wileyonlinelibrary.com]
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MDD patients, which identified abnormal functional activity within the

executive control network (Elderkin-Thompson, Mintz, Haroon, Lavret-

sky, & Kumar, 2007; Sheline et al., 2006). In addition, a recent study in

MDD revealed that the dmPFC is a hot-wired hub integrating and

modulating the different functional subsystems in depression (Sheline

et al., 2010). The key role of the dmPFC in functional integration is sup-

ported by functionally heterogenous subareas and distinct functional

connectivity profiles to the limbic system and DMN (Eickhoff, Laird,

FIGURE 3 Increased resting-state functional connectivity (RSFC) between nodal pairs in major depressive disorder (MDD) patients after
electroconvulsive therapy (ECT). To account for potentially focal effects at the individual node pair level, the RSFC between each pair of
nodes was calculated. Enhanced connections between the posterior cingulate cortex (PCC) and left posterior cerebellum, right posterior
intraparietal sulcus (rpIPS), and right anterior prefrontal cortex (raPFC), between the rpIPS and medial PFC (mPFC), left anterior cingulate
cortex (lACC), between the left lateral parietal (lLP) and dorsal mPFC (dmPFC), left aPFC, and right anterior cingulate cortex (rACC), and
between the dmPFC and laPFC were found in MDD patients after ECT compared with before ECT. Similar results were also found between
MDD patients after ECT and HCs except the connection between the lLP and right ACC. In addition, significantly decreased functional con-
nection between the rpIPS and lACC was found in MDD patients compared with MDD patients after ECT, and HCs [Color figure can be
viewed at wileyonlinelibrary.com]

FIGURE 4 Significant correlations between Hamilton Rating Scale for Depression (HRSD) scores and intra-network connection of the exec-
utive control network (CON), inter-network connection between the CON and default node network (DMN), and nodal connections
between the posterior cingulate cortex (PCC) and right anterior prefrontal cortex (raPFC) and between the dorsal mPFC (dmPFC) and left
anterolateral prefrontal cortex (laPFC) in major depressive disorder (MDD) patients before electroconvulsive therapy (ECT). Furthermore,
significant correlations between the changes of HRSD scores and changes of intra-network connection of the CON, inter-network connec-
tion between the CON and DMN, and nodal connections between the PCC and raPFC and between the dmPFC and laPFC were also identi-
fied in MDD patients before and after ECT
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Fox, Bzdok, & Hensel, 2016). Thus, the CON is an important interface

for affective and cognitive information processing in MDD. Further-

more, the laPFC, which is a key neural substrate of an emotion process-

ing and regulation circuit, has been reported to be involved in mood

regulation and cognitive reappraisal (Fuster, 2001; McRae et al., 2010;

Phan et al., 2005; Phillips, Drevets, Rauch, & Lane, 2003). Thus, the

increased intranetwork connectivity of the CON and nodal connectivity

between the dmPFC and laPFC suggests that ECT may enhance the

integration of emotional and cognitive information processing to

improve emotional processing ability via cognitive reappraisal in MDD

patients. However, our current study only identified significantly

increased intranetwork connectivities in MDD patients after ECT com-

pared with MDD patients and HC participants. We did not find signifi-

cant differences in intranetwork connectivity between HC subjects and

MDD patients. A recent study identified reduced intranetwork connec-

tivity in the DAN between HC subjects and MDD patients using func-

tional connectivity analyses (Sacchet et al., 2016). This discrepancy may

result from the heterogeneity of MDD patients, the duration of illness,

the small number of participants in our study, differing definitions for

the five networks, and different methods to calculate the intra-network

connections.

4.2 | Internetwork connectivity

Disrupted intra-network and internetwork connectivities in MDD have

been found in many previous studies (Crowther et al., 2015; Kaiser

et al., 2015; Wang et al., 2012b). In our current study, we not only

identified increased intra-network connectivity, but also found

enhanced internetwork connections between the DMN and SAL, and

between the CON and DMN, DAN, and SAL in MDD patients after

ECT. Our findings indicate that ECT can reconfigure the architecture of

the brain networks in MDD patients. The DMN is one of the most

important functional modules in the human brain and plays a crucial

role in retrieving autobiographical memories, envisioning the future,

and conceiving the perspectives of others (Buckner et al., 2008). In

MDD patients, DMN hyperactivity has been widely reported to be

related to rumination and self-associations (Disner et al., 2011; Pizza-

galli, 2011). In contrast to the DMN, the DAN is involved in preparing

and applying goal-directed selection for stimuli (Corbetta & Shulman,

2002), and DAN hypoactivity in MDD is related to emotional, visceral,

and autonomic dysregulation (Sheline et al., 2010). The SAL, which

mainly includes the anterior cingulate cortex and anterior insula, plays

an important role in segregating internal and external stimuli to guide

behavior choice (Menon & Uddin, 2010). Dysregulation of this network

may be related to the negative interpretation bias found in MDD (Ham-

ilton et al., 2012). Thus, the increased internetwork connectivities

between the CON and DMN, DAN, SAL suggest that the CON may

provide a link with different functional networks to regulate adaptive

engagement of task-relevant and disengagement of task-irrelevant

brain regions in information detection and processing. Moreover, we

found enhanced internetwork connectivity between the DMN and SAL

in MDD patients responding to ECT, which indicates that ECT may reg-

ulate the SAL to disengage from a rumination state and to allocate

attentional resources to goal-guided stimuli. At the nodal level connec-

tivity analysis, we additionally identified increased internetwork con-

nectivities between the rpIPS and mPFC, and PCC. The rpIPS is part of

the DAN, and the mPFC and PCC are part of the DMN. The enhanced

internetwork connectivity between the DMN subareas of the mPFC

and PCC, and DAN subarea of the rpIPS implies that ECT may promote

switching between the DAN and DMN. Collectively, our results sup-

port the argument that normal and efficient behavior depend on the

balance between local processing and global integration of information,

and the coordinated activity of brain networks (Bullmore & Sporns,

2012; Yeo et al., 2011). Furthermore, our findings suggest that the

pathology of MDD may result from the disrupted balance between dif-

ferent brain networks. Finally, ECT may coordinate the dynamic inter-

action of different networks in the effective response to ECT

treatment in MDD patients.

5 | CONCLUSION

We identified increased intra- and internetwork connectivities in MDD

patients following ECT. These findings indicate that ECT can enhance

the functional reorganization of disrupted brain networks in MDD. Our

findings provide new insights into the underlying mechanisms of ECT,

which may promote the widespread application of ECT in clinical

practice.
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