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Abstract This study focused on the changes of network topological efficiency under the condition of maximizing the intrinsic
functional connectivity, and explored the relationships between altered topological efficiency and depressive psychopathology. For this
purpose, we collected the resting-state functional MRI data from 20 major depressive disorder (MDD) patients and 20 healthy control
(HC) individuals with matching of age, gender and education level. Graph theory analysis showed that the patients with MDD exhibited
significantly reduced nodal efficiency in the left parahippocampal gyrus, right amygdala, left heschl and left temporal pole (middle
temporal gyrus) compared with the HC group. The reduced nodal efficiency indicated that the function of transmitting information to
other regions was weakened in MDD patients. The local efficiency of the left medial superior frontal gyrus, left orbital superior frontal
gyrus, right rectus, left amygdala, right superior parietal gyrus, left thalamus, and left temporal pole (middle temporal gyrus) were also
significantly reduced. And the local efficiency of the left medial superior frontal gyrus, left amygdala, left thalamus had negative
correlation with PHQ-9. The reduced local efficiency implied that the ability of information transmission at the local level was damaged
in the depressed brain network. These results suggested that the prefrontal-thalamo-limbic system involving affective processing was

damaged in MDD patients. Our findings might provide a potential biomarker for the clinical diagnosis of depressed patients.
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Major depressive disorder (MDD) is a mental
disorder that results from abnormal interactions among
brain regions engaged in regulating both emotion and
cognition !, Recently, the different methodologies
have been used to reveal the neural mechanisms in
MDD patients. In particular, the graph theory provides
identifying  the
characteristics of complex network such as functional

a conceptual framework for
or structural brain networks®.

The abnormal nodal properties were found in
many brain regions including the frontal lobe (orbital

part of superior frontal gyrus, middle frontal gyrus,
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dorsolateral prefrontal cortex, parietal lobe (inferior
parietal lobule), temporal lobe (hippocampus, middle
temporal gyrus, fusiform gyrus), occipital lobe (lingual
gyrus, calcarine fissure, precuneus) and subcutaneous
region (amygdala, putamen, insula, thalamus, striatum)
in the functional brain networks of MDD patients>!.
The profound insights about the neural mechanisms in
depression were provided, highlighting aberrant
function and interaction of cortical and subcortical to
convey cognitive and emotional information. However,
the results were not entirely inconsistent. One possible
reason was the difference in the definition of edges by
partial correlation coefficient or Pearson correlation
coefficient™ . And the number of edges in the MDD
group and control group was strictly equal by the
threshold of the
coefficients ¥, This method partially ignored the

descending order correlation

differences in the intrinsic functional connectivity
The altered
functional connectivity has been found in the default

network between the two groups.

mode network, salience network, affective network
and limbic brain regions in MDD patients!".

Here, we used the statistical values of Pearson
correlation as the threshold of the binary network to
maximize the intrinsic functional connectivity in the
MDD and healthy cohorts. The differences of network
efficiency were examined between the two groups. We
hypothesized that both nodal efficiency and local
efficiency were reduced in the network of MDD
patients due to the impairment transmission of
cognitive or emotion information in these areas. This
provides a new perspective for understanding the

pathologic mechanism of depression.
1 Materials and methods

1.1 Subjects

This study recruited 22 patients with MDD aged
21-58 years among outpatients from Beijing Anding
Hospital, Capital Medical University. Two patients
were excluded because of excessive head displacement
and claustrophobia (see Data preprocessing). Hamilton
Depression Rating Scale 17 Items (HAMD-17) was
used to assess the depression severity in depressive
disorders. Twenty healthy control (HC) individuals
aged 21-57 years with matching of age, gender and
education level were recruited from the surrounding
community. The Mini International Neuropsychiatric
Interview 6.0 (MINI 6.0) was used for clinical
diagnosis. All MDD patients met the major depression
criteria determined by Diagnostic and Statistical
Manual of Mental Disorder, 4th ed. (DSM-IV) P,
Common criteria for inclusion: (1) right handedness;
(2) age of 18-65 years; (3) primary school or higher
education; (4) no history of alcohol and drug abuse.
Before scanning, the Patient Health Questionnaire 9
Items (PHQ-9) and Trait Anxiety Inventory (T-Al)
were used in both groups to assess the level of
depression and anxiety respectively. The demographic
and clinical status information of individuals are listed
in Table 1. This study was approved by Ethics
Committee of Beijing Anding Hospital and Xuanwu
Hospital of Captial Medical University, and the
informed consent was signed by each subject.

Table 1 Demographic data and clinical characteristics of participants

MDD(n=20) HC(n=20) Analysis

Mean SD Mean SD t P
Age(years) 35.35 10.73 34.30 10.11 1.63 0.119

Sex(Male/Female) 8/12 - 8/12 - - -
Education(years) 13.10 3.21 13.30 345 -0.354 0.727

HAMD-17 15.55 7.15 - - - _
PHQ-9 20.35 5.84 12.60 3.15 4.68 <0.001
T-Al 51.75 9.32 37.20 9.32 4.94 <0.001

MDD: Major depressive disorder, HC: Healthy controls, SD: Standard deviation, HAMD-17: Hamilton Depression Rating Scale 17 Items, PHQ-9:

Patient Health Questionnaire 9 Items, T-Al : Trait Anxiety Inventory. Significance was evaluated using two-tailed paired ¢-test (P < 0.05).

1.2 MRI data acquisition
The brain images were acquired using Siemens

Trio 3.0T MRI scanner (Siemens Medical System,
Erlanger, Germany) with a standard head coil at the
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Xuanwu Hospital of Captial Medical University. In
order to limit the head displacement and scanning
noise, the headphones and foam pads were used
separately during the MRI data acquisition process.
Meanwhile, all subjects were required to lie quietly
and keep their eyes open, without thinking any specific
problems. First, the brain structural images were
acquired by T1-weighted 3D magnetization prepared
rapid gradient echo sequence with the following scan
parameters: repetition time (TR) = 1 600 ms, echo
time (TE) = 3.28 ms, inversion time (TI) = 800 ms,
field of view (FOV) = 256x256 mm’, flip angle = 9°,
slice thickness = 1 mm, inter-slice gap = 0 mm, total
number of slices = 192, resolution = 1x1x1 mm?®. After
serious examination, the radiologist confirmed that the
brain structure and image quality were excellent. The
echo-planar imaging sequence was used to scan the
rs-fMRI data, and the parameters are as follows: TR =
2 000 ms, TE = 31 ms, FOV = 240 x 240 mm?, flip
angle = 90°, slice thickness = 4 mm, inter-slice gap =
0.8 mm, total number of slices = 30, resolution = 3.75x
3.75 x4 mm’. A total of 152 volumes were obtained
in 5 min and 10 s. After strict examinations, the
radiologist confirmed that the quality of the collected
structural and functional brain images was suitable for
the following analyses.
1.3 Data preprocessing

All the image data were preprocessed using SPM8
package (Wellcome Trust Centre for Neuroimaging,
University College London, United Kingdom, http://
www.fil.ion.ucl.ac.uk/spm) and Data Processing
Assistant for Resting-State fMRI(http://www.rfmri.org/
DPARSF)!", The first 10 time-points were discarded
to achieve the dynamic equilibrium. The slice timing
differences were corrected for the remaining 142
volumes. And the six parameter rigid body model was
used to correct the head motion to align them with
their median volume of the run. If the head movement
exceeded 2 mm or the rotation greater than 2° in any
direction, the image data of this subject would be
excluded. Then the images were spatially normalized
into standard Montreal Neurological Institute (MNI)
space, and were resampled to 3x3x3 mm’. After that, a
6 mm full-width at half-maximum Gaussian kernel
was used for spatial smoothing. Considering the
low-frequency drift and high-frequency noise, the time
domain bandpass filtering (0.01 < f < 0.08 Hz) was
applied™?. Due to the long time scanning, the linear
trend was also removed. Finally, the six motion

parameters, cerebrospinal fluid signals and white
matter were regressed out to reduce confounding
factors.

1.4 Construction and analysis of functional brain
network

A total of 90 nodes (45 in each hemisphere) of the
functional brain network are determined by the
Automated Anatomical Labeling (AAL) template
provided by Montreal Neurological Institute . After
data preprocessing, the signal for each nodal region
was calculated by averaging the time series of all
voxels within the AAL region. By calculating the
Pearson correlation coefficient of all pairs of nodal
region signals, a 90-by-90 functional connectivity
matrix was generated for each individual!". Then the
maximized intrinsic functional connectivity of all
subjects were obtained by threshold at P < 0.05
(Bonferroni corrected). Finally, the graph theoretical
network analysis tool box (http://www.nitrc.org/
projects/gretna) implemented in MATLAB was used to
calculate the network properties including nodal and
local efficiency!™.

Local efficiency was used to measure the ability
to special information processing in the functional
brain network!"*'. The local efficiency of any node ;
is given by Equation (1). The local efficiency of the
whole network is obtained by Equation (2), which is
an indicator of the segregated or professional
information processing of the whole brain,

. 1 1
Bpl)= i L
: N{;mh(i) ( ]V(;wh(i)_1 ) m#zé}mb(i) Dmin ( m, n )
Eloc :IW Z Eloc (L) (2’)
ieG

where G, (i) is the subgraph of neighbors of node i;
N @ 1s the total number of nodes in the subgraph;

Dyin (m, n) is the shortest path length that is the
minimum number of edges traversed to get from a
node m to another node n.

Nodal efficiency measures the ability of a given
node ; to transmit information with all other nodes in a
network. The larger node efficiency indicates higher
integrity in the brain ¥, The nodal efficiency and
global efficiency are given by Equation (3) and
Equation (4) respectively

. 1 1
Eroali)= — 3)
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which play key roles in the measures of information
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transmission of the whole network.
In order to investigate whether
the

efficiency, the statistical comparisons of nodal and

significant

intergroup differences existed in network
global properties were conducted by using two-tailed
paired ¢-test and the statistical threshold was set at P <
0.05. Moreover, using Pearson correlation coefficient,
the relationships between
differences of network attributes and clinical
characteristics including HAMD-17, PHQ-9, and T-Al

SCOres.

2 Results

The demographic and neuropsychological data of

we  assessed these

the two groups were summarized in Table 1. No
significant differences were found in age, gender and
education level between the MDD and HC groups (P >

S A S Oh
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0.05). Compared with HC group, the MDD group
showed significantly higher scores in PHQ-9 and T-Al
respectively (P < 0.05).

Compared with the HC group, the patients with
MDD exhibited significantly reduced nodal efficiency
in the left parahippocampal gyrus, right amygdala, left
heschl and left temporal pole (middle temporal gyrus)
as shown in Figure 1 (P < 0.05). Nodal efficiency
measures the ability of information propagation
between a given node and the rest of the nodes in a
network. Higher nodal efficiency is indicative of
higher integration in the brain. This reduced nodal
efficiency indicates that the function of transmitting
information to other regions is weakened in MDD.
Last, there was no significant difference in the global

efficiency between the two groups.
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Fig. 1 Regions showing a significant difference in nodal efficiency between major depressive
disorder (MDD) patients and healthy controls (HC)
HES.L: Left heschl; PHC.L: Left parahippocampal gyrus; TPOmid.L: Left temporal pole (middle temporal gyrus); AMG.R: Right amygdala.

As shown in Figure 2, the local efficiency of the
left medial superior frontal gyrus, left orbital superior
frontal gyrus, right rectus, left amygdala, right superior
parietal gyrus, left thalamus, and left temporal pole
(middle temporal gyrus) were also significantly
reduced (P < 0.05). The local efficiency measures the
ability of information transmission of a network at the

local level. And there was no significant difference in

the local efficiency of the whole brain network
between the two groups.

The correlation analysis showed that the local
efficiency of the left medial superior frontal gyrus, left
amygdala, left thalamus had significantly negative
correlation with PHQ-9 scores(Figure 3)(P < 0.05). No
other significantly correlation was found in this study.
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Fig. 2 Regions showing a significant difference in local efficiency between major
depressive disorder (MDD) patients and healthy controls (HC)
SPGmed.L: Left medial superior frontal gyrus; THA.L: Left thalamus; ORBsupmed.L: Left orbital superior frontal gyrus; AMG.L: Left amygdala;
TPOmid.L: Left temporal pole (middle temporal gyrus); SPG.R: Right superior parietal gyrus; REC.R: Right rectus.
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Fig. 3 Regions showing significant correlation between local efficiency
and the scores of Patient Health Questionnaire 9-Item (PHQ-9)
SPGmed.L: Left medial superior frontal gyrus; AMYG.L: Left amygdala; THA.L: Left thalamus.
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3 Discussion

The present study examined the network
efficiency of functional brain networks in MDD
patients and healthy controls. The results revealed that
MDD decreased nodal efficiency or local efficiency in
limbic regions including the right amygdala, left
parahippocampal gyrus, left amygdala, left temporal
pole (middle temporal gyrus) and left orbital superior
frontal gyrus, implying the transmission of affective
and cognitive information was disturbed. Most of the
changes in the regional properties are consistent with

19211 However, inconsistent with

previous findings !
previous studies was that higher node efficiency or
local efficiency in MDD patients was not found. It is
likely because of the difference in the threshold
method of the These

demonstrated that the binary matrices based on the

binary matrix. results
threshold of statistical values are more realistic to
reflect the difference in the intrinsic functional
network between the two groups.

It is well known that the human brain tends to
maximize efficiency at a minimal cost to perform
effective information processing. However, the
network efficiency in MDD patients was lower in
some regions involving affective and cognitive
processing compared with the healthy controls. The
amygdala was a center for emotional processing, fear
and motivation®. Nevertheless, the nodal efficiency in
left amygdala and local efficiency in right amygdala
decreased in MDD patients respectively. The nodal
efficiency indicted the importance of node in the
whole network. And the local efficiency measured the
ability of special information processing. This
indicated that the amygdala has been subjected to
pathological attack in MDD patients. As previous
studies suggested that emotional stimuli was projected
to amygdala through the transfer of thalamus %2
The decrease in the nodal
parahippocampal gyrus might be supported by reduced
ALFF, fALFF and ReHo in previous studies #™)

indicative of a longer average path length between the

efficiency of left

parahippocampal gyrus and the rest of the network.
The medial superior frontal gyrus and orbital superior
frontal gyrus are key structures in reward circuit. The
links between the superior and medial regions of the
orbitofrontal cortex in the emotion and reward circuit
significantly altered in depressed patients®™. To verify
the differences in these regions, we made correlation

analysis between network efficiency and clinical
features. The results demonstrated that the local
efficiency of the left medial superior frontal gyrus, left
amygdala and left thalamus were significantly negative
correlation with the PHQ-9 scores. Our finding further
shed light on the abnormality of the affective
processing system of MDD from the perspective of
network.

In conclusion, our findings support the hypothesis
that the nodal efficiency and local efficiency had
reduced in prefrontal-thalamo-limbic systems involving
affective processing ?9. These results provided new
evidences for a better understanding of the underlying
pathophysiology of depression.
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