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Background: Major depressive disorder (MDD) is mediated by chronic dysregulation of 

complex neural circuits, particularly the specific neurotransmitters or other neural substrates. 

Recently, both increases and decreases in resting-state functional connectivity have been 

observed in patients with MDD. However, previous research has only assessed the functional 

connectivity within a specific network or some regions of interests, without considering the 

modulatory effects of the entire brain regions. To fill in the research gap, this study employed 

PPI (physiophysiological interaction) to investigate the functional connectivity in the entire brain 

regions. Apart from the traditional PPI used for cognitive research, current PPI analysis is more 

suitable for exploring the neural mechanism in MDD patients. Besides, this PPI method does 

not require a new cognitive estimation task and can assess the modulatory effects on different 

part of brain without prior setting of regions of interest.

Methods: First, we recruited 76 outpatients with major depressive disorder, and conducted 

MRI scan to acquire structural and functional images. As referred to the previous study of 

resting-state networks, we identified eight well-defined intrinsic resting-state networks by 

using independent component analysis. Subsequently, we explored the regions that exhibited 

synchronous modulatory interactions within the network by executing PPI analysis.

Results: Our findings indicated that the modulatory effects between healthy crowed and patient 

are different. By using PPI analysis in neuroimaging can help us to understand the mechanisms 

of neural disruptions in MDD patients. In addition, this study provides new insight into the 

complicated relationships between three or more regions of brain, as well as different brain 

networks functions in external and internal.

Conclusion: Furthermore, the functional connectivity may deepen our knowledge regarding 

the complex brain functions in MDD patients and suggest a new multimodality treatment for 

MDD including targeted therapy and transcranial magnetic stimulation.

Keywords: major depressive disorder, physiophysiological, modulatory effects, resting-state 

networks

Introduction
Major depressive disorder (MDD) is one of the psychiatric disorders with a high preva-

lence, which draws global attention to clinicians and researchers alike.1 The common 

manifestations of depressive patients are low energy, loss of reward, and cognitive 

disorder. MDD has a debilitating impact on the patient’s lives, resulting from its per-

sistent and recurrent nature. With the advancement of magnetic resonance imaging 

(MRI) techniques, the correlation between of nerve cells and modulatory effects of 

depression has drawn a great deal of interest in recent years.
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Brain imaging studies suggest that most of the brain 

regions are responsible for mood regulation, and exhibited 

a disrupted function in depression.2 Functional magnetic 

resonance imaging (fMRI) has been applied to examine the 

differential activation of certain networks within regions 

between MDD patients and healthy controls, either in rest-

ing state or in response to a specific task.3,4 The fMRI allows 

the detection of fluctuations in blood oxygenation level 

dependent (BOLD) signals, and its advantages for studying 

resting states include the spatial and temporal resolution 

of noninvasive imaging technologies.5 The functional con-

nectivity measures are based on the assumption that a stable 

relationship is existed between regions within a network over 

time by determining the temporal correlation of resting-state 

fMRI time series.6

Psychophysiological interaction is a commonly used 

method for studying task related functional connectivity by 

using fMRI data. This method utilizes a linear regression 

model to detect the interaction between a time series of seed 

region (physiological variable) and a task (psychological 

variable). Through voxel-wise analysis, the regions that 

modulate connectivity with task and seed regions can be iden-

tified. Subsequent modification may include the deconvolu-

tion of hemodynamic response.7 The psychophysiological 

interaction method has been validated by several simulation 

studies,8 especially in block designed experiments,9 to exam-

ine whether the correlation in network activity between two 

distant brain regions is different in terms of psychological 

contexts. In other words this method can be used to determine 

the interaction between psychological state and functional 

coupling among two brain regions.

Resting-state MRI (rs-MRI) analysis, is a method basing 

on the temporal correlations of BOLD with synchronous 

contrast MRI signals, rs-MRI is commonly used to identify 

a set of internal functional connectivity through a predefined 

reference seed region of interest (ROI) and other brain 

regions.10 The fMRI can simultaneously provide informa-

tion by analyzing time-series data regarding the task-related 

activity and the connectivity (functional or effective) between 

brain regions and the behavioral or physiologic states.

There are several networks emerging from rest-state 

fMRI, such as resting-state networks (RSNs). RSNs are 

commonly identified by independent component analysis 

(ICA). The complex functional connectivity is constant with 

both stimulus-evoked and co-activation patterns in sensory 

and motor cortices, language and memory systems and high-

level cognitive control networks.11–14 RSNs are restricted to 

gray matter regions,14,15 and they have become a consensus 

supported by many scientists, which reflect the functional 

system for core perception and cognitive process. Therefore, 

the connectivity between cortico-cerebellar and cortico-

subcortical can be explored, and potentially achieved with 

structural connectivity measures. The application of RSNs 

has uncovered many interesting phenomena for the patterns 

of spontaneous connectivity altered in different mental 

disorders. However, the majority of approaches for analyzing 

resting-state fMRI data are based on spatially model-driven 

with a priori hypothesis that the functional connectivity of 

ROIs existed in the brain or individual voxels.16

To date, many studies have been reported on the emotional 

and cognitive dysfunctional of MDD,17 characterized by the 

structural and functional abnormalities in an affective network 

(AN) and some others network.18 Consequently, these studies 

have identified the default mode network of brain regions. 

Notably, the network brain’s regions are closely related and 

are most likely to modulate to each other, across cerebrum of 

MDD patients with different functional connectivity.19,20

Accordingly, these functional connectivity can provides 

a bridge between different networks in healthy individuals 

via PPI analysis.21 PPI analysis has revealed that the positive 

modulatory interactions are mostly observed in the brain 

regions involved in the same network, when considering 

two ROIs for each networks. These findings suggest that 

the network activity may be associated with a smaller 

connectivity of the competitive networks, which has been 

validated by several simulation studies, especially in block 

designed experiments.8,22

To the best of our knowledge, no study has been con-

ducted on a combination of aforementioned methods for 

examining the networks of resting-state abnormalities in 

MDD patients. Conversely, the studies of MDD related with 

fMRI are often based on task block methods. In the present 

study, we focused on the resting-state without performing 

complex tasks to allow the analysis of brain regions in a 

natural manner. Besides, it is assumed that MDD patients 

may not cooperate with tasks when they are emotional.

Therefore, in this study, we investigated the modula-

tory interactions of different brain regions within the well-

defined resting-state networks23 and identified the specific 

regions that exhibit synchronous modulatory interactions 

within the network. In addition we explored the atypical 

regions exhibiting RSNs, and compared our findings with 

the previous results by using ICA.23,24 We hypothesized that 

the modulatory interactions in MDD patients may be dif-

ferent from healthy individuals, even in the field of resting-

state.21 Furthermore, this study provides new insight into the 

functional connectivity within and between intrinsic brain 

networks in MDD patients.
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Material and methods
Participants
A total of 76 outpatients with MDD were consecutively 

recruited. All patients were right handed and aged from 

18 to 60 years. They were diagnosed through an interview 

with experienced doctors in according to the Structured 

Clinical Interview for Diagnostic and Statistical Manual of 

Mental Disorders Fourth Edition for Axis I Disorders. The 

following criteria were used to eliminate study heterogeneity: 

1) historically/currently undergoing any course of antidepres-

sion therapy (antidepressant, psychotherapy); 2) comorbidity 

of other Axis-I disorders; 3) current major medical and/or 

neurological conditions; 4) history of head injury and/or 

substance abuse; 5) history of manic, hypomanic and/or psy-

chotic symptoms; and 6) contraindications to MRI scanning. 

The severity of depression was assessed using the Structured 

Interview Guide for 17-Item Hamilton Depression Rating 

Scale (17-HDRS) and the Beck Depression Inventory-II 

(BDI-II). The study was performed in accordance with the 

Helsinki Declaration, and approved by the Institutional 

Review Board of Chongqing Medical University for the pro-

tection of human subjects. Informed consent with signature 

was obtained from each participant.

Imaging protocol
MRI was performed with a 3.0 tesla Siemens Trio MRI scan-

ner using a 12-channel whole-brain coil (Siemens Medical, 

Erlangen, Germany). High-resolution T1-weighted structural 

images were acquired using magnetization-prepared rapid 

gradient echo sequence (echo time =2.52 ms; repetition 

time =1,900 ms; inversion time =900 ms; flip angle =9°; 

slices =176; field of view =256×256; voxel size =1×1×1 mm3). 

A total of 242 whole brain volume images were collected 

for each subject in the resting-state with sampling rate of 

TR =2 s. During the resting-state scan, the subjects were 

instructed to close their eyes, not to fall asleep, and the efforts 

to achieve inner peace. The resolution of the fMRI images 

was 3.4×*3.4×*3.9 mm with 64*64*32 voxels. The quality 

of images underwent rigorous inspected by neurologists 

and radiologists. The initial number of participants was 76, 

but 4 patients were excluded because of the low quality of 

images (excessive head motion), therefore 72 patients were 

in the final analysis.

Functional MRI data analysis
Preprocessing
The fMRI images were preprocessed under SPM8 package 

(http://www.fil.ion.ucl.ac.uk/spm/) executed by MATLAB 

2010b environment (http://www.mathworks.com). For each 

group of patient’s image, the first ten functional images were 

discarded to account for signal equilibrium and for the patients 

to get used to the MRI scanning environment, by which 232 

images were remained for each patient. The functional images 

at the rest-stating were operated at head-motion correction and 

co-registered to their high resolution structural image. Subse-

quently, the patient’s structural images were normalized to the 

T1 normal template supported by SPM package within Mon-

treal Neurological Institute (MNI) space. Next, the obtained 

normalization parameters were used to normalize the functional 

images from individual space into MNI space. All functional 

images were resampled into 3×3×3 mm3 voxels. Finally, the 

processed functional images were smoothed by using a Gauss-

ian kernel with 6 mm full-width at half-maximum, which was 

doubled the resolution the resampled images.

Spatial ICA
Spatial ICA was used to define intrinsic networks and ROIs 

for PPI analysis with the Group ICA of fMRI Toolbox 

(GIFT; http://icatb.sourceforge.net/).25 ICA separated the 

independent signals from the whole brain to some discrete 

components with statistically independent temporal courses 

for extracting spatially distributed networks. Although ICA 

does not require a priori selection of a seed region, it still 

needed to distinguish noise from physiological signals. By 

using this approach, we successfully extracted 20 compo-

nents. The resulting maps of components were visually 

inspected to identify the well-defined networks. As a result, 

default mode network, dorsal attention, left and right execu-

tive, salience, auditory, primary visual, extrastriate visual, 

and motor networks were all found in our group.23

PPI analysis
The PPI analysis was processed under a voxel-wise statistical 

level, by constructing a general linear model (GLM) frame-

work in SPM8 package. Two ROIs were defined to represent 

the activity of a network. PPI analyze discerned regions 

that connected to one selected ROI and correlated with the 

increasing or decreasing activity of the second ROI. Specifi-

cally, for each GLM in the PPI analysis, two ROIs were set 

within each specific inherent network derived from the ICA 

analysis (Table 1). Thus, PPI analysis can seek out the regions 

in whole brain volume which connected to the ROIs selected 

from the same network due to the activity of these regions. 

This analysis may provide a deep insight about the dynamic 

change of a given network with regard to its connectivity.

In order to set ROIs, the same coordinates were selected 

from previous study,21 which was in MNI template. The 

z map of each inherent network obtained from ICA analysis 
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was thresholded at z .2.3. All the coordinates were included 

in the separate components of resting-state networks, within 

the brain structures of interest (Table 1 and Figure 1).26

GLM was constructed into each subject to generate ROI time 

series for PPI analysis. The GLM included one dummy regressor 

with an onset in the middle of the scan. This dummy regressor 

was used for the proper conduction of SPM model estimation 

procedure, without being analyzed further. The model also 

included an implicit high pass filter of 1/100 Hz and rigid-body 

head motion parameters as six regressors. The subject-specific 

white matter (WM) and cerebrospinal fluid (CSF) masks were 

thresholded at 0.99 to ensure that nearly all gray matter (GM) 

voxels were excluded from the derived segmentation masks. 

When defining ROIs, the first eigenvector within, an 8-mm 

Table 1 Components and regions of interests defined by the spatial ICA analysis

Component Region Abbr. MNI coordinates

X Y Z

Default mode network 19 Posterior cingulate gyrus PCC 3 -52 26
Medial prefrontal gyrus MPFC 3 58 6

Left executive network 17 Left superior frontal gyrus LSFG -33 22 52
Left superior parietal lobule LSPL -50 -51 50

Right executive network 9 Right superior frontal gyrus RSFG 27 28 52
Right superior parietal lobule RSPL 36 -66 48

Salience network 13 Left inferior frontal gyrus LIFG -48 19 -5
Right inferior frontal gyrus RIFG 48 16 -5

Dorsal attention network 5 Left inferior parietal lobule LIPL -45 -42 56
Right inferior parietal lobule RIPL 48 -39 55

Auditory network 7 Left superior temporal gyrus LSTG -62 -1 9
Right superior temporal gyrus RSTG 62 -26 16

Extrastriate network 20 Left middle temporal gyrus LMTG -50 -65 10
Right middle temporal gyrus RMTG 45 -76 10

Motor network 1 Left precentral gyrus LPCG -48 -7 54
Right precentral gyrus RPCG 48 -13 54

Abbreviations: ICA, independent component analysis; MNI, Montreal Neurological Institutel MPFC, medial prefrontal gyrus; PCC, posterior cingulate gyrus; LSFG, left 
superior frontal gyrus; RSFG, right superior frontal gyrus; RSPL, right superior parietal lobule; LSPL, left superior parietal lobule; RIFG, right inferior frontal gyrus; LIFG, left 
inferior frontal gyrus; LIPL, left inferior parietal lobule; RIPL, right inferior parietal lobule; LSTG, left superior temporal gyrus; RSTG, right superior temporal gyrus; LMTG, 
left middle temporal gyrus; RMTG, right middle temporal gyrus; LPCG, left precentral gyrus; RPCG, right precentral gyrus.

Figure 1 The distribution diagram of regions of interesting which stand for eight resting-state networks.
Note: Above diagram shows the lateral brain from both sides respectively.
Abbreviations: L, left; R, right; PCC, posterior cingulate gyrus; MPFC, medial prefrontal gyrus; SFG, superior frontal gyrus; SPL, superior parietal lobule; IFG, inferior frontal 
gyrus; IPL, inferior parietal lobule; STG, superior temporal gyrus; PCG, precentral gyrus; MTG, middle temporal gyrus.
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sphere of ROI was extracted after the removal of head motion, 

masked segmented images, and low frequency effects.

The BOLD signal time series of the two selected 

ROIs within a network were deconvolved, with canonical 

hemodynamic response function (HRF) in SPM8 using a 

simple empirical Bayes procedure. Thus, the final result 

on time course represented the outcome of neural activity.7 

Then the activity of two neural and the final time series were 

detrended and point multiplied. Consequently, the interaction 

time series of the neural activities between the two ROIs 

were generated. Hereafter, the interaction time series was 

convolved with HRF, and the interaction variable at the 

original hemodynamic level was derived. The PPI terms for 

ROI pairs of each internal network were then calculated, and 

the separate PPI models were constructed for all the patients 

by using GLM framework. Afterward, the time course was 

extracted using REST toolbox in MATLAB edited by Yan 

CG from Beijing Normal University. After completing all 

the procedures, a critical GLM analysis was performed with 

SPM. The GLM model contained multiple regressors: two 

regressors represented the main effects of the two ROI time 

series, one regressor demonstrated the PPI effect, two regres-

sors stand for indicated the WM and CSF signals, and six 

regressors represented the head motion effects. Furthermore, 

an implicit high pass filter of 1/100 Hz was used.

For the PPI analysis of each network, a second-level one 

sample t-test was conducted to make group-level inference 

with threshold at P,0.001. Simple t-contrast value of 1 or -1 

was defined to reveal the positive or negative PPI effects, 

respectively. Then, the obtained clusters were corrected with 

cluster-level false discovery rate (FDR) at P,0.05 according 

to random field theory.27 Finally, the group level analyses were 

carried out, and the similarities and differences between MDD 

patients and previous healthy individuals were examined.

Results
The results of PPI analysis for MDD patients are listed in 

Table 2. The consequent clusters showing negative PPI 

effects are highlighted in bold. A large proportion of clusters 

exhibited negative modulatory interactions with ROI in the 

Table 2 The PPI results of the patient group for each network

Network Label BA Voxels Peak T Peak coordinates

X Y Z

DMN Insular_R 48 62 4.92 39 9 3
SupraMarginal_R 2 116 4.48 69 -27 27
SupraMarginal_L 2 107 4.49 -66 -27 33
Cingulum_Mid_L 24 31 4.48 -9 12 36
Supp_Motor_Area_L 6 29 4.04 -6 -15 51
Rolandic_Oper_L 48 36 3.92 60 9 0
Insular_L 48 26 3.88 -39 0 9
Superior Frontal Gyrus 11 36 -5.38 -24 57 -3
Frontal_Mid_L 9 57 -4.95 -39 12 51
Medial Frontal Gyrus 11 31 -4.75 3 39 -15
Cingulum_Mid/Post 23 54 -4.38 3 -42 33
Angular_L 39 102 -4.20 -45 -66 39

AN Insular_R 48 46 4.09 39 -9 -12
Putamen_R 48 26 4.40 27 -9 3
Precentral_R 6 102 5.45 54 0 42
Postcentral_R 43 86 4.76 57 -6 21
Frontal_Inf_Oper_R 43 95 4.76 57 -6 21
Postcentral_L 43 273 5.19 -60 -12 33
Precentral_L 6 44 3.56 -51 3 33
Insular_L 48 57 4.73 -33 -12 15
SupraMarginal_R 2 87 4.15 63 -24 39

DAN Postcentral_R 2 96 5.08 42 -39 60
Frontal_Inf_Oper_R 6 44 4.51 60 12 12
Postcentral_L 3 84 4.01 -42 -33 51
Parietal_Inf_L 3 63 4.49 -42 -27 39
SupraMarginal_L 48 62 4.18 -57 -27 24
Precuneus_R 5 36 4.39 9 -60 57
Frontal_Sup_R 6 74 4.33 21 3 60
SupraMarginal_R 2 119 4.31 66 -18 30
Lentiform Nucleus Right 48 30 4.08 27 -9 6

(Continued)
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Table 2 (Continued)

Network Label BA Voxels Peak T Peak coordinates

X Y Z

Parietal_Sup_L 5 43 4.06 -21 -54 57
MN Rolandic_Oper_L 48 151 6.67 -60 0 6

Insular_L 48 181 6.01 -39 3 -3
Postcentral_L 22 349 5.02 -63 -18 15
SupraMarginal_R 2 222 6.55 69 -21 27
Rolandic_Oper_R 48 246 5.81 66 -3 12
Precentral_R 6 142 3.87 63 12 21
Postcentral_R 4 197 5.39 54 -3 36
Insular_R 48 133 5.31 39 -6 9
Cingulum_Mid_L 24 62 6.50 0 -6 48
Cingulum_Mid_R 24 61 5.61 9 15 33
Supp_Motor_Area 6 235 3.87 0 -6 66
Postcentral_R 4 43 5.08 24 -30 66
Temporal_Mid_R 21 25 3.81 57 -48 6

LEN N.S.
REN N.S.
SN Supp_Motor_Area 24 356 5.59 -6 3 48

Frontal_Inf_Oper_R 48 91 5.57 60 15 0
Thalamus_R (aal) 77 4.87 18 -12 9
Temporal_Sup_L 22 96 5.18 -57 12 -3
Frontal_Inf_Oper_L 6 39 4.92 -60 9 18
Temporal_Mid_R 42 80 4.92 57 -42 3
Insula_L 48 76 4.52 -36 0 6
Lentiform Nucleus Left 63 4.48 -24 -6 0
Temporal_Sup_R 42 71 4.12 60 -33 18
SupraMarginal_R 48 76 3.77 57 -15 24
Precentral_R 4 43 4.03 54 0 39

EN Postcentral_R 2 342 5.83 42 -36 57
Frontal_Sup_R 6 204 5.99 27 -3 60
SupraMarginal_R 2 308 5.49 57 -27 36
Frontal_Inf_Oper_R 6 154 5.60 60 12 12
Frontal_Inf_Oper_L 6 99 5.18 -57 9 12
Precentral_L 44 77 4.40 -51 6 33
Lentiform Nucleus Right 84 5.06 24 -9 6
Cerebellum Anterior Lobe 41 4.63 15 -48 -24
Cerebellum Anterior Lobe 59 4.51 0 -42 -12
Lentiform Nucleus Left 48 71 4.39 -33 -3 6

Notes: The clusters of negative modulation are shown as negative peak t-values. The clusters are thresholded at P,0.001, and cluster-level false discovery rate corrected at 
P=0.05. The coordinates represents the coordinates in MNI spaces.
Abbreviations: BA, Brodmann’s area; R, right; L, left; N.S., non-significant; AN, auditory network; DAN, dorsal attention network; MN, motor network; LEN, left executive 
network; REN, right executive network; SN, salience network; EN, extrastriate network.

default mode network of MDD patients. Clusters that dem-

onstrated negative modulatory interactions of MDD patients 

were located in the left superior frontal cortex, bilateral 

middle and post cingulum, left angular gyrus (BA39), and 

left middle medial frontal gyrus (BA 6). Intriguingly, bilat-

eral insular, bilateral supramarginal gyrus (BA48), a part of 

support motor area, left rolandic operculum, and left middle 

cingulum indicated positive modulation.

The clusters demonstrated that positive modulatory inter-

actions in the auditory network of left superior temporal gyrus 

(LSTG) and right superior temporal gyrus (RSTG) regions 

among MDD patients sample are attributed by bilateral pre-

central and postcentral gyrus, bilateral insular, right inferior 

frontal oper gyrus, right supramarginal gyrus.

The clusters that showed modulatory interactions with the 

regions of left inferior parietal lobule (LIPL) and the right 

inferior parietal lobule (RIPL) in the dorsal attention network 

of the patients are illustrated in Figure 2. In these sample, ten 

clusters passed cluster-FDR correction and revealed positive 

modulatory effects, which located in the bilateral postcentral 
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gyrus, right inferior frontal gyrus opercular, bilateral supra-

marginal, right precuneus, left inferior parietal gyrus, right 

precuneus and right superior gyrus, right lentiform nucleus 

and left superior parietal.

However, no clusters demonstrated positive or negative 

modulatory interactions with the regions of superior frontal 

gyrus (SFG) and superior parietal lobule (SPL) in both left 

and right executive networks in MDD patient group.

The modulatory interactions of the internal motor network 

constructed by left precentral gyrus and right precentral gyrus 

regions showed positive result in a huge region of the entire 

brain. The clusters include bilateral rolandic operculum 

(BA48), right supramarginal, right middle temporal, the 

bilateral insular (BA48), and a part of middle cingulum 

(BA6/24), bilateral postcentral gyrus and right precentral, a 

part of support motor area. In addition, we observed a cluster 

of negative modulatory interactions in the right medial frontal 

gyrus, before conducting cluster-level FDR correction at 

P,0.05, but it did not pass through after correction.

The regions that indicated a positive modulatory in the 

extrastriate network built is with left middle temporal gyrus 

and right middle temporal gyrus were localized in the bilat-

eral inferior frontal opercular gyrus, right superior frontal 

gyrus, right supramarginal gyrus, right postcentral, bilateral 

lentiform nucleus, left precentral, and a part of anterior 

cerebellum lobe. Furthermore, we observed an obscure 

cluster in the middle of orbital frontal gyrus, but those small 

points disappeared after FDR correction.

As for salience network, there were no survival clusters 

showing modulatory interactions with the regions of left infe-

rior frontal gyrus and right inferior frontal gyrus in healthy 

group. However, these observations were inconsistent 

Figure 2 The modulatory effectives of those eight RSNs after cluster-level false discovery rate corrected.
Note: Only the default mode network showed negative results which indicate left angular gyrus and medial frontal gyrus restrain MPFC and PCC work together.
Abbreviations: PCC, posterior cingulate gyrus; MPFC, medial prefrontal gyrus; R, right; L, left; AN, auditory network; DAN, dorsal attention network; MN, motor network; 
LEN, left executive network; REN, right executive network; SN, salience network; EN, extrastriate network.
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with the findings of MDD patients. We found that clusters 

appeared in several brain regions such as bilateral interior 

frontal operium gyrus, bilateral superior temporal gyrus, 

right middle temporal gyrus, left lentiform nucleus, left 

insular, right rolandic operium gyrus, right precentral gyrus, 

right supramarginal, a part of support motor area. All these 

clusters demonstrated a positive attribute toward bilateral 

inferior frontal gyrus. The results for all those modulatory 

clusters are in Figure 2.

Discussion
The PPI analysis of the whole brain
The purpose of this study was to analyze the resting-state 

fMRI data by using a model-free, whole-brain voxel PPI 

approach in unmedicated subjects with MDD. This study 

demonstrated an abnormal neuronal reaction across the whole 

brain of MDD patients. This modulatory can be interpreted 

as the brain region within a global system, by adjusting and 

controlling the information transmission between two regions. 

Previous research has reported a reduction of functional con-

nectivity in MDD patients, especially the connections within 

and between frontal, temporal and other regulator regions.19

The structure of MDD patient’s brain has been proven 

to shift randomly and its functions have also altered. Thus, 

we decided to employ PPI method, identify the regions that 

correlated and modulated with two nodes of a resting state 

network. By applying PPI analysis to the resting-state fMRI 

data of MDD patients, the resting-state networks might have 

a different quality compared to healthy individuals. Seven 

out of eight MDD-derived networks revealed significant PPI 

interactions among healthy subjects. Notably, the extrastriate, 

dorsal attention, auditory, and motor networks showed posi-

tive modulatory interactions, whereas the regions in the task-

activated relevant networks, such as the default mode network 

(DMN) and executive networks, expressed negative modula-

tory interactions. However, in this study, we found contradic-

tory results for MDD patients, particularly the interactions 

of two nodes with different networks. Moreover, a study has 

reported that the strong correlation between DMN regions and 

task relevant network such as dorsolateral prefrontal cortex 

and parietal cortex from supplementary motor are.28 Further-

more, the advantage of this approach over the conventional 

fMRI function connectivity techniques is the integration of 

physiological influences on brain activity. In this way, PPI 

analyses can allow us to identify the resting-state functional 

connectivity in discrete brain regions of MDD patients.

The regular regions modulating MDD
By comparing the clusters with positive PPI effects between 

patient and healthy groups, we unexpectedly found some 

regions that consistently appeared in the RSN. Such regions 

include bilateral insular gyrus, right supramarginal gyrus, and 

right inferior frontal. Notably, these regions not only existed 

within one network, but also modulated other RSN in MDD 

patients. In previous MRI functional connectivity analysis, 

insular gyrus has been associated with depression disorder, as 

demonstrated by fMRI, voxel based morphology (VBM) and 

regional homogeneity (ReHo) analysis in resting state.29–31 

Insular gyrus believed to be participated in the process of 

consciousness and exerted a great variety of diverse functions, 

which linked to the regulation of homeostatic emotions. Such 

emotions include compassion, empathy, perception, motor 

control, self-awareness, cognitive functions, and interpersonal 

experience.32 In addition, our results supported that insular 

gyrus involved a huge net-scale regulation, by influencing 

DMN, AN, motor network (MN), and salience network (SN) 

(Figure 3), as well as connecting with other regions such as 

somatosensory areas, anterior cingulate cortex, prefrontal 

Figure 3 The positive modulatory effects are showed in warm color, and this diagram exhibits the insular gyrus effect of AN, MN, DMN, SN in a transverse view.
Notes: The maps were thresholded at P,0.05 FDR corrected with a height threshold of P,0.001. The values above the brain atlas represent the z coordinate of MNI space.
Abbreviations: MNI, Montreal Neurological Institute; FDN, false discovery rate; AN, auditory network; MN, motor network; DMN, default mode network; SN, salience 
network.
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cortex, superior temporal gyrus, parietal opercula, and 

association auditory cortices, visual association cortex, hip-

pocampus, and motor cortex. All the aforementioned regions 

are part of RSNs. However, the volume of insular gyrus may 

be reduced in the MDD cohort which is in consistent with 

other reports.33 Hence, the modulatory effects of bilateral 

insular gyrus needed further explanation.34,35

The supramarginal gyrus, receives somatosensory, visual, 

and auditory inputs from the brain, notably the right supra-

marginal can act an acceptor to perceive the emotions from 

surrounding environment.36 In the present study, support 

motor gyrus (SMG) participated in modulation of six RSNs, 

including dorsal attention network (DAN), motor network 

(MN), executive network (EN), and salience network (SN). 

The disruption of this region may cause humans to project 

their emotions onto others and become more egocentric.37 

The positive results of this study suggest that MDD patients 

receive information all by him/herself and responds in a 

hyperactive situation. For that reason patients with MDD are 

more sensitive than normal subjects, due to the involvement 

of the right supramarginal in response to the information 

received through brain. Additionally, SMG may contribute 

to the reading without task demands, indicating that SMG 

can handle information spontaneously.38,39

As for right inferior frontal opercular gyrus, it modulate 

the two nodes of AN, DAN, EN, and SN. Some data sug-

gest that this region is more involved in speech action, espe-

cially the motor aspect of speech. A recent study suggests that 

the right inferior frontal gyrus (IFG) may play an important 

role in mediating the understanding of a speaker’s emotional 

state and intentions.40 Previous neuroimaging studies reported 

that this region is involved in the selective response suppres-

sion in go or no-go task, and thus, opercular is believed to play 

an important role in the suppression of response tendencies.41 

These nodes are modulated by right inferior frontal opercular 

gyrus (Broca’s area), which take part in language production. 

It may be suggested that inferior frontal opercular gyrus is 

another modulating point for MDD patients, but previous 

research did not focus much on this region. Therefore, we 

hypothesize that inferior frontal opercular gyrus may act as 

key factor in modulatory interaction.42

The different modulatory PPI effects 
on RSN
Besides DMN, all RSNs revealed positive PPI modulatory 

effects, particularly executive and motor networks. However, 

we did not find any clusters that are modulated by bilateral 

superior frontal gyrus and bilateral superior parietal lobule, 

which represent the bilateral executive network. Furthermore, 

there are some unusual clusters located in bilateral middle 

temporal gyrus and bilateral inferior frontal opercular gyrus 

that were nonexistent in a previous study.21 It is noteworthy 

to verify the modulation effects on the regions of DMN, since 

the network is involved in some regions that are “active” 

during the resting-state. Hence, the regions observed in this 

study are on the opposite side to task-relative regions, and we 

did not find any similar cluster in executive network.

The findings of our study are different from previous 

PPI studies on healthy cohorts, particularly in the DMN, 

dorsal attention network, executive network and extrastri-

ate network. In fact we found some dissimilar clusters in 

RSNs compared to a study reported by Di et al. Therefore, 

we confirmed that the modulatory effects of major MDD 

resting-state network is distinct from the resting-state net-

work of normal subjects, and these findings can be used 

for further understanding of the etiology and pathogenesis 

of MDD.

The negative modulatory effects are demonstrated in the 

analysis of default mode network. These results are consistent 

with Di et al.21 The clusters that exhibited negative modula-

tory effects in the MDD patient group are almost similar 

to those in the healthy subject group, including left middle 

frontal gyrus, medial frontal gyrus, superior frontal gyrus, 

and post cingulate gyrus. In addition to those findings, we 

found the left angular gyrus instead of inferior parietal lobule. 

These clusters, especially the middle cingulum left superior 

frontal gyrus and middle medial frontal gyrus, are respon-

sible for decision making.43 Therefore, the deficiency of left 

inferior parietal lobule and the appearance of left angular can 

be explained by the different DMN affective between MDD 

patients and healthy controls.

The regions that revealed positive modulatory effects 

with DMN nodes are indicated as posterior cingulate gyrus 

and medial prefrontal cortex. Notably, only one region 

was found in the normal group, but multiple regions were 

positively detected in MDD group, including the bilateral 

insular, bilateral supramarginal gyrus and anterior cingulum. 

All these regions are assumed as key factor for the brain 

network of MDD patient. The abnormal change in these 

regions is most likely related to cognition.35,38 As for the audi-

tory, salience and extrastriate networks, MDD patient group 

display more regions than the healthy group, with respect 

to bilateral superior temporal gyrus, inferior frontal gyrus 

and middle temporal gyrus. These findings suggest that the 

aesthesis network of MDD patients is more easily affected 

than healthy individuals. More importantly, the right putamen 
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is involved in the modulation of the auditory network. The 

primary function of the putamen is to regulate the movements 

at different stages and influence various types of learning 

processes. Besides dopamine receptor gene polymorphisms 

and reduced levels of dopamine receptor D1 in striatum can 

implicate the role of dopamine in MDD.44

Finally, we focused on double executive network. By com-

paring our results with the PPI analysis of healthy subjects, 

we found that the executive network of MDD patients may 

not be modulated by any region. This observation indicated 

that the task-positive network relevant regions are depressed 

by certain regions, such as bilateral superior frontal gyrus. 

These regions may also integrate with task-relevant cortex 

and improve the performance of the executive network. 

Indeed, these regions are hypometabolized in depression 

state, and the degree of hypometabolism is significant cor-

related with severe symptom in Alzheimer’s disease.45

Future direction
The PPI analysis of MDD can enhance our understanding 

on brain disorders. A traditional PPI method (psychophysi-

ological), is required to be carried out with a task, which is 

divided into different obstacle levels. However, some tasks 

are extremely challenging for uncovering the brain functions 

and patients may refuse to cooperate in completing the whole 

course. Therefore, we selected an alternative approach (phys-

iophysiological), which can analyze the resting state function 

magnetic resonance data and identify the significant regions 

with modulatory effect on the reference ROI.46 In this study, 

the significant point revealed an important role of nonlinear 

modulation within the specific networks, (positive means 

motivate; negative means decay). Moreover, the resting state 

method is useful to explore the functional form of a patient’s 

brain and the network-level alterations for psychiatric and 

neurological diseases. The different modulatory interactions 

between MDD patients and healthy subjects may explain the 

depression-related difficulties in terms of emotional cogni-

tive control. In addition, future investigations are warranted 

with large-scale data analysis from genomics, metabonomics, 

proteomics and other approaches to pinpoint the pathological 

changes in MDD patients.

Another interesting finding from our PPI analysis is that 

most of the brain regions not only appeared in default mode 

network, but also shown in motor network. Obviously, this 

observation may indicate the potential functional connec-

tivity in MDD patients, through the combination of default 

mode and motor networks. All the brain regions with positive 

modulatory not only existed in a single network but also 

appeared in multiple RSNs, suggesting a large-scale network 

modulation in MDD patients.

Study limitation
Nonetheless, there were some unavoidable limitations that 

were encountered while conducting the research. First, the 

function of SPM for the extraction of volume of interestin 

time series was uncontrollable. Therefore, we calculated 

the course by re-editing and setting the accurate coordinate 

(Di et al). Additionally, the interactions between regions in 

a network have been reported,28 but we have yet to verify it. 

Second, our ICA results were not consistent with the previous 

study in terms of the eight brain networks in which the peaks 

were found in certain networks of MDD patients. Third, 

the atlas that used to locate the final regions of effective 

modulation was an anatomical automatic labeling template. 

However, some clusters did not display the exact coordinate. 

Moreover, the Brodmann area is required for comparison 

before obtaining the regions. Therefore, this method is 

exposed to some artificial errors. Alternatively, a different 

method is needed to deal with those weaknesses.

Conclusion
To the best of our knowledge, this is the first study to inves-

tigate the aberrant global voxel-wise PPI analysis of resting-

state networks in patients with MDD. The findings suggest that 

the application of PPI analysis in neuroimaging may deepen 

our in understanding regarding the involvement of neural 

disruptions in emotional processing and mental illness.

A significant decreased of functional connectivity in 

the default mode network, salience network and executive 

network were observed among MDD patients as compared 

to healthy controls.2,5,47,48 By using PPI analysis approach, we 

discovered the connected RSNs for MDD, which provides 

evidence for extensive differences between MDD patients 

and healthy individuals. In addition, the positive outcomes of 

voxel-based PPI analysis may offer promising new targets 

for the treatment of MDD, including insular and supramar-

ginal gyrus.47,49 Future prospective studies are warranted to 

elucidate the modulatory effects for relationships between 

MDD severity and patient’s clinic record, as well as to assess 

the group-level and individual variability in functional con-

nectivity. More importantly, the role of thought suppression 

should be investigated in the near future, as it may possess a 

specific manifestation on brain activity and exert a profound 

impact on RSNs.
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