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A B S T R A C T

Resting-state functional MRI (R-fMRI) studies have demonstrated widespread alterations in brain function in
patients with major depressive disorder (MDD). However, a clear and consistent conclusion regarding a repeat-
able pattern of MDD-relevant alterations is still limited due to the scarcity of large-sample, multisite datasets.
Here, we address this issue by including a large R-fMRI dataset with 1434 participants (709 patients with MDD
and 725 healthy controls) from five centers in China. Individual functional activity maps that represent very local
to long-range connections are computed using the amplitude of low-frequency fluctuations, regional homogeneity
and distance-related functional connectivity strength. The reproducibility analyses involve different statistical
strategies, global signal regression, across-center consistency, clinical variables, and sample size. We observed
significant hypoactivity in the orbitofrontal, sensorimotor, and visual cortices and hyperactivity in the fronto-
parietal cortices in MDD patients compared to the controls. These alterations are not affected by different sta-
tistical analysis strategies, global signal regression and medication status and are generally reproducible across
centers. However, these between-group differences are partially influenced by the episode status and the age of
disease onset in patients, and the brain-clinical variable relationship exhibits poor cross-center reproducibility.
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Bootstrap analyses reveal that at least 400 subjects in each group are required to replicate significant alterations
(an extent threshold of P< .05 and a height threshold of P< .001) at 50% reproducibility. Together, these results
highlight reproducible patterns of functional alterations in MDD and relevant influencing factors, which provides
crucial guidance for future neuroimaging studies of this disorder.
1. Introduction

Major depressive disorder (MDD) is the leading contributor to years-
of-life lived with disability, and it is characterized by mood disturbances,
loss of interest in activities and deficits in cognitive functions, resulting in
increasing economic and social burdens (Kessler et al., 2007; Murray
et al., 2012). Many previous studies of MDD have revealed structural and
functional alterations in the brain that have substantially enhanced our
understanding of the neurobiological substrates underlying the behav-
ioral deficits in patients with MDD. However, the pathophysiological
mechanism of MDD is incompletely understood (DeRubeis et al., 2008;
Gong and He, 2015).

Over the past two decades, rapid advances in resting-state functional
MRI (R-fMRI) have provided an unprecedented opportunity for the
noninvasive investigation of functional architecture in spontaneous or
intrinsic brain activities within and between regions (Biswal et al., 1995;
Fox and Raichle, 2007; Lui et al., 2016; Wang et al., 2015a). Relating to
depression, many R-fMRI studies have documented widespread func-
tional alterations in patients with MDD, involving the primary sensori-
motor (Kuhn and Gallinat, 2013; Wang et al., 2014a; Zhang et al., 2011)
and visual (Kaiser et al., 2015; Kuhn and Gallinat, 2013) cortices,
medial/lateral prefrontal (Greicius et al., 2007; Kaiser et al., 2015; Kuhn
and Gallinat, 2013; Lui et al., 2011; Sheline et al., 2010; Wang et al.,
2014a, 2015b; Zhang et al., 2011; Zhu et al., 2012) and parietal (Kaiser
et al., 2015; Sheline et al., 2010; Wang et al., 2014a; Zhang et al., 2011;
Zhu et al., 2012) cortices, and subcortical areas (Anand et al., 2009;
Greicius et al., 2007; Kaiser et al., 2015; Kuhn and Gallinat, 2013; Lui
et al., 2011; Wang et al., 2014a, 2015b); these areas cover approximately
the whole brain. It is important to note that a clear and consistent
conclusion regarding whether these functional alterations are reliable
and can be reproduced in patients with MDD is still limited. The causes of
this phenomenon might result from the limited statistical power of a
small research sample, different patient recruitment criteria (e.g., cul-
tural background and diagnostic criteria), different imaging protocols
(e.g., MRI scanners and imaging parameters) and different analysis
strategies (e.g., preprocessing procedures and functional brain measures)
across studies (Button et al., 2013; Gong and He, 2015).

With the continuous emergence of datasets or consortiums with large
sample sizes, high-quality data and multidimensional variables, func-
tional imaging research of the brain is entering the era of “big data”
(Poldrack and Gorgolewski, 2014; Xia and He, 2017). These data are
extremely important for identifying reliable patterns of functional brain
alterations in psychiatric disorders such as MDD due to the benefits of
greater statistical power and across-center validations. For instance,
using a large-sample R-fMRI dataset of 421 patients with MDD and 488
healthy controls (HCs) from three research sites, Cheng et al. reported
abnormal functional connectivity in the medial reward and lateral non-
reward circuits of the orbitofrontal cortex in patients with MDD (Cheng
et al., 2016). Using R-fMRI data from 458 patients with MDD and
730 HCs from two sites, Drysdale et al. divided depressed patients into
different neurophysiological subtypes according to their connectivity
dysfunctions and successfully predicted their differential responses to
transcranial magnetic stimulation therapy (Drysdale et al., 2017). How-
ever, large-sample, multicenter neuroimaging studies aiming to evaluate
the reproducibility of functional alterations in patients with MDD are still
lacking.

Here, we collected a large R-fMRI dataset of 1434 participants,
including 709 patients with MDD and 725HCs, from five centers in
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China, thus ensuring homogeneity in genetic and cultural backgrounds in
the same race. We calculated individual functional activity maps that
represent very local to long-range connections using three frequently
used R-fMRI measures, including the amplitude of low-frequency fluc-
tuations (ALFF) (Zang et al., 2007), regional homogeneity (ReHo) (Zang
et al., 2004) and distance-dependent functional connectivity strength
(FCS) (Buckner et al., 2009; Dai et al., 2015; Liang et al., 2013; Liao et al.,
2013; Xia et al., 2018). We then examined functional brain alterations in
patients with MDD, followed by reproducibility analyses involving
different preprocessing and statistical analysis strategies with
cross-center validation.

2. Materials and methods

2.1. Participants

This study included 1558 participants (782 patients with MDD and
776HCs) who were recruited from five research centers in China through
the Disease Imaging Data Archiving - Major Depressive Disorder Working
Group (DIDA-MDD). All patients were diagnosed according to the Diag-
nostic and Statistical Manual of Mental Disorders IV (DSM-IV) criteria for
MDD (First et al., 1997). The severity of depression was rated using the
Hamilton Depression Rating Scale (HDRS) (Williams, 1988). Quality
control was performed for both clinical and imaging data, including the
presence of demographic information, completeness of R-fMRI scan,
inconsistency in key scan parameters, errors in reading raw Digital Im-
aging and Communications in Medicine (DICOM) data, abnormalities in
anatomical brain images, head motion, and coverage of the whole brain.
The final sample included 1434 participants (709 patients with MDD and
725HCs). For detailed inclusion and exclusion criteria of data quality
control in each center, see Supplementary Information. The study was
approved by the ethics committees of each center, and written informed
consent was obtained from each participant. Table 1 illustrates the de-
mographics, clinical characteristics, and imaging data quality.

2.2. Image acquisition

All R-fMRI data were obtained on 3.0-T MRI scanners with gradient-
echo planar imaging sequences. During the scan, the participants were
instructed to keep their eyes closed without falling asleep and move as
little as possible. Detailed scanning parameters for each center are listed
below (see Table 2 for summary).

2.2.1. China medical university (CMU) dataset
R-fMRI images were acquired with a 3.0-T GE HDxT scanner (General

Electric, Milwaukee, USA) with an 8-channel head coil. The parameters
were TR¼ 2000ms, TE¼ 40ms, flip angle¼ 90�, field of
view¼ 240� 240mm2, and matrix¼ 64� 64. Thirty-five axial slices
were collected with a 3-mm thickness and no gap. The scan lasted for
6min and 40 s, resulting in 200 vol

2.2.2. Central South University (CSU) dataset
R-fMRI images were acquired with a 3.0-T GE HDxT scanner (General

Electric, Milwaukee, USA) with a standard head coil. The parameters
were TR¼ 2000ms, TE¼ 30ms, flip angle¼ 90�, field of
view¼ 220� 220mm2, and matrix¼ 64� 64. Thirty-three axial slices
were collected with 4-mm thickness and a gap of .6mm. The scan lasted
for 6min, resulting in 180 vol



Table 1
Demographic, clinical and imaging quality characteristics.

Center Group Age,
mean
(SD), yr

Sex
(M/
F)

Education,
mean (SD),
yr

Duration of
illness,
mean (SD),
yr

Medication
(Yes/No)

HDRSa,
mean
(SD)

Maximum
Translation,
mean (SD),
mm

Maximum
Rotation,
mean (SD),
degree

Mean
FD,
mean
(SD),
mm

tSNR,
mean
(SD)

ALFF
of GS,
mean
(SD)

CMU, Healthy
(n¼ 249)

27.24
(8.20)

103/
146

14.85 (3.23) 1.10
(1.68)

.57 (.41) .57 (.45) .11
(.06)

104.65
(20.09)

1.48
(.84)

Shenyang Patient
(n¼ 125)

27.91
(9.70)

39/
86

12.15 (3.07) 1.65 (3.17) 49/76 21.44
(8.67)

.68 (.58) .65 (.57) .11
(.07)

102.97
(20.90)

1.54
(.85)

Statistics
T or χ2/P

.70/

.484
3.33/
.068

7.72/<.001 33.71/
<.001

2.13/.034 1.41/.159 1.07/
.286

.76/

.451
.66/
.512

CSU, Healthy
(n¼ 108)

32.31
(7.96)

62/
46

11.84 (3.40) .62 (.88) .93 (.63) .76 (.50) .13
(.06)

132.52
(27.92)

.86
(.41)

Changsha Patient
(n¼ 177)

36.28
(10.21)

77/
100

10.16 (3.43) 2.52 (3.83) N.A. 31.39
(7.82)

.80 (.49) .79 (.49) .14
(.07)

136.88
(28.58)

.76
(.53)

Statistics
T or χ2/P

3.45/
.001

5.19/
.023

4.02< .001 36.52/
<.001

1.96/.052 .44/.662 .88/
.382

1.26/
.209

1.67/
.096

PKU, Healthy
(n¼ 73)

31.90
(9.01)

42/
31

15.23 (2.28) .40 (.26) .25 (.15) .18
(.07)

131.54
(24.33)

.26
(.09)

Beijing Patient
(n¼ 75)

31.51
(7.86)

44/
31

13.76 (3.02) .52 (.47) 0/75 25.35
(4.77)

.43 (.28) .30 (.14) .18
(.06)

133.08
(23.63)

.27
(.11)

Statistics
T or χ2/P

.29/

.775
.02/
.889

3.39/.001 .56/.580 1.78/.077 .91/
.363

.39/

.691
.94/
.348

SCU, Healthy
(n¼ 41)

34.83
(17.69)

17/
24

.51 (.38) .68 (.62) .12
(.07)

129.54
(21.69)

1.57
(.66)

Chengdu Patient
(n¼ 50)

34.44
(12.90)

25/
25

16.08 (4.22) 1.17 (1.60) 25/25 22.88
(4.25)

.45 (.32) .54 (.32) .11
(.07)

138.06
(30.29)

1.16
(.48)

Statistics
T or χ2/P

.12/

.904
.66/
.416

.77/.442 1.37/.173 .71/
.479

1.51/
.134

3.37/
.001

SWU, Healthy
(n¼ 254)

39.65
(15.80)

88/
166

12.80 (4.25) .67 (.42) .82 (.56) .13
(.06)

96.98
(13.29)

.33
(.11)

Chongqing Patient
(n¼ 282)

38.74
(13.65)

99/
183

11.83 (3.72) 4.20 (5.52) 124/125 20.78
(5.88)

.65 (.41) .77 (.55) .13
(.05)

99.05
(14.56)

.31
(.12)

Statistics
T or χ2/P

.72/

.472
.01/
.911

2.84/.005 .58/.562 1.02/.307 1.68/
.094

1.71/
.087

2.03/
.043

Abbreviations: SD, standard deviation; HDRS, Hamilton depression rating scale; FD, framewise displacement; tSNR, temporal signal-to-noise ratio; ALFF, amplitude of
low-frequency fluctuations; GS, global signal; CMU, China Medical University; CSU, Central South University; PKU, Peking University; SCU, Sichuan University; SWU,
Southwest University; N.A., not available.

a The 17-item HDRS was used in the research centers of CMU, PKU, SCU and SWU while the 24-item HDRS was used in the research center of CSU.
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2.2.3. Peking University (PKU) dataset
R-fMRI images were acquired with a 3.0-T Siemens Magnetom Trio

scanner (Siemens, Erlangen, Germany) with a standard head coil. The
parameters were TR¼ 2000ms, TE¼ 30ms, flip angle¼ 90�, field of
view¼ 210� 210mm2, and matrix¼ 64� 64. Thirty axial slices were
collected with 4-mm thickness and a gap of .8mm. The scan lasted for
7min, resulting in 210 vol

2.2.4. Sichuan University (SCU) dataset
R-fMRI images were acquired with a 3.0-T GE EXCITE scanner

(General Electric, Milwaukee, USA) with a standard head coil. The pa-
rameters were TR¼ 2000ms, TE¼ 30ms, flip angle¼ 90�, field of
view¼ 220� 220mm2, and matrix¼ 64� 64. Thirty axial slices were
collected with a 5-mm thickness and no gap. The scan lasted for 6min
Table 2
Scan parameters of R-fMRI data in each center.

Center Scanner TR (ms) TE (ms) FA (�) FOV (mm

CMU GE HDxT 3T 2000 40 90 240� 240
CSU GE HDxT 3T 2000 30 90 220� 220
PKU Siemens Trio 3T 2000 30 90 210� 210
SCU GE EXCITE 3T 2000 30 90 220� 220
SWU Siemens Trio 3T 2000 30 90 220� 220

Abbreviations: TR, repetition time; TE, echo time; FA, flip angle; FOV, field of view
University; SCU, Sichuan University; SWU, Southwest University; GE, General Electri

702
and 40 s, resulting in 200 vol

2.2.5. Southwest University (SWU) dataset
R-fMRI images were acquired with a 3.0-T Siemens Trio scanner

(Siemens, Erlangen, Germany) with a 16-channel head coil. The param-
eters were TR¼ 2000ms, TE¼ 30ms, flip angle¼ 90�, field of
view¼ 220� 220mm2, and matrix¼ 64� 64. Thirty-two axial slices
were collected with 3-mm thickness and a gap of 1mm. The scan lasted
for 8min and 4 s, resulting in 242 vol
2.3. Data preprocessing

R-fMRI image preprocessing was conducted with SPM12 (www.fil.
ion.ucl.ac.uk/spm/) and an in-house toolbox, SeeCAT (www.nitrc.org/
2) Matrix Slices Thickness (mm) Gap (mm) Volumes

64� 64 35 3 0 200
64� 64 33 4 .6 180
64� 64 30 4 .8 210
64� 64 30 5 0 200
64� 64 32 3 1 242

; CMU, China Medical University; CSU, Central South University; PKU, Peking
c.

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
http://www.nitrc.org/projects/seecat
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projects/seecat). Briefly, the first ten time points (the first five time
points for the CSU dataset due to the short scan time) were discarded.
Subsequent preprocessing steps included slice-timing correction and
head-motion correction. Next, motion-corrected functional images were
normalized to the standard space using the EPI template, resampled to 3-
mm isotropic voxels, and further smoothed with a 6-mm full-width at half
maximum Gaussian kernel. Linear detrending was performed, and
several confounding covariates, including the Friston-24 head-motion
parameters, white matter and cerebrospinal fluid signals, were regressed
out from the time series for all voxels. Subsequently, temporal bandpass
filtering (.01–.1 Hz) was applied. Given that the spectral magnitudes in R-
fMRI signals are sensitive to head motion (Satterthwaite et al., 2013), we
also applied filtering with a band of .01–.08 Hz for validation purposes.
Finally, a “scrubbing” procedure was performed on individual pre-
processed data to remove outlier data due to head motion (Power et al.,
2012). Specifically, for volumes with a framewise displacement
exceeding a threshold of .5mm, we replaced the volumes and their
adjacent volumes (2 forward and 1 backward frames) with linear inter-
polated data.

2.4. Functional brain measurements

In the present study, we used three functional brain measurements,
ALFF (Zang et al., 2007), ReHo (Zang et al., 2004) and
distance-dependent FCS (Buckner et al., 2009; Dai et al., 2015; Liang
et al., 2013; Liao et al., 2013; Xia et al., 2018), which have been widely
used in previous R-fMRI studies in MDD. These three measures examine
functional coordination ranging from focal activity to long-range con-
nections, respectively. Specifically, i) the ALFF reflects functionally co-
ordinated amplitudes among various neurons within a voxel (Zang et al.,
2007). For a given gray matter (GM) voxel, the R-fMRI time course was
first extracted and then converted to the frequency domain using a fast
Fourier transform. The ALFF of this voxel was computed as the averaged
square root of the power spectrum across the .01–.1 Hz (or .01-.08 Hz)
frequency interval. ii) The ReHo estimates functional similarities in brain
activities among neighboring voxels located within a short range (Zang
et al., 2004). For a given GM voxel, the ReHo value was computed as
Kendall's coefficient of concordance (Kendall and Gibbons, 1990) of the
time series of this voxel with those of its nearest neighbors. iii) The FCS
captures a total functional coordination between a given GM voxel and
all other voxels at a specific distance range (Buckner et al., 2009; Dai
et al., 2015; Wang et al., 2014a, 2015b; Xia et al., 2018). Briefly, for a
given GM voxel, we first computed its full-range FCS by summing Pear-
son's correlation coefficients between the voxel and other voxels.
Considering the effects of distance on brain networks in healthy (Achard
et al., 2006) and diseased (Alexander-Bloch et al., 2013; Dai et al., 2015;
Wang et al., 2014b; Xia et al., 2018) populations, we further divided
whole-brain functional connectivity into 9 bins with Euclidean distances
binned into 20-mm steps, ranging from 0 to 180mm (the longest distance
between voxels in the GMmask), and calculated a distance-weighted FCS
for each bin (Xia et al., 2018). Voxels with higher FCS values tend to play
central roles in transferring information flow across regions. In the pre-
sent study, we obtained individual ALFF, ReHo and FCS maps in a
voxel-wise manner, which were further normalized to reduce global
brain effects. Notably, all of the analyses were constrained within a GM
mask that was generated by thresholding the GM probability map in SPM
12 with a threshold of .2 and removing voxels that were not covered by
the subjects' data. As a result, 12 individual functional brain maps (1
ALFF, 1 ReHo, 1 full-range FCS, and 9 distance-specific FCS maps) were
generated for each subject, representing functional coordination from
local voxels to long-range connectivity.

2.5. Reproducibility analyses of functional brain measures

We systematically evaluated the effects of several methodological and
clinical factors on the reproducibility of dysfunctions in MDD. These
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factors included the multisite statistical analysis strategies, removal of
the global signal, across-center consistency, clinical variables (e.g., first
episode, medication status, and age of onset) and sample size.

2.5.1. Multi-site statistical analysis strategies
To study whether MDD-related functional alterations can be reliably

identified, we used two multisite statistical analysis methods, the step-
wise linear regression and the Liptak-Stouffer z-score method (Liptak,
1958). i) Stepwise linear regression method. Briefly, we first pooled all
individuals from the five centers together, and regressed out the center
effect, and then established a stepwise linear regression model for each
metric (i.e., ALFF, ReHo or FCS). In this model, the metric was treated as
the dependent variable, and the age, sex, group, age-by-group, sex--
by-group and age-by-sex-by-group interactions were treated as inde-
pendent variables. For each voxel, the model started with the same
variables, and the independent variables were iteratively removed from
the model if they did not significantly predict the dependent variable,
leading to a potentially unique final model. ii) Liptak-Stouffer z-score
method (Liptak, 1958). This method has been used to analyze multisite
MRI data (Cheng et al., 2016; Glahn et al., 2008). Briefly, for each metric,
we first evaluated the between-group differences at each center by using
a general linear model with the metric as a dependent variable, group as
an independent variable, and age and sex as covariates. The P-value for
the group effect derived from the GLM was first converted to its corre-
sponding z-score, and a combined Z-score was then calculated as follows:

Z ¼
Pk

i¼1wiziffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPk
i¼1w

2
i

q

where i¼ 1, 2, …, k represents the centers, wi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
samplesize

p
is the

weight for the ith center, and zi is the z-score of the ith center. Finally, the
Z-score was transformed to its corresponding P-value. Both statistical
analysis strategies (i.e., stepwise linear regression and Liptak-Stouffer z-
score method) were separately performed in a voxel-wise fashion, and
the height threshold for significance was set at a two-tailed P< .001 at a
voxel level to strictly control for the false positive rate (Eklund et al.,
2016). Gaussian random-field correction at the cluster level was per-
formed for multiple comparisons, with an extent significance level at
P< .05.

2.5.2. Global signal processing strategies
The biological substrate of the global signal is currently unclear

(Murphy and Fox, 2017), given that it simultaneously captures neural
activity and physiological noise such as respiration and movement (Liu
et al., 2017b; Murphy and Fox, 2017). To date, the procedure of per-
forming global signal removal (GSR) or not during R-fMRI data pre-
processing remains controversial. One recent study revealed the diverse
effects of different processing strategies on global signals (with and
without GSR) on functional data from subjects with psychiatric disorders
(Yang et al., 2014). To estimate the effect of GSR on identifying
MDD-related functional alterations, we reperformed the abovementioned
two statistical strategies by analyzing R-fMRI data with GSR in
preprocessing.

2.5.3. Cross-center consistency
We first assessed the site effect on these functional measurements and

whether the multisite statistical analysis strategy of linear regression
could reduce site effects. Briefly, for each functional metric, we per-
formed Kruskal-Wallis tests across centers to estimate the site effect at
each voxel. The obtained P-value map was converted to a Z-value map
and corrected for multiple comparisons using Gaussian random-field
correction. The significance level was set at a height threshold of two-
tailed P< .001 with an extent threshold of P< .05. Then, we pooled all
individuals from the five centers together and linearly regressed out the
dummy site variables. The Kruskal-Wallis tests were performed again on

http://www.nitrc.org/projects/seecat
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the processed metric maps to check whether the site effects were
reduced. Additionally, we utilized a ComBat model to correct for the site
effects (Yu et al., 2018). The ComBat model is based on multivariate
linear mixed effects regression, in which the empirical Bayes is used to
improve the estimation of the model parameters (Yu et al., 2018). We
further used Kruskal-Wallis tests to estimate the site effects and per-
formed the stepwise linear regression to identify MDD-related alterations
in ComBat harmonized metric data.

Next, we conducted a conjunction analysis to assess the reproduc-
ibility of MDD-related functional alterations across different centers.
Considering that the Liptak-Stouffer z-score method was performed
based on statistical analysis in each center, which is conceptually similar
to a conjunction method, we only performed this across-center consis-
tency analysis for the stepwise regression method on both data with and
without GSR. Briefly, for each identified cluster with a significant
between-group difference, we first conducted the stepwise linear
regression analysis in a voxelwise manner to obtain the group effect in
each center, using the same model previously used in the pooled dataset.
We then binarized the group effect maps in that voxels with a significant
between-group difference were set as 1; otherwise, they were set as 0.
Given the post hoc nature of this analysis, the significance level was set at
P¼ .05 at the voxel level. Finally, the conjunction map for each cluster
was obtained by summing the binarized group effect maps across centers.

2.5.4. Effect of clinical variables
We further investigated the effects of categorized clinical variables on

the identification of group differences in functional activities. Briefly, we
classified the patients into six different subgroups according to their
clinical information, including patients in their first episode or in a non
first episodes, patients receiving medication or not receiving medication,
and patients with an onset age older than or no more than 21 years
(Benazzi, 2009; Schmaal et al., 2016, 2017). First, we performed statis-
tical analysis on the clinical variables (i.e., illness duration, onset age,
episode number, and HDRS) between each corresponding pair of the
subgroups. Second, for each group, along with HC data, we extracted the
mean value of functional metrics within each of the previously identified
clusters and performed the stepwise linear regression analysis to estimate
the group effect. Cohen's d was also calculated for each cluster to show
the effect size. Finally, we directly compared the mean functional metric
of each region between each corresponding pair of subgroups using
stepwise linear regression analysis. A threshold of false discovery rate
(FDR) corrected P< .05 across regions was considered significant.

Next, for regions with significant group differences, we also explored
the relationships between functional measurements and continuous
clinical variables (i.e., HDRS, duration of illness, onset age and episode
number). A robust regression analysis was performed with each clinical
variable as the dependent variable, mean functional measurements in
each cluster as the independent variable, and the center, age, and sex as
covariance. We conducted this analysis in the pooled dataset and in each
center to assess the reproducibility. The significance level was set to
P< .05 with Bonferroni correction across different clusters.

2.5.5. Effect of sample size
To estimate the number of participants needed to identify MDD-

related functional alterations, we performed a bootstrap simulation
analysis. Briefly, we first randomly sampled subsets from the pooled
cohort with different sample sizes (from 25 to 700 individuals in each
group, with an interval of 25 individuals). Given that the between-group
difference might derived from the center effect by unbiased sampling, we
constrained our sampling procedure so that at least 50% of the in-
dividuals of the two groups should come from the same centers. Then, in
each subset, we performed a stepwise regression analysis for each func-
tional metric to identify regions with significant group effects. For each
sample size, we conducted a random sampling and statistical analysis
1000 times, and we defined the reproducibility rate at each voxel as the
percentage of times that the given voxel exhibited a significant group
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difference in 1000 simulations. Three significance levels (a height
threshold of P< .001, P< .01, and P< .05 at a voxel level with an extent
threshold of P< .05 estimated by using Gaussian random field at cluster
level) were applied, respectively. Therefore, at each significance level,
we obtained a curve of reproducibility rate against sample size at each
voxel, and the smallest required sample size to reach a critical repro-
ducibility rate of 50% was calculated. Finally, the smallest required
sample size of each of the previously identified regions with significant
MDD-related functional alterations was estimated as the minimum
smallest sample size across all voxels within the cluster under repro-
ducibility rate of 50%.

3. Results

3.1. Reproducible functional brain alterations in patients with MDD
(statistical strategies and GSR effects)

Fig. 1 and Fig. 2 show between-group difference maps of each func-
tional measure (without thresholding). With a strict statistical analysis
with multiple comparison corrections (a cluster-level corrected P< .05
with a voxel-level P< .001), we identified a repeated pattern of signifi-
cant functional alteration in patients with MDD that was mainly
distributed in the prefrontal, parietal and occipital regions regardless of
multicenter statistical analysis strategies and whether the global signal
was regressed (Fig. 3). Specifically, patients with MDD had significantly
lower functional activities in the right postcentral gyrus (PoCG, ReHo),
the bilateral orbitofrontal cortices (OFC, FCS of 0–20mm) and the
bilateral middle and inferior occipital gyri (FCS of 60–80 and
80–100mm) than did the HCs. Furthermore, patients with MDD
exhibited significantly higher functional activities in the left triangular
part of the inferior frontal gyrus (IFGtriang, ALFF), the right supra-
marginal gyrus (SMG, FCS of 0–20 and 20–40mm), the bilateral pre-
cuneus (FCS of 80–100mm), and the right superior frontal gyrus (SFG,
FCS of 100–120mm) than did the HCs (Tables 3–6). We did not observe
significant effects for age-by-group, sex-by-group, or age-by-sex-by-group
interactions, although significant age and sex effects were observed for
these functional measurements (Figs. S1 and S2).

The results from two different statistical analysis and GSR strategies
were generally consistent. However, influences were observed for several
specific regions. i) The Liptak-Stouffer z-score method was slightly more
sensitive in identifying MDD-related alterations of a few regions with
better extent significance, such as significantly lower ReHo in the left
PoCG in MDD patients than in HCs (Fig. 3; Table 3 vs. Table 4; Table 5 vs.
Table 6). ii) In data without GSR, patients with MDD had significantly
lower FCS in the left cuneus (CUN, full-range, 40–60, and 60–80mm)
and higher FCS in the right opercular part of the inferior frontal gyrus
(IFGoperc, 60–80mm) than did the HCs (Fig. 3; Table 3 vs. Table 5;
Table 4 vs. Table 6). In contrast, in data with GSR, we observed a
significantly lower FCS in the right precentral gyrus (PrCG,
100–120mm) and the left inferior parietal lobule (IPL, 120–140 and
140–160mm), and a significantly higher FCS in the left SFG (60–80mm),
right calcarine fissure cortex (CAL, 100–120mm), and the bilateral
medial part of SFG (SFGmed, 120–140mm) in the MDD groups than in
the HC group (Fig. 3; Table 3 vs. Table 5; Table 4 vs. Table 6). These
results suggest that the data after GSR were the most sensitive for iden-
tifying alterations in long-range functional coordination in patients with
MDD. Finally, the results of using filtering with a band of .01–.08 Hz
during data preprocessing were overall parallel to the main findings in
that most of the significant MDD-related alterations remains unchanged
(Fig. S3).

3.2. The consistency of cross-center validation

We observed a significant site effect on all of the raw functional
metrics in most of the brain regions (Fig. S4), suggesting the necessity for
performing site effect correction in multicenter imaging studies. Notably,



Fig. 1. Differences in functional measurements be-
tween patients with MDD and healthy controls in data
without GSR (not thresholding). The figure illustrates
group effects on functional measures without thresholding
using the stepwise regression analysis and Liptak-Stouffer
z-score method in data without GSR. Warm and cold
colors indicate higher and lower functional measurements
in patients with MDD than in the HCs, respectively. MDD,
major depressive disorder; HC, healthy controls; s-w,
stepwise; nGSR, nonglobal signal regression; L-S, Liptak-
Stouffer; ALFF, amplitude of low-frequency fluctuations;
ReHo, regional homogeneity; FCS, functional connectivity
strength.
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these site effects no longer existed after performing linear regression or
applying the ComBat method (except for ALFF in a few parietal and
temporal regions in linear regressed maps, which did not overlap with
regions exhibiting MDD-related alterations) (Fig. S4). The result indi-
cated the ability of both methods to correct confounding site factors in
the MDD R-fMRI studies. Additionally, almost all of the MDD-related
functional alterations remained significant in data processed with Com-
Bat method (Fig. S5).

Fig. 4 illustrates the conjunction maps, showing significant between-
group differences using stepwise regression analysis across five centers.
Overall, we found a fair-to-good across-center consistency for these
MDD-related functional alterations in both data with and data without
GSR. Specifically, in data without GSR, the between-group differences in
the left IFGtriang (ALFF), right SMG (FCS of 20–40mm), left CUN (FCS of
40–60mm), and PCUN (FCS of 100–120mm) could be reproduced in
four centers, while those in the other regions were observed three times.
In data with GSR, alterations in regions located in the frontal and parietal
cortices were more repeatedly identified (four times) across centers,
including the right SMG (FCS of 20–40mm), left SFG (FCS of 60–80mm),
PCUN (FCS of 100–120mm), right SFG (FCS of 100–120mm), and left
IPL (FCS of 140–160mm).

3.3. Effects of first episode, medication status, and onset age

Regarding clinical variables, the first-episode patients had a signifi-
cantly shorter illness duration and a lower rate of receiving medication
than did the recurrent patients (both P< .001). Patients with medication
had significantly longer illness duration, higher episode number, lower
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HDRS, and lower first-episode ratio than patients that did not receive
medication (all P< .001). Moreover, there were no significant differ-
ences in illness duration, episode number, HDRS, or medication status
between patients with an onset age greater than or no more than 21 years
(Table S1).

For the functional brain alterations, after dividing the patients into
first-episode and recurrent groups, all identified regions remained sig-
nificant in the first-episode patients and mostly in the recurrent patients
(all P< .05, FDR corrected), except for several regions with short-range
functional coordination, such as the left IFGtriang, right PoCG, bilat-
eral OFC, and left cuneus (Fig. 5). After dividing the patients into
medicated and nonmedicated groups, the between-group differences for
all the clusters remained significant in both groups (all P< .05, FDR
corrected) (Fig. 5). After dividing patients according to the onset age,
patients with MDD who had an onset age greater than 21 years showed
short-range functional alterations (ALFF, ReHo, and FCS of <60mm),
including the left IFGtriang, right PoCG, right SMG, left OFC and left
cuneus. In contrast, patients with MDD who had an onset age no greater
than 21 years mainly exhibited altered long-range functional coordina-
tion (FCS of >60mm), including the right IFGoperc, bilateral cuneus,
bilateral precuneus and right SFG (all P< .05, FDR corrected) (Fig. 5).
Finally, in the direct comparisons between each corresponding pair of
patient subgroups, we only found significantly lower FCS (80–100mm)
of the left cuneus in patients with an onset age no greater than 21 years
than in patients with an onset age greater than 21 years (P¼ .004, FDR
corrected). No significant differences were observed between first-
episode and recurrent patients or between patients with and without
medication.



Fig. 2. Differences in functional measurements be-
tween patients with MDD and healthy controls in data
with GSR (not thresholding). The figure illustrates group
effects on functional measures without thresholding using
the stepwise regression analysis and Liptak-Stouffer z-
score method in data with GSR. Warm and cold colors
indicate higher and lower functional measurements in
patients with MDD than in the HCs, respectively. MDD,
major depressive disorder; HC, healthy controls; s-w,
stepwise; L-S, Liptak-Stouffer; ALFF, amplitude of low-
frequency fluctuations; ReHo, regional homogeneity;
FCS, functional connectivity strength.
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3.4. Correlations between functional metrics and clinical variables in
patients with MDD

In the pooled dataset, we observed a significant positive correlation
between the long-range FCS of the right PCUN (80–100mm) and episode
number in patients with MDD (P¼ .003, Bonferroni-corrected) (Fig. 6).
Additionally, we observed a negative correlation between the ReHo of
the right PoCG and the HDRS (P¼ .021, uncorrected) (Fig. 6). None of
the functional metrics were correlated with the duration of illness or age
of onset. In the dataset of each center, we found a positive correlation
between the FCS of the right IFGOperc (60–80mm) and the illness
duration in the CSU dataset (P¼ .009, uncorrected); a negative correla-
tion between the FCS of the right SMG (20–40mm) and the age of onset
in the CSU dataset (P¼ .038, uncorrected); a negative correlation be-
tween the ReHo of the right PoCG and the age of onset in the SCU dataset
(P¼ .034, uncorrected); and a negative correlation between the ReHo of
the right PoCG and the HDRS in the CMU dataset (P¼ .010, uncorrected)
(Fig. S6 and Table 7). These results indicate poor cross-center repro-
ducibility of the relationship between functional metrics and clinical
variables.

3.5. Influence of sample size on reproducibility

At a cluster level (for previously identified cluster in Table 3), a
sample size of 400–700was needed to reach a reproducibility rate of 50%
for a corrected P< .05 with a height threshold of P< .001 (Fig. 7A, left).
The required sample size depends on different regions and functional
measurements. Notably, the between-group differences in long-range
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FCS required relatively a smaller sample size than did those in short-
range FCS, ReHo, and ALFF of the regions identified to be reproduced
in the same chance. Of the functional measurements, the FCS of the left
CUN (40–60 and 60–80mm) and the right PCUN (80–100mm) were the
most reproducible regions, requiring 400 to 475 subjects in each group to
show corrected between-group differences with a chance of 50%. The
ReHo in the right PoCG was the least reproducible region, and even with
700 subjects in each group, the chance for surviving correction was less
than 50%. With the reduction of height significance level, the overall
pattern of curves among different clusters remain unchanged but with
smaller sample size required. The FCS of the left CUN (60–80mm) and
the right PCUN (80–100mm) were still the most reproducible regions,
requiring 300 and 225 for a height threshold of P< .01 and P< .05,
respectively (Fig. 7A, middle and right). Additionally, the reproducibility
rate of several regions dropped under these lenient thresholds even when
sample increased, including the ReHo of the right PoCG, the FCS of the
right SMG and left OFC (<20mm), and the FCS of the right SFG
(100–120mm). These might be largely due to the limited size of these
significant clusters that cannot survive the corrections of large extent
thresholds estimated with low height thresholds. Fig. 7B presents the
required sample size at a voxel level under different significance levels.

4. Discussion

Using a large-sample, multicenter R-fMRI dataset from a Chinese
MDD cohort (N¼ 1434), we revealed a repeated pattern of hypoactivity
in the orbitofrontal, sensorimotor and visual cortices and hyperactivities
in the frontoparietal cortices in MDD patients compared to HCs. These



Fig. 3. Differences in functional measurements between patients with MDD and healthy controls. The figure illustrates significant between-group effects on
functional measurements from local voxel to distant brain connections using the stepwise regression analysis and Liptak-Stouffer z-score method on data with and
without GSR. Warm and cold colors indicate higher and lower functional measurements in patients with MDD than in the HCs, respectively. The surface rendering was
created using BrainNet Viewer (www.nitrc.org/projects/bnv/) (Xia et al., 2013). MDD, major depressive disorder; HC, healthy controls; s-w, stepwise; nGSR, non-
global signal regression; L-S, Liptak-Stouffer; GSR, global signal regression; ALFF, amplitude of low-frequency fluctuations; ReHo, regional homogeneity; FCS,
functional connectivity strength; GRF, Gaussian random field.

Table 3
Clusters with significant group effects identified by stepwise regression analysis in data without GSR.

No. Region Metric Direction x y z Z-value Size (mm3) P-value

1 Left inferior frontal gyrus, triangular/orbital parts, BA45/47 ALFF MDD>HC �51 30 �3 4.71 1728 2.49� 10�6

2 Right postcentral gyrus, BA43/6 ReHo MDD<HC 66 �6 18 �4.07 2349 4.72� 10�5

3 Left cuneus, BA18 FCS full-range MDD<HC �6 �87 24 �4.45 2808 8.50� 10�6

4 Left medial orbitofrontal cortex, BA11/47 FCS <20mm MDD<HC �18 21 �21 �4.45 2079 8.47� 10�6

5 Right medial orbitofrontal cortex, BA11/47 FCS <20mm MDD<HC 15 27 �18 �4.90 2241 9.58� 10�7

6 Right angular/supramarginal gyri, BA40/42 FCS <20mm MDD>HC 51 �48 24 4.57 2403 4.85� 10�6

7 Right angular/supramarginal gyri, BA40/41 FCS 20–40mm MDD>HC 48 �45 27 4.88 3537 1.08� 10�6

8 Left cuneus, BA18/19 FCS 40–60mm MDD<HC �9 �81 30 �4.96 3267 7.16� 10�7

9 Left middle occipital gyrus/cuneus, BA18 FCS 60–80mm MDD<HC �6 �84 18 �4.94 8046 7.89� 10�7

10 Right inferior frontal gyrus, opercular part, BA44/9 FCS 60–80mm MDD>HC 39 15 33 4.87 2241 1.12� 10�6

12 Left cuneus, BA18 FCS 80–100mm MDD<HC �6 �87 24 �4.54 2484 5.65� 10�6

11 Right precuneus, BA7 FCS 80–100mm MDD>HC 3 �54 45 5.27 6345 1.36� 10�7

13 Right superior/middle frontal gyri, BA46/10 FCS 100–120mm MDD>HC 33 48 18 5.13 2187 2.94� 10�7

Abbreviations: GSR, global signal regression; BA, Brodmann area; ALFF, amplitude of low-frequency fluctuations; MDD, major depressed disorder; HC, healthy control;
ReHo, regional homogeneity; FCS, functional connectivity strength.
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findings were generally reproducible regardless of statistical strategies,
removal of global signal and medication status, and exhibited a high
across-center consistency. However, the between-group differences were
partially influenced by the episode status and the age of onset in patients,
and the correlations between functional metric and clinical variables had
poor across-center reproducibility. Finally, we showed that at least 400
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subjects in each groupwere required to replicate significant alterations (a
voxel level of P< .001 and a cluster level of P< .05) at a 50% repro-
ducible chance. Together, these results highlight reproducible patterns of
functional alterations in MDD and influencing factors involving research
methodology and clinical design.

http://www.nitrc.org/projects/bnv/


Table 4
Clusters with significant group effects identified by the Liptak-Stouffer z-score method in data without GSR.

No. Region Metric Direction x y z Z-value Size (mm3) P-Value

1 Left inferior frontal gyrus, triangular/orbital parts, BA47 ALFF MDD>HC �39 24 �6 4.39 1917 1.144� 10�5

2 Left superior parietal gyrus, BA7 ALFF MDD<HC �12 �81 45 �4.42 1647 9.962� 10�6

3 Right postcentral gyrus, BA43/6 ReHo MDD<HC 66 �6 18 �4.28 2241 1.877� 10�5

4 Left postcentral gyrus, BA43/6 ReHo MDD<HC �60 �6 30 �4.58 2133 4.762� 10�6

5 Left cuneus, BA18/19 FCS full-range MDD<HC �6 �87 24 �4.57 3429 4.899� 10�6

6 Left medial orbitofrontal cortex, BA11/47 FCS <20mm MDD<HC �21 18 �21 �4.77 2889 1.851� 10�6

7 Right medial orbitofrontal cortex, BA11/47 FCS <20mm MDD<HC 18 21 �21 �4.95 2673 7.421� 10�7

8 Right angular/supramarginal gyri, BA40/42 FCS <20mm MDD>HC 51 �45 24 4.89 5940 1.008� 10�6

9 Right angular/supramarginal gyri, BA40/41 FCS 20–40mm MDD>HC 48 �45 27 5.07 5508 4.084� 10�7

10 Left cuneus, BA18/19 FCS 40–60mm MDD<HC �6 �75 21 �5.57 7344 2.518� 10�8

11 Right middle occipital gyrus, BA19/18 FCS 60–80mm MDD<HC 36 �87 15 �4.07 2457 4.641� 10�5

12 Left middle occipital gyrus/cuneus, BA18/19 FCS 60–80mm MDD<HC �6 �84 18 �4.94 8046 7.893� 10�7

11 Right inferior frontal gyrus, opercular part, BA44/9 FCS 60–80mm MDD>HC 39 15 33 5.16 2403 2.430� 10�7

14 Left cuneus, BA18/19 FCS 80–100mm MDD<HC �6 �84 21 �4.77 3402 1.806� 10�6

15 Right precuneus, BA7 FCS 80–100mm MDD>HC 6 �54 45 5.44 9288 5.269� 10�8

16 Right superior/middle frontal gyri, BA46/10 FCS 100–120mm MDD>HC 33 48 18 5.50 3969 3.820� 10�8

Abbreviations: GSR, global signal regression; ALFF, amplitude of low-frequency fluctuations; MDD, major depressed disorder; HC, healthy control; ReHo, regional
homogeneity; FCS, functional connectivity strength.

Table 5
Clusters with significant group effects identified by stepwise regression analysis in data with GSR.

No. Region Metric Direction x y z Z-value Size (mm3) P-Value

1 Left inferior frontal gyrus, triangular/orbital parts, BA45/47 ALFF MDD>HC �51 30 �3 4.66 1377 3.240� 10�6

2 Right medial orbitofrontal cortex, BA11/47 FCS <20mm MDD<HC 15 27 �18 �4.87 2916 1.139� 10�6

3 Right supramarginal gyrus, BA40 FCS 20–40mm MDD>HC 51 �42 24 4.76 2619 1.898� 10�6

4 Left middle occipital gyrus, BA19/18 FCS 60–80mm MDD<HC �39 �87 3 �4.31 1269 1.603� 10�5

5 Right middle occipital gyrus, BA19/18 FCS 60–80mm MDD<HC 42 �81 6 �4.11 1566 3.889� 10�5

6 Left superior frontal gyrus, BA9 FCS 60–80mm MDD>HC �15 57 33 5.66 1674 1.540� 10�8

7 Right inferior occipital gyrus, BA19 FCS 80–100mm MDD<HC 39 �72 �12 �4.30 1539 1.685� 10�5

8 Right precuneus, BA7 FCS 80–100mm MDD>HC 9 �45 39 5.23 2349 1.668� 10�7

9 Right superior/middle frontal gyri, BA46/10 FCS 100–120mm MDD>HC 27 45 21 4.93 1890 8.393� 10�7

10 Left angular gyrus/inferior parietal lobule, BA40/7 FCS 120–140mm MDD<HC �33 �51 36 �4.49 1350 7.122� 10�6

11 Left inferior parietal lobule, BA40 FCS 140–160mm MDD<HC �48 �45 36 �5.44 5967 5.480� 10�8

Abbreviations: ALFF, amplitude of low-frequency fluctuations; MDD, major depressed disorder; HC, healthy control; ReHo, regional homogeneity; FCS, functional
connectivity strength.

Table 6
Clusters with significant group effects identified by the Liptak-Stouffer z-score method in data with GSR.

No. Region Metric Direction x y z Z-
value

Size (mm3) P-Value

1 Left inferior frontal gyrus, triangular/orbital parts, BA47 ALFF MDD>HC �48 30 �3 4.34 1566 1.361� 10�5

2 Right postcentral gyrus, BA43/6 ReHo MDD<HC 66 �6 18 �4.24 1728 2.229� 10�5

3 Left postcentral gyrus, BA43/6 ReHo MDD<HC �60 �6 30 �4.55 1782 5.471� 10�6

4 Right medial orbitofrontal cortex, BA11/47 FCS <20mm MDD<HC 15 27 �18 �4.91 2943 9.141� 10�7

5 Right supramarginal gyrus, BA40 FCS <20mm MDD>HC 57 �33 33 4.13 2565 3.703� 10�5

6 Right medial orbitofrontal cortex, BA47 FCS 20–40mm MDD<HC 21 9 �30 �4.75 2079 2.070� 10�6

7 Right supramarginal gyrus, BA40 FCS 20–40mm MDD>HC 45 �39 45 4.92 4887 8.852� 10�7

8 Left middle occipital gyrus, BA19/18 FCS 60–80mm MDD<HC �39 �87 3 �4.46 1485 8.360� 10�6

9 Right middle occipital gyrus, BA19 FCS 60–80mm MDD<HC 42 �81 6 �4.14 1512 3.451� 10�5

10 Left superior frontal gyrus, BA9 FCS 60–80mm MDD>HC �15 57 33 5.44 1458 5.292� 10�8

11 Right inferior occipital gyrus, BA19 FCS 80–100mm MDD<HC 39 �69 �12 �4.47 1944 7.742� 10�6

12 Right precuneus, BA7 FCS 80–100mm MDD>HC 9 �42 39 5.41 2457 6.297� 10�8

13 Right calcarine fissure and surrounding cortex, BA17 FCS 100–120mm MDD>HC 15 �63 6 4.27 1242 1.927� 10�5

14 Right superior/middle frontal gyri, BA46/10 FCS 100–120mm MDD>HC 27 45 21 4.85 2403 1.248� 10�6

15 Right precentral gyrus, BA4 FCS 100–120mm MDD<HC 51 �15 42 �4.29 1539 1.787� 10�5

16 Left anterior cingulate gyrus/superior frontal gyrus, medial part,
BA32

FCS 120–140mm MDD>HC 15 33 27 4.52 1647 6.250� 10�6

17 Left angular gyrus/inferior parietal lobule, BA40/7 FCS 120–140mm MDD<HC �30 �54 36 �4.60 2025 4.165� 10�6

18 Left inferior parietal lobule, BA40 FCS 140–160mm MDD<HC �48 �45 36 �5.53 5913 3.256� 10�8

Abbreviations: GSR, global signal regression; ALFF, amplitude of low-frequency fluctuations; MDD, major depressed disorder; HC, healthy control; ReHo, regional
homogeneity; FCS, functional connectivity strength.
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4.1. MDD-relevant hypoactivity in the medial orbitofrontal and primary
cortices

The OFC is involved in prediction and decision making regarding
emotion-related information for hedonic experiences (Kringelbach,
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2005). Particularly, the medial OFC is associated with reward processing,
including reward reinforcement, learning and memory, and is a crucial
hub in the reward circuit connecting the medial temporal lobe and pre-
frontal cortex (Kringelbach and Rolls, 2004; Rolls, 2016). Previous
studies in MDD reported a wide range of abnormalities in this region in



Fig. 4. Conjunction maps across centers on functional differences between
MDD and control groups. The figure illustrates the number of centers showing
significant between-group differences within each cluster across five centers.
Warm and cold colors indicate higher and lower functional measurements in
patients with MDD than in the HCs, respectively. MDD, major depressive dis-
order; HC, healthy controls; s-w, stepwise; nGSR, nonglobal signal regression;
GSR, global signal regression; ALFF, amplitude of low-frequency fluctuations;
ReHo, regional homogeneity; FCS, functional connectivity strength.

Fig. 5. Effects of clinical variables on clusters showing significant
between-group differences. The number of each clinical variable represents
the number of patients in each group. Mean Cohen's d and P-values were
calculated across the voxels within each cluster showing significant between-
group differences identified in all patients. ALFF, amplitude of low-frequency
fluctuations; ReHo, regional homogeneity; FCS, functional connectivity
strength; IFGTriang, inferior frontal gyrus, triangular part; PoCG, postcentral
gyrus; SMG, supramarginal gyrus; OFCmed, medial orbitofrontal cortex; CUN,
cuneus; IFGOperc, inferior frontal gyrus, opercular part; PCUN, precuneus; SFG,
superior frontal gyrus.

Fig. 6. Robust fitting of functional measurements and clinical variables in
pooled dataset. Each dot represents a subject, and its color indicates its weight
in the robust regression analysis. A color map of blue to gray indicates the
regression weight from high to low, respectively. Dashed lines indicate the
confidence interval of the regression. The functional measurements and clinical
variables were fitted by age, sex and centers. PCUN, precuneus; PoCG, post-
central gyrus; HDRS, Hamilton depression rating scale; FCS, functional con-
nectivity strength.
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either structure or function, such as reduced GM volume (Bremner et al.,
2002) and cortical thickness (Schmaal et al., 2017) and abnormal func-
tional activation (Lawrence et al., 2004) and connectivity (Cheng et al.,
2016; Meng et al., 2014; Wang et al., 2014a; Zhang et al., 2011). Here,
our findings of functional disruption in the medial OFC provide further
evidence of altered memory systems encoding pleasant feelings and re-
wards that underlie the persistently depressed mood or loss of interest in
activities in MDD patients. Significant hypoactivity of the right opercular
part of the PoCG and the cuneus was also observed in patients with MDD.
Neuroimaging studies suggest that the opercular part of the PoCG is a
functionally heterogeneous region involved in recognizing emotions
from visually presented facial expressions (Adolphs et al., 2000).
Although several studies observed MDD-related structural or functional
abnormalities in the PoCG (Iwabuchi et al., 2015; Schmaal et al., 2017),
disruptions in this specific location have been reported only rarely in
patients withMDD. In contrast, abnormalities in the visual cortex, such as
a reduced surface area (Schmaal et al., 2017) and decreased cerebral
blood flow (Ito et al., 1996), are associated with depression. Moreover,
connectome studies have also revealed disrupted network topologies in
either functional or structural brain networks of the visual cortex in pa-
tients withMDD (Korgaonkar et al., 2014; Singh et al., 2013; Zhang et al.,
2011). Interestingly, the orbitofrontal and primary cortices had a large
effect size on the cortical area shrinkage observed in the large-sample,
worldwide brain structural study performed by the ENIGMA con-
sortium (Schmaal et al., 2017). This finding indicates common disrup-
tions in structure and function of these brain regions in MDD.
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4.2. MDD-relevant hyperactivity in the frontoparietal cortices

We observed that patients with MDD exhibited significant hyperac-
tivity in the left IFGtriang, right SMG, right IFGoperc, bilateral precuneus
and right SFG. MDD-related changes in these regions have been reported
in several previous studies. For instance, higher glucose metabolism rates
in the IFGtriang were observed in depressed patients (Biver et al., 1994),
and normalized metabolism of this region was lower in paroxetine



Table 7
Relationship between functional measurements and clinical variables.

Dataset Region Metric Clinical variables T-value P-Value Bonferroni Corrected P-value

Pooled Right precuneus FCS 80–100mm Episode number 3.02 .003 .037
Pooled Right postcentral gyrus ReHo HDRS-17 �2.32 .021 .270

CSU Right inferior frontal gyrus, opercular part FCS 60–80mm Illness duration 2.66 .009 .111
CSU Right supramarginal gyrus FCS 20–40mm Onset age �2.10 .038 .499
SCU Right postcentral gyrus ReHo Onset age �2.24 .034 .442
CMU Right postcentral gyrus ReHo HDRS-17 �2.63 .010 .125

Abbreviations: FCS, functional connectivity strength; ReHo, regional homogeneity; HDRS, Hamilton depression rating scale; CMU, China Medical University; CSU,
Central South University; SCU, Sichuan University.

Fig. 7. Influence of sample size on reproducibility rate. (A) This figure illustrates the relationship between the sample size in each group and the reproducibility
rate of identifying each region with significant between-group differences. Each dot indicates the percentile in 1000 bootstrapping simulations of n subjects in each
group. (B) This figure shows brain maps of the least number of participants in each group required to reach a reproducibility rate of 50% for identifying significant
between-group differences at different significance levels. The reproducibility rate for each voxel was estimated as the percentage of times with significance in 1000
bootstrapping simulations.
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responders than in nonresponders (Brody et al., 1999). Using R-fMRI,
Zhang et al. revealed greater nodal centralities of the right SMG and the
right IFGoperc in drug-naïve patients with first-episode MDD, suggesting
more involvement of these areas in coordinating whole-brain functional
networks (Zhang et al., 2011). In patients with depression, the precuneus
shows multidimensional hyperactivity, including increases in cerebral
metabolism (Smith et al., 2009), within-system coordination (Greicius
et al., 2007; Sheline et al., 2010), and functional network connectivity
(Cheng et al., 2016; Zhang et al., 2011). The SFG is also an area that is
deeply involved in the pathology of MDD, with higher regional glucose
metabolism (Brody et al., 2001) and hyper intra- and intersystem coor-
dination (Sheline et al., 2010). To a certain extent, these regions share a
common feature: involvement in nonreward, emotion-related processing.
Specifically, the IFGtriang is related to lexical-semantic processing (Gold
et al., 2006) and the self-regulation of emotions (Johnston et al., 2010).
The right supramarginal gyrus participates in cognitive or emotional
processing series, including working memory (Liu et al., 2017a) and
empathic judgments (Silani et al., 2013). The right IFGoperc, a homol-
ogous region of Broca's area in the opposite hemisphere, could be asso-
ciated with orthography-to-semantic (Siok et al., 2004) and perception of
negative mood (Hofer et al., 2006). The precuneus is a highly hetero-
geneous region involved in a wide spectrum of integrated functions,
including memory retrieval, self-consciousness, and emotion judgment
(Cavanna and Trimble, 2006). The precuneus is also a core component of
the default-mode network (Raichle et al., 2001) and a critical hub with
dense, long-range connections in human whole-brain structural (Gong
et al., 2009; van den Heuvel and Sporns, 2011) and functional (Buckner
et al., 2009; Liang et al., 2013) networks. Based on these findings, the
precuneus plays an important role in integrating brain functions.
Furthermore, the SFG is another important cortical area responsible for a
series of high-order cognitive functions, such as working memory (Liu
et al., 2017a), moral decision making (Greene et al., 2001), and behav-
ioral inhibition (Aron et al., 2004). Recent functional imaging studies
have also revealed the recruitment of the SFG during the regulation of
negative emotions through reappraisal/suppression strategies (Levesque
et al., 2003; Phan et al., 2005). Together, the hyperactivity in these key
brain areas contributes to the broad spectrum of emotion-related dis-
turbances and cognitive deficits observed in subjects with depression.

4.3. The effect of global signal on reproducibility of MDD-relevant
functional alterations

The global signal of fMRI data refers to the averaged time course
across all voxels of the brain areas, and its biological significance relevant
to neuronal activity is still poorly understood (Murphy and Fox, 2017).
Recent studies documented that the global signal is a complex mixed
signal because it simultaneously captures the underlying neural activity
(Scholvinck et al., 2010) and several confounding noises, such as motion,
cardiac and respiratory cycles that are globally embedded in the fMRI
signals in nature (Liu et al., 2017b; Murphy et al., 2013). Therefore,
whether to perform global signal regression remains confusing and
controversial because the conduction of GSR can not only, at least
partially, reduce the effect of unnecessary global confounds and enhance
the identification of system-specific connections (Fox et al., 2009), but
also can partly wipe away potential personal traits or diagnostic infor-
mation (Liu et al., 2017b) andmathematically mandates anti-correlations
between regions (Murphy et al., 2009). GSR also affects the reliability of
commonly used functional metrics, such as ReHo (Zuo et al., 2013) and
functional connectivity (Chai et al., 2012), as well as the topology of
functional networks (Chen et al., 2018; Liang et al., 2012; Tomasi et al.,
2016). More importantly, the relationship between global signal and
spatially distributed brain regions was altered in several neuropsychiatric
disorders, such as schizophrenia (Yang et al., 2017) and autism spectrum
disorder (Gotts et al., 2012), and the conduction of GSR affected the
identification of functional alterations in schizophrenia (Yang et al.,
2014) and Alzheimer's disease (Chen et al., 2018). Here, we showed that
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the MDD-relevant alterations were largely reproducible in data with and
without GSR for local functional metrics (i.e., ALFF and ReHo) and
short-range FCS, while GSR enhanced the sensitivity in detecting alter-
ations in long-range FCS. A possible reason is the shifting of resting-state
functional correlation distribution after GSR from being mainly positive
to being zero centered (Chai et al., 2012). In functional connections with
a relatively high strength (e.g., >.2), the proportion of medium- and
short-range connections is much larger than that of long-range connec-
tions. Therefore, the distribution of functional correlation mainly reflects
the strength of medium and short-range connections, and the determi-
nation of whether conducting GSR could have little effect on changing
the shape of the overall distribution. Conversely, given the small number
of long-range functional connections, their strength distribution is much
easier to influence by GSR, and thus might increase the sensitivity to
identify disorder-relevant alterations.

4.4. Advantages of a large-sample dataset

Our bootstrapping simulation study showed that at least a sample size
of 400 subjects in each group was required to replicate significant MDD-
relevant functional alterations with a reproducibility rate over 50%, and
the minimum sample size largely depended on brain regions and sig-
nificance thresholds. This simulation analysis might partially explain the
large discrepancies in MDD-relevant functional alterations across previ-
ous R-fMRI studies. To our knowledge, this study represents the largest R-
fMRI MDD dataset collected in China. One thousand four hundred thirty-
four patients with MDD and HCs were included based on the consistent
diagnostic standards of the DSM-IV for MDD. Although the patients were
recruited from five different research centers (i.e., Changsha, Beijing,
Chongqing, Shenyang, and Chengdu), this cohort exhibited remarkable
homogeneity in biological and demographic characteristics, including
genetic background, language, and cultural environment. This homoge-
neity enables the reliable and reproducible identification of key brain
nodes with abnormal functional activities in Chinese patients with MDD
due to improved cross-validated power in statistical analysis and the
avoidance of biased sampling in small datasets. The promising interna-
tional multicenter structural imaging studies conducted by the ENIGMA
consortium (Schmaal et al., 2016, 2017) have provided an important
analytical framework for delving into neuroimaging big data and have
revealed the general, reliable structural underpinnings of MDD, regard-
less of racial, genetic and environmental factors. Together, these
large-sample multisite studies are particularly helpful for identifying
reliable brain nodes with MDD-relevant abnormalities and developing
imaging biomarkers for an effective early diagnosis and optimization of
interventions for patients with MDD (Drysdale et al., 2017; Perrin et al.,
2012). It should also be noted that given the existence of large individual
heterogeneity in the brain relative to a normative distribution, particu-
larly in patients with psychiatric disorders (Marquand et al., 2016;
Wolfers et al., 2018), these functional and structural alterations in MDD
should be considered a general pattern of this disorder. The assessment of
reproducibility of functional alterations at an individual level is highly
encouraged and could improve understanding of individualized preci-
sion medication for depression.

4.5. Limitations and further considerations

Several issues need to be addressed. First, the clinical information,
such as medication status and episode number, was not fully recorded for
each patient due to variations in data management practices across
different centers. This issue limited our power to analyze the effects of
clinical variables on functional alterations. Second, significant site effects
were observed on the raw functional metrics, whichmight result from the
different MRI scanners, imaging parameters, experimental procedures,
and clinical status of patients across different centers. Although our sta-
tistical analysis strategy eliminated the linear effects of centers, the po-
tential nonlinear and interaction effects of these factors might remain
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upon identifying MDD-related functional alterations. The heterogeneity
in collecting clinical and imaging data could explain the poor repro-
ducibility of correlations between functional metrics and clinical vari-
ables. Third, longitudinal datasets were not included in the current study.
Future studies including longitudinal neuroimaging data will be critical
for evaluating the reproducibility of probing mechanisms of the pro-
gression of depression in the brain and developing reliable biomarkers
for early diagnosis and prediction of treatment effects. Fourth, a recent
study offered a promising example of defining subtypes of depression
using big imaging data (Drysdale et al., 2017). Although MDD subtypes
are not the main topic of the current paper, classifying subtypes with
multicenter datasets is an intriguing challenge when facing the high
heterogeneity in data across centers. Constructing an appropriate
cross-center normative modal and further assessing the reproducibility of
the shared and distinct patterns of alterations in patients with different
subtypes of MDDwill benefit the diagnosis and optimization of treatment
for affected individuals. Fifth, our study identified several repeatable key
brain regions with significantly altered functional activities; however, we
have not determined whether these alterations are coupled with under-
lying structural and metabolic substrates. Sixth, the FCS used in the
current study is an integration functional metric that sums many of
region-to-region connections. Investigations focusing on the reproduc-
ibility of MDD-related alterations in specific regional connections can
provide insights into the understanding of crucial pathways in depres-
sion. Finally, depression is highly associated with various types of
cognitive deficits and genetic risk factors, such as 5-HTTLPR (Caspi et al.,
2003). Future studies combining neuroimaging data and these multidi-
mensional biological variables will contribute to improving our under-
standing of the biological mechanisms of behavioral disturbance.
Moreover, these studies provide crucial opportunities to probe the in-
termediate effects of genes and behavior on depression pathology in the
brain and the development of high-dimensional biomarkers for in-
dividuals with depression.

Conflicts of interest

The authors have no conflicts of interest to declare.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.neuroimage.2019.01.074.

Funding

This work was supported by grants from the National Natural Science
Foundation of China (Grant Nos. 81620108016, 81671767, 81401479,
91432115, 81630031, 31771231, 31271087, 81271499, 81571311,
81571331, 81171286, 91232714, and 81621003), Changjiang Scholar
Program of Chinese Ministry of Education (Award No. T2015027), Nat-
ural Science Foundation of Beijing Municipality (Grant No.
Z151100003915082), Fundamental Research Funds for the Central
Universities (Grant Nos. 2017XTCX04 and 2015KJJCA13), National
High Tech Development Plan (863) (2015AA020513), National
Outstanding Young People Plan, National Science and Technologic Pro-
gram of China (Grant No. 2015BAI13B02), and National Basic Research
Program of China (Grant No. 2013CB835100).

References

Achard, S., Salvador, R., Whitcher, B., Suckling, J., Bullmore, E., 2006. A resilient, low-
frequency, small-world human brain functional network with highly connected
association cortical hubs. J. Neurosci. 26, 63–72.

Adolphs, R., Damasio, H., Tranel, D., Cooper, G., Damasio, A.R., 2000. A role for
somatosensory cortices in the visual recognition of emotion as revealed by three-
dimensional lesion mapping. J. Neurosci. 20, 2683–2690.
712
Alexander-Bloch, A.F., Vertes, P.E., Stidd, R., Lalonde, F., Clasen, L., Rapoport, J.,
Giedd, J., Bullmore, E.T., Gogtay, N., 2013. The anatomical distance of functional
connections predicts brain network topology in health and schizophrenia. Cerebr.
Cortex 23, 127–138.

Anand, A., Li, Y., Wang, Y., Lowe, M.J., Dzemidzic, M., 2009. Resting state corticolimbic
connectivity abnormalities in unmedicated bipolar disorder and unipolar depression.
Psychiatr. Res. 171, 189–198.

Aron, A.R., Robbins, T.W., Poldrack, R.A., 2004. Inhibition and the right inferior frontal
cortex. Trends Cognit. Sci. 8, 170–177.

Benazzi, F., 2009. Classifying mood disorders by age-at-onset instead of polarity. Prog.
Neuro-Psychopharmacol. Biol. Psychiatry 33, 86–93.

Biswal, B., Yetkin, F.Z., Haughton, V.M., Hyde, J.S., 1995. Functional connectivity in the
motor cortex of resting human brain using echo-planar Mri. Magn. Reson. Med. 34,
537–541.

Biver, F., Goldman, S., Delvenne, V., Luxen, A., De Maertelaer, V., Hubain, P.,
Mendlewicz, J., Lotstra, F., 1994. Frontal and parietal metabolic disturbances in
unipolar depression. Biol. Psychiatry 36, 381–388.

Bremner, J.D., Vythilingam, M., Vermetten, E., Nazeer, A., Adil, J., Khan, S., Staib, L.H.,
Charney, D.S., 2002. Reduced volume of orbitofrontal cortex in major depression.
Biol. Psychiatry 51, 273–279.

Brody, A.L., Saxena, S., Silverman, D.H., Alborzian, S., Fairbanks, L.A., Phelps, M.E.,
Huang, S.C., Wu, H.M., Maidment, K., Baxter Jr., L.R., 1999. Brain metabolic changes
in major depressive disorder from pre- to post-treatment with paroxetine. Psychiatr.
Res. 91, 127–139.

Brody, A.L., Saxena, S., Stoessel, P., Gillies, L.A., Fairbanks, L.A., Alborzian, S.,
Phelps, M.E., Huang, S.C., Wu, H.M., Ho, M.L., Ho, M.K., Au, S.C., Maidment, K.,
Baxter Jr., L.R., 2001. Regional brain metabolic changes in patients with major
depression treated with either paroxetine or interpersonal therapy: preliminary
findings. Arch. Gen. Psychiatr. 58, 631–640.

Buckner, R.L., Sepulcre, J., Talukdar, T., Krienen, F.M., Liu, H., Hedden, T., Andrews-
Hanna, J.R., Sperling, R.A., Johnson, K.A., 2009. Cortical hubs revealed by intrinsic
functional connectivity: mapping, assessment of stability, and relation to Alzheimer's
disease. J. Neurosci. 29, 1860–1873.

Button, K.S., Ioannidis, J.P., Mokrysz, C., Nosek, B.A., Flint, J., Robinson, E.S.,
Munafo, M.R., 2013. Power failure: why small sample size undermines the reliability
of neuroscience. Nat. Rev. Neurosci. 14, 365–376.

Caspi, A., Sugden, K., Moffitt, T.E., Taylor, A., Craig, I.W., Harrington, H., McClay, J.,
Mill, J., Martin, J., Braithwaite, A., Poulton, R., 2003. Influence of life stress on
depression: moderation by a polymorphism in the 5-HTT gene. Science 301,
386–389.

Cavanna, A.E., Trimble, M.R., 2006. The precuneus: a review of its functional anatomy
and behavioural correlates. Brain 129, 564–583.

Chai, X.J., Castanon, A.N., Ongur, D., Whitfield-Gabrieli, S., 2012. Anticorrelations in
resting state networks without global signal regression. Neuroimage 59, 1420–1428.

Chen, X., Liao, X., Dai, Z., Lin, Q., Wang, Z., Li, K., He, Y., 2018. Topological analyses of
functional connectomics: a crucial role of global signal removal, brain parcellation,
and null models. Hum. Brain Mapp. 39, 4545–4564.

Cheng, W., Rolls, E.T., Qiu, J., Liu, W., Tang, Y., Huang, C.C., Wang, X., Zhang, J., Lin, W.,
Zheng, L., Pu, J., Tsai, S.J., Yang, A.C., Lin, C.P., Wang, F., Xie, P., Feng, J., 2016.
Medial reward and lateral non-reward orbitofrontal cortex circuits change in opposite
directions in depression. Brain 139, 3296–3309.

Dai, Z., Yan, C., Li, K., Wang, Z., Wang, J., Cao, M., Lin, Q., Shu, N., Xia, M., Bi, Y., He, Y.,
2015. Identifying and mapping connectivity patterns of brain network hubs in
Alzheimer's disease. Cerebr. Cortex 25, 3723–3742.

DeRubeis, R.J., Siegle, G.J., Hollon, S.D., 2008. Cognitive therapy versus medication for
depression: treatment outcomes and neural mechanisms. Nat. Rev. Neurosci. 9,
788–796.

Drysdale, A.T., Grosenick, L., Downar, J., Dunlop, K., Mansouri, F., Meng, Y., Fetcho, R.N.,
Zebley, B., Oathes, D.J., Etkin, A., Schatzberg, A.F., Sudheimer, K., Keller, J.,
Mayberg, H.S., Gunning, F.M., Alexopoulos, G.S., Fox, M.D., Pascual-Leone, A.,
Voss, H.U., Casey, B.J., Dubin, M.J., Liston, C., 2017. Resting-state connectivity
biomarkers define neurophysiological subtypes of depression. Nat. Med. 23, 28–38.

Eklund, A., Nichols, T.E., Knutsson, H., 2016. Cluster failure: why fMRI inferences for
spatial extent have inflated false-positive rates. Proc. Natl. Acad. Sci. U. S. A. 113,
7900–7905.

First, M., Spitzer, R., Gibbon, M., Williams, J., 1997. Structured Clinical Interview for
DSM-IV Axis I Disorders. American Psychiatric Publishing, Washington, DC.

Fox, M.D., Raichle, M.E., 2007. Spontaneous fluctuations in brain activity observed with
functional magnetic resonance imaging. Nat. Rev. Neurosci. 8, 700–711.

Fox, M.D., Zhang, D., Snyder, A.Z., Raichle, M.E., 2009. The global signal and observed
anticorrelated resting state brain networks. J. Neurophysiol. 101, 3270–3283.

Glahn, D.C., Laird, A.R., Ellison-Wright, I., Thelen, S.M., Robinson, J.L., Lancaster, J.L.,
Bullmore, E., Fox, P.T., 2008. Meta-analysis of gray matter anomalies in
schizophrenia: application of anatomic likelihood estimation and network analysis.
Biol. Psychiatry 64, 774–781.

Gold, B.T., Balota, D.A., Jones, S.J., Powell, D.K., Smith, C.D., Andersen, A.H., 2006.
Dissociation of automatic and strategic lexical-semantics: functional magnetic
resonance imaging evidence for differing roles of multiple frontotemporal regions.
J. Neurosci. 26, 6523–6532.

Gong, G., He, Y., Concha, L., Lebel, C., Gross, D.W., Evans, A.C., Beaulieu, C., 2009.
Mapping anatomical connectivity patterns of human cerebral cortex using in vivo
diffusion tensor imaging tractography. Cerebr. Cortex 19, 524–536.

Gong, Q., He, Y., 2015. Depression, neuroimaging and connectomics: a selective
overview. Biol. Psychiatry 77, 223–235.

https://doi.org/10.1016/j.neuroimage.2019.01.074
https://doi.org/10.1016/j.neuroimage.2019.01.074
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref1
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref1
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref1
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref1
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref2
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref2
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref2
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref2
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref3
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref3
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref3
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref3
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref3
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref4
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref4
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref4
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref4
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref5
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref5
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref5
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref6
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref6
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref6
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref7
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref7
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref7
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref7
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref8
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref8
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref8
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref8
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref9
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref9
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref9
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref9
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref10
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref10
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref10
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref10
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref10
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref11
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref11
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref11
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref11
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref11
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref11
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref12
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref12
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref12
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref12
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref12
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref13
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref13
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref13
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref13
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref14
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref14
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref14
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref14
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref14
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref15
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref15
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref15
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref16
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref16
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref16
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref17
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref17
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref17
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref17
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref18
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref18
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref18
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref18
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref18
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref19
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref19
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref19
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref19
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref20
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref20
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref20
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref20
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref21
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref21
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref21
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref21
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref21
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref21
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref22
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref22
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref22
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref22
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref23
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref23
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref24
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref24
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref24
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref25
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref25
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref25
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref26
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref26
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref26
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref26
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref26
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref27
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref27
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref27
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref27
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref27
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref28
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref28
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref28
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref28
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref29
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref29
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref29


M. Xia et al. NeuroImage 189 (2019) 700–714
Gotts, S.J., Simmons, W.K., Milbury, L.A., Wallace, G.L., Cox, R.W., Martin, A., 2012.
Fractionation of social brain circuits in autism spectrum disorders. Brain 135,
2711–2725.

Greene, J.D., Sommerville, R.B., Nystrom, L.E., Darley, J.M., Cohen, J.D., 2001. An fMRI
investigation of emotional engagement in moral judgment. Science 293, 2105–2108.

Greicius, M.D., Flores, B.H., Menon, V., Glover, G.H., Solvason, H.B., Kenna, H.,
Reiss, A.L., Schatzberg, A.F., 2007. Resting-state functional connectivity in major
depression: abnormally increased contributions from subgenual cingulate cortex and
thalamus. Biol. Psychiatry 62, 429–437.

Hofer, A., Siedentopf, C.M., Ischebeck, A., Rettenbacher, M.A., Verius, M., Felber, S.,
Fleischhacker, W.W., 2006. Gender differences in regional cerebral activity during
the perception of emotion: a functional MRI study. Neuroimage 32, 854–862.

Ito, H., Kawashima, R., Awata, S., Ono, S., Sato, K., Goto, R., Koyama, M., Sato, M.,
Fukuda, H., 1996. Hypoperfusion in the limbic system and prefrontal cortex in
depression: SPECT with anatomic standardization technique. J. Nucl. Med. 37,
410–414.

Iwabuchi, S.J., Krishnadas, R., Li, C., Auer, D.P., Radua, J., Palaniyappan, L., 2015.
Localized connectivity in depression: a meta-analysis of resting state functional
imaging studies. Neurosci. Biobehav. Rev. 51, 77–86.

Johnston, S.J., Boehm, S.G., Healy, D., Goebel, R., Linden, D.E., 2010. Neuro feedback: a
promising tool for the self-regulation of emotion networks. Neuroimage 49,
1066–1072.

Kaiser, R.H., Andrews-Hanna, J.R., Wager, T.D., Pizzagalli, D.A., 2015. Large-scale
network dysfunction in major depressive disorder: a meta-analysis of resting-state
functional connectivity. JAMA Psychiatry 72, 603–611.

Kendall, M.G., Gibbons, J.D., 1990. Rank Correlation Methods.
Kessler, R.C., Angermeyer, M., Anthony, J.C., R, D.E.G., Demyttenaere, K., Gasquet, I.,

G, D.E.G., Gluzman, S., Gureje, O., Haro, J.M., Kawakami, N., Karam, A.,
Levinson, D., Medina Mora, M.E., Oakley Browne, M.A., Posada-Villa, J., Stein, D.J.,
Adley Tsang, C.H., Aguilar-Gaxiola, S., Alonso, J., Lee, S., Heeringa, S., Pennell, B.E.,
Berglund, P., Gruber, M.J., Petukhova, M., Chatterji, S., Ustun, T.B., 2007. Lifetime
prevalence and age-of-onset distributions of mental disorders in the world health
organization's world mental health survey initiative. World Psychiatr. 6, 168–176.

Korgaonkar, M.S., Fornito, A., Williams, L.M., Grieve, S.M., 2014. Abnormal structural
networks characterize major depressive disorder: a connectome analysis. Biol.
Psychiatry 76, 567–574.

Kringelbach, M.L., 2005. The human orbitofrontal cortex: linking reward to hedonic
experience. Nat. Rev. Neurosci. 6, 691–702.

Kringelbach, M.L., Rolls, E.T., 2004. The functional neuroanatomy of the human
orbitofrontal cortex: evidence from neuroimaging and neuropsychology. Prog.
Neurobiol. 72, 341–372.

Kuhn, S., Gallinat, J., 2013. Resting-state brain activity in schizophrenia and major
depression: a quantitative meta-analysis. Schizophr. Bull. 39, 358–365.

Lawrence, N.S., Williams, A.M., Surguladze, S., Giampietro, V., Brammer, M.J.,
Andrew, C., Frangou, S., Ecker, C., Phillips, M.L., 2004. Subcortical and ventral
prefrontal cortical neural responses to facial expressions distinguish patients with
bipolar disorder and major depression. Biol. Psychiatry 55, 578–587.

Levesque, J., Eugene, F., Joanette, Y., Paquette, V., Mensour, B., Beaudoin, G.,
Leroux, J.M., Bourgouin, P., Beauregard, M., 2003. Neural circuitry underlying
voluntary suppression of sadness. Biol. Psychiatry 53, 502–510.

Liang, X., Wang, J., Yan, C., Shu, N., Xu, K., Gong, G., He, Y., 2012. Effects of different
correlation metrics and preprocessing factors on small-world brain functional
networks: a resting-state functional MRI study. PLoS One 7, e32766.

Liang, X., Zou, Q., He, Y., Yang, Y., 2013. Coupling of functional connectivity and regional
cerebral blood flow reveals a physiological basis for network hubs of the human
brain. Proc. Natl. Acad. Sci. U. S. A. 110, 1929–1934.

Liao, X.H., Xia, M.R., Xu, T., Dai, Z.J., Cao, X.Y., Niu, H.J., Zuo, X.N., Zang, Y.F., He, Y.,
2013. Functional brain hubs and their test-retest reliability: a multiband resting-state
functional MRI study. Neuroimage 83, 969–982.

Liptak, T., 1958. On the combination of independent tests. Magyar Tud Akad Mat Kutato
Int Kozl 3, 171–197.

Liu, J., Xia, M., Dai, Z., Wang, X., Liao, X., Bi, Y., He, Y., 2017a. Intrinsic brain hub
connectivity underlies individual differences in spatial working memory. Cerebr.
Cortex 27, 5496–5508.

Liu, T.T., Nalci, A., Falahpour, M., 2017b. The global signal in fMRI: nuisance or
Information? Neuroimage 150, 213–229.

Lui, S., Wu, Q., Qiu, L., Yang, X., Kuang, W., Chan, R.C., Huang, X., Kemp, G.J.,
Mechelli, A., Gong, Q., 2011. Resting-state functional connectivity in treatment-
resistant depression. Am. J. Psychiatry 168, 642–648.

Lui, S., Zhou, X.J., Sweeney, J.A., Gong, Q., 2016. Psychoradiology: The frontier of
neuroimaging in psychiatry. Radiology 281, 357–372.

Marquand, A.F., Rezek, I., Buitelaar, J., Beckmann, C.F., 2016. Understanding
heterogeneity in clinical cohorts using normative models: beyond case-control
studies. Biol. Psychiatry 80, 552–561.

Meng, C., Brandl, F., Tahmasian, M., Shao, J., Manoliu, A., Scherr, M., Schwerthoffer, D.,
Bauml, J., Forstl, H., Zimmer, C., Wohlschlager, A.M., Riedl, V., Sorg, C., 2014.
Aberrant topology of striatum's connectivity is associated with the number of
episodes in depression. Brain 137, 598–609.

Murphy, K., Birn, R.M., Bandettini, P.A., 2013. Resting-state fMRI confounds and cleanup.
Neuroimage 80, 349–359.

Murphy, K., Birn, R.M., Handwerker, D.A., Jones, T.B., Bandettini, P.A., 2009. The impact
of global signal regression on resting state correlations: are anti-correlated networks
introduced? Neuroimage 44, 893–905.

Murphy, K., Fox, M.D., 2017. Towards a consensus regarding global signal regression for
resting state functional connectivity MRI. Neuroimage 154, 169–173.
713
Murray, C.J., Vos, T., Lozano, R., Naghavi, M., Flaxman, A.D., Michaud, C., Ezzati, M.,
Shibuya, K., Salomon, J.A., Abdalla, S., Aboyans, V., Abraham, J., Ackerman, I.,
Aggarwal, R., Ahn, S.Y., Ali, M.K., Alvarado, M., Anderson, H.R., Anderson, L.M.,
Andrews, K.G., Atkinson, C., Baddour, L.M., Bahalim, A.N., Barker-Collo, S.,
Barrero, L.H., Bartels, D.H., Basanez, M.G., Baxter, A., Bell, M.L., Benjamin, E.J.,
Bennett, D., Bernabe, E., Bhalla, K., Bhandari, B., Bikbov, B., Bin Abdulhak, A.,
Birbeck, G., Black, J.A., Blencowe, H., Blore, J.D., Blyth, F., Bolliger, I.,
Bonaventure, A., Boufous, S., Bourne, R., Boussinesq, M., Braithwaite, T., Brayne, C.,
Bridgett, L., Brooker, S., Brooks, P., Brugha, T.S., Bryan-Hancock, C., Bucello, C.,
Buchbinder, R., Buckle, G., Budke, C.M., Burch, M., Burney, P., Burstein, R.,
Calabria, B., Campbell, B., Canter, C.E., Carabin, H., Carapetis, J., Carmona, L.,
Cella, C., Charlson, F., Chen, H., Cheng, A.T., Chou, D., Chugh, S.S., Coffeng, L.E.,
Colan, S.D., Colquhoun, S., Colson, K.E., Condon, J., Connor, M.D., Cooper, L.T.,
Corriere, M., Cortinovis, M., de Vaccaro, K.C., Couser, W., Cowie, B.C., Criqui, M.H.,
Cross, M., Dabhadkar, K.C., Dahiya, M., Dahodwala, N., Damsere-Derry, J.,
Danaei, G., Davis, A., De Leo, D., Degenhardt, L., Dellavalle, R., Delossantos, A.,
Denenberg, J., Derrett, S., Des Jarlais, D.C., Dharmaratne, S.D., Dherani, M., Diaz-
Torne, C., Dolk, H., Dorsey, E.R., Driscoll, T., Duber, H., Ebel, B., Edmond, K.,
Elbaz, A., Ali, S.E., Erskine, H., Erwin, P.J., Espindola, P., Ewoigbokhan, S.E.,
Farzadfar, F., Feigin, V., Felson, D.T., Ferrari, A., Ferri, C.P., Fevre, E.M.,
Finucane, M.M., Flaxman, S., Flood, L., Foreman, K., Forouzanfar, M.H., Fowkes, F.G.,
Fransen, M., Freeman, M.K., Gabbe, B.J., Gabriel, S.E., Gakidou, E., Ganatra, H.A.,
Garcia, B., Gaspari, F., Gillum, R.F., Gmel, G., Gonzalez-Medina, D., Gosselin, R.,
Grainger, R., Grant, B., Groeger, J., Guillemin, F., Gunnell, D., Gupta, R., Haagsma, J.,
Hagan, H., Halasa, Y.A., Hall, W., Haring, D., Haro, J.M., Harrison, J.E.,
Havmoeller, R., Hay, R.J., Higashi, H., Hill, C., Hoen, B., Hoffman, H., Hotez, P.J.,
Hoy, D., Huang, J.J., Ibeanusi, S.E., Jacobsen, K.H., James, S.L., Jarvis, D.,
Jasrasaria, R., Jayaraman, S., Johns, N., Jonas, J.B., Karthikeyan, G., Kassebaum, N.,
Kawakami, N., Keren, A., Khoo, J.P., King, C.H., Knowlton, L.M., Kobusingye, O.,
Koranteng, A., Krishnamurthi, R., Laden, F., Lalloo, R., Laslett, L.L., Lathlean, T.,
Leasher, J.L., Lee, Y.Y., Leigh, J., Levinson, D., Lim, S.S., Limb, E., Lin, J.K.,
Lipnick, M., Lipshultz, S.E., Liu, W., Loane, M., Ohno, S.L., Lyons, R., Mabweijano, J.,
MacIntyre, M.F., Malekzadeh, R., Mallinger, L., Manivannan, S., Marcenes, W.,
March, L., Margolis, D.J., Marks, G.B., Marks, R., Matsumori, A., Matzopoulos, R.,
Mayosi, B.M., McAnulty, J.H., McDermott, M.M., McGill, N., McGrath, J., Medina-
Mora, M.E., Meltzer, M., Mensah, G.A., Merriman, T.R., Meyer, A.C., Miglioli, V.,
Miller, M., Miller, T.R., Mitchell, P.B., Mock, C., Mocumbi, A.O., Moffitt, T.E.,
Mokdad, A.A., Monasta, L., Montico, M., Moradi-Lakeh, M., Moran, A., Morawska, L.,
Mori, R., Murdoch, M.E., Mwaniki, M.K., Naidoo, K., Nair, M.N., Naldi, L.,
Narayan, K.M., Nelson, P.K., Nelson, R.G., Nevitt, M.C., Newton, C.R., Nolte, S.,
Norman, P., Norman, R., O'Donnell, M., O'Hanlon, S., Olives, C., Omer, S.B.,
Ortblad, K., Osborne, R., Ozgediz, D., Page, A., Pahari, B., Pandian, J.D., Rivero, A.P.,
Patten, S.B., Pearce, N., Padilla, R.P., Perez-Ruiz, F., Perico, N., Pesudovs, K.,
Phillips, D., Phillips, M.R., Pierce, K., Pion, S., Polanczyk, G.V., Polinder, S.,
Pope 3rd, C.A., Popova, S., Porrini, E., Pourmalek, F., Prince, M., Pullan, R.L.,
Ramaiah, K.D., Ranganathan, D., Razavi, H., Regan, M., Rehm, J.T., Rein, D.B.,
Remuzzi, G., Richardson, K., Rivara, F.P., Roberts, T., Robinson, C., De Leon, F.R.,
Ronfani, L., Room, R., Rosenfeld, L.C., Rushton, L., Sacco, R.L., Saha, S., Sampson, U.,
Sanchez-Riera, L., Sanman, E., Schwebel, D.C., Scott, J.G., Segui-Gomez, M.,
Shahraz, S., Shepard, D.S., Shin, H., Shivakoti, R., Singh, D., Singh, G.M., Singh, J.A.,
Singleton, J., Sleet, D.A., Sliwa, K., Smith, E., Smith, J.L., Stapelberg, N.J., Steer, A.,
Steiner, T., Stolk, W.A., Stovner, L.J., Sudfeld, C., Syed, S., Tamburlini, G.,
Tavakkoli, M., Taylor, H.R., Taylor, J.A., Taylor, W.J., Thomas, B., Thomson, W.M.,
Thurston, G.D., Tleyjeh, I.M., Tonelli, M., Towbin, J.A., Truelsen, T.,
Tsilimbaris, M.K., Ubeda, C., Undurraga, E.A., van der Werf, M.J., van Os, J.,
Vavilala, M.S., Venketasubramanian, N., Wang, M., Wang, W., Watt, K.,
Weatherall, D.J., Weinstock, M.A., Weintraub, R., Weisskopf, M.G., Weissman, M.M.,
White, R.A., Whiteford, H., Wiebe, N., Wiersma, S.T., Wilkinson, J.D., Williams, H.C.,
Williams, S.R., Witt, E., Wolfe, F., Woolf, A.D., Wulf, S., Yeh, P.H., Zaidi, A.K.,
Zheng, Z.J., Zonies, D., Lopez, A.D., AlMazroa, M.A., Memish, Z.A., 2012s. Disability-
adjusted life years (DALYs) for 291 diseases and injuries in 21 regions, 1990-2010: a
systematic analysis for the Global Burden of Disease Study 2010. Lancet 380,
2197–2223.

Perrin, J.S., Merz, S., Bennett, D.M., Currie, J., Steele, D.J., Reid, I.C., Schwarzbauer, C.,
2012. Electroconvulsive therapy reduces frontal cortical connectivity in severe
depressive disorder. Proc. Natl. Acad. Sci. U. S. A. 109, 5464–5468.

Phan, K.L., Fitzgerald, D.A., Nathan, P.J., Moore, G.J., Uhde, T.W., Tancer, M.E., 2005.
Neural substrates for voluntary suppression of negative affect: a functional magnetic
resonance imaging study. Biol. Psychiatry 57, 210–219.

Poldrack, R.A., Gorgolewski, K.J., 2014. Making big data open: data sharing in
neuroimaging. Nat. Neurosci. 17, 1510–1517.

Power, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2012. Spurious but
systematic correlations in functional connectivity MRI networks arise from subject
motion. Neuroimage 59, 2142–2154.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman, G.L.,
2001. A default mode of brain function. Proc. Natl. Acad. Sci. U. S. A. 98, 676–682.

Rolls, E.T., 2016. A non-reward attractor theory of depression. Neurosci. Biobehav. Rev.
68, 47–58.

Satterthwaite, T.D., Elliott, M.A., Gerraty, R.T., Ruparel, K., Loughead, J., Calkins, M.E.,
Eickhoff, S.B., Hakonarson, H., Gur, R.C., Gur, R.E., Wolf, D.H., 2013. An improved
framework for confound regression and filtering for control of motion artifact in the
preprocessing of resting-state functional connectivity data. Neuroimage 64, 240–256.

Schmaal, L., Hibar, D.P., Samann, P.G., Hall, G.B., Baune, B.T., Jahanshad, N.,
Cheung, J.W., van Erp, T.G.M., Bos, D., Ikram, M.A., Vernooij, M.W., Niessen, W.J.,
Tiemeier, H., Hofman, A., Wittfeld, K., Grabe, H.J., Janowitz, D., Bulow, R.,
Selonke, M., Volzke, H., Grotegerd, D., Dannlowski, U., Arolt, V., Opel, N.,

http://refhub.elsevier.com/S1053-8119(19)30080-1/sref30
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref30
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref30
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref30
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref31
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref31
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref31
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref32
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref32
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref32
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref32
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref32
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref33
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref33
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref33
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref33
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref34
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref34
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref34
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref34
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref34
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref35
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref35
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref35
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref35
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref36
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref36
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref36
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref36
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref37
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref37
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref37
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref37
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref38
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref39
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref39
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref39
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref39
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref39
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref39
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref39
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref39
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref40
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref40
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref40
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref40
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref41
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref41
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref41
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref42
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref42
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref42
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref42
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref43
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref43
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref43
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref44
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref44
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref44
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref44
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref44
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref45
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref45
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref45
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref45
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref46
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref46
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref46
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref47
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref47
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref47
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref47
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref48
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref48
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref48
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref48
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref49
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref49
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref49
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref50
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref50
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref50
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref50
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref51
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref51
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref51
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref52
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref52
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref52
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref52
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref1a
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref1a
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref1a
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref53
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref53
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref53
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref53
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref54
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref54
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref54
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref54
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref54
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref55
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref55
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref55
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref56
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref56
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref56
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref56
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref57
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref57
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref57
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref58
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref59
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref59
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref59
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref59
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref60
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref60
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref60
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref60
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref61
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref61
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref61
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref62
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref62
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref62
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref62
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref63
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref63
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref63
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref64
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref64
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref64
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref65
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref65
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref65
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref65
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref65
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66


M. Xia et al. NeuroImage 189 (2019) 700–714
Heindel, W., Kugel, H., Hoehn, D., Czisch, M., Couvy-Duchesne, B., Renteria, M.E.,
Strike, L.T., Wright, M.J., Mills, N.T., de Zubicaray, G.I., McMahon, K.L.,
Medland, S.E., Martin, N.G., Gillespie, N.A., Goya-Maldonado, R., Gruber, O.,
Kramer, B., Hatton, S.N., Lagopoulos, J., Hickie, I.B., Frodl, T., Carballedo, A.,
Frey, E.M., van Velzen, L.S., Penninx, B., van Tol, M.J., van der Wee, N.J.,
Davey, C.G., Harrison, B.J., Mwangi, B., Cao, B., Soares, J.C., Veer, I.M., Walter, H.,
Schoepf, D., Zurowski, B., Konrad, C., Schramm, E., Normann, C., Schnell, K.,
Sacchet, M.D., Gotlib, I.H., MacQueen, G.M., Godlewska, B.R., Nickson, T.,
McIntosh, A.M., Papmeyer, M., Whalley, H.C., Hall, J., Sussmann, J.E., Li, M.,
Walter, M., Aftanas, L., Brack, I., Bokhan, N.A., Thompson, P.M., Veltman, D.J., 2017.
Cortical abnormalities in adults and adolescents with major depression based on
brain scans from 20 cohorts worldwide in the ENIGMA major depressive disorder
working group. Mol. Psychiatr. 22, 900–909.

Schmaal, L., Veltman, D.J., van Erp, T.G., Samann, P.G., Frodl, T., Jahanshad, N.,
Loehrer, E., Tiemeier, H., Hofman, A., Niessen, W.J., Vernooij, M.W., Ikram, M.A.,
Wittfeld, K., Grabe, H.J., Block, A., Hegenscheid, K., Volzke, H., Hoehn, D.,
Czisch, M., Lagopoulos, J., Hatton, S.N., Hickie, I.B., Goya-Maldonado, R., Kramer, B.,
Gruber, O., Couvy-Duchesne, B., Renteria, M.E., Strike, L.T., Mills, N.T., de
Zubicaray, G.I., McMahon, K.L., Medland, S.E., Martin, N.G., Gillespie, N.A.,
Wright, M.J., Hall, G.B., MacQueen, G.M., Frey, E.M., Carballedo, A., van Velzen, L.S.,
van Tol, M.J., van der Wee, N.J., Veer, I.M., Walter, H., Schnell, K., Schramm, E.,
Normann, C., Schoepf, D., Konrad, C., Zurowski, B., Nickson, T., McIntosh, A.M.,
Papmeyer, M., Whalley, H.C., Sussmann, J.E., Godlewska, B.R., Cowen, P.J.,
Fischer, F.H., Rose, M., Penninx, B.W., Thompson, P.M., Hibar, D.P., 2016.
Subcortical brain alterations in major depressive disorder: findings from the ENIGMA
Major Depressive Disorder working group. Mol. Psychiatr. 21, 806–812.

Scholvinck, M.L., Maier, A., Ye, F.Q., Duyn, J.H., Leopold, D.A., 2010. Neural basis of
global resting-state fMRI activity. Proc. Natl. Acad. Sci. U. S. A. 107, 10238–10243.

Sheline, Y.I., Price, J.L., Yan, Z., Mintun, M.A., 2010. Resting-state functional MRI in
depression unmasks increased connectivity between networks via the dorsal nexus.
Proc. Natl. Acad. Sci. U. S. A. 107, 11020–11025.

Silani, G., Lamm, C., Ruff, C.C., Singer, T., 2013. Right supramarginal gyrus is crucial to
overcome emotional egocentricity bias in social judgments. J. Neurosci. 33,
15466–15476.

Singh, M.K., Kesler, S.R., Hadi Hosseini, S.M., Kelley, R.G., Amatya, D., Hamilton, J.P.,
Chen, M.C., Gotlib, I.H., 2013. Anomalous gray matter structural networks in major
depressive disorder. Biol. Psychiatry 74, 777–785.

Siok, W.T., Perfetti, C.A., Jin, Z., Tan, L.H., 2004. Biological abnormality of impaired
reading is constrained by culture. Nature 431, 71–76.

Smith, G.S., Kramer, E., Hermann, C., Ma, Y., Dhawan, V., Chaly, T., Eidelberg, D., 2009.
Serotonin modulation of cerebral glucose metabolism in depressed older adults. Biol.
Psychiatry 66, 259–266.

Tomasi, D., Shokri-Kojori, E., Volkow, N.D., 2016. High-Resolution functional
connectivity density: hub locations, sensitivity, specificity, reproducibility, and
reliability. Cerebr. Cortex 26, 3249–3259.

van den Heuvel, M.P., Sporns, O., 2011. Rich-club organization of the human
connectome. J. Neurosci. 31, 15775–15786.

Wang, J., Wang, X., Xia, M., Liao, X., Evans, A., He, Y., 2015a. GRETNA: a graph
theoretical network analysis toolbox for imaging connectomics. Front. Hum.
Neurosci. 9, 386.
714
Wang, L., Dai, Z., Peng, H., Tan, L., Ding, Y., He, Z., Zhang, Y., Xia, M., Li, Z., Li, W.,
Cai, Y., Lu, S., Liao, M., Zhang, L., Wu, W., He, Y., Li, L., 2014a. Overlapping and
segregated resting-state functional connectivity in patients with major depressive
disorder with and without childhood neglect. Hum. Brain Mapp. 35, 1154–1166.

Wang, L., Xia, M., Li, K., Zeng, Y., Su, Y., Dai, W., Zhang, Q., Jin, Z., Mitchell, P.B., Yu, X.,
He, Y., Si, T., 2015b. The effects of antidepressant treatment on resting-state
functional brain networks in patients with major depressive disorder. Hum. Brain
Mapp. 36, 768–778.

Wang, X., Xia, M., Lai, Y., Dai, Z., Cao, Q., Cheng, Z., Han, X., Yang, L., Yuan, Y.,
Zhang, Y., Li, K., Ma, H., Shi, C., Hong, N., Szeszko, P., Yu, X., He, Y., 2014b.
Disrupted resting-state functional connectivity in minimally treated chronic
schizophrenia. Schizophr. Res. 156, 150–156.

Williams, J.B., 1988. A structured interview guide for the hamilton depression rating
scale. Arch. Gen. Psychiatr. 45, 742–747.

Wolfers, T., Doan, N.T., Kaufmann, T., Alnaes, D., Moberget, T., Agartz, I., Buitelaar, J.K.,
Ueland, T., Melle, I., Franke, B., Andreassen, O.A., Beckmann, C.F., Westlye, L.T.,
Marquand, A.F., 2018. Mapping the heterogeneous phenotype of schizophrenia and
bipolar disorder using normative models. JAMA Psychiatry 75, 1146–1155.

Xia, M., He, Y., 2017. Functional connectomics from a "big data" perspective. Neuroimage
160, 152–167.

Xia, M., Wang, J., He, Y., 2013. BrainNet Viewer: a network visualization tool for human
brain connectomics. PLoS One 8, e68910.

Xia, M., Womer, F.Y., Chang, M., Zhu, Y., Zhou, Q., Edmiston, E.K., Jiang, X., Wei, S.,
Duan, J., Xu, K., Tang, Y., He, Y., Wang, F., 2018. Shared and distinct functional
architectures of brain networks across psychiatric disorders. Schizophr. Bull. https://
doi.org/10.1093/schbul/sby046.

Yang, G.J., Murray, J.D., Glasser, M., Pearlson, G.D., Krystal, J.H., Schleifer, C.,
Repovs, G., Anticevic, A., 2017. Altered global signal topography in schizophrenia.
Cerebr. Cortex 27, 5156–5169.

Yang, G.J., Murray, J.D., Repovs, G., Cole, M.W., Savic, A., Glasser, M.F., Pittenger, C.,
Krystal, J.H., Wang, X.J., Pearlson, G.D., Glahn, D.C., Anticevic, A., 2014. Altered
global brain signal in schizophrenia. Proc. Natl. Acad. Sci. U. S. A. 111, 7438–7443.

Yu, M., Linn, K.A., Cook, P.A., Phillips, M.L., McInnis, M., Fava, M., Trivedi, M.H.,
Weissman, M.M., Shinohara, R.T., Sheline, Y.I., 2018. Statistical harmonization
corrects site effects in functional connectivity measurements from multi-site fMRI
data. Hum. Brain Mapp. 39, 4213–4227.

Zang, Y., Jiang, T., Lu, Y., He, Y., Tian, L., 2004. Regional homogeneity approach to fMRI
data analysis. Neuroimage 22, 394–400.

Zang, Y.F., He, Y., Zhu, C.Z., Cao, Q.J., Sui, M.Q., Liang, M., Tian, L.X., Jiang, T.Z.,
Wang, Y.F., 2007. Altered baseline brain activity in children with ADHD revealed by
resting-state functional MRI. Brain Dev. 29, 83–91.

Zhang, J., Wang, J., Wu, Q., Kuang, W., Huang, X., He, Y., Gong, Q., 2011. Disrupted
brain connectivity networks in drug-naive, first-episode major depressive disorder.
Biol. Psychiatry 70, 334–342.

Zhu, X., Wang, X., Xiao, J., Liao, J., Zhong, M., Wang, W., Yao, S., 2012. Evidence of a
dissociation pattern in resting-state default mode network connectivity in first-
episode, treatment-naive major depression patients. Biol. Psychiatry 71, 611–617.

Zuo, X.N., Xu, T., Jiang, L., Yang, Z., Cao, X.Y., He, Y., Zang, Y.F., Castellanos, F.X.,
Milham, M.P., 2013. Toward reliable characterization of functional homogeneity in
the human brain: preprocessing, scan duration, imaging resolution and
computational space. Neuroimage 65, 374–386.

http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref66
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref67
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref68
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref68
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref68
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref69
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref69
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref69
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref69
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref70
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref70
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref70
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref70
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref71
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref71
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref71
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref71
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref72
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref72
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref72
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref73
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref73
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref73
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref73
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref74
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref74
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref74
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref74
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref75
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref75
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref75
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref76
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref76
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref76
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref77
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref77
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref77
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref77
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref77
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref78
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref78
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref78
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref78
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref78
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref79
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref79
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref79
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref79
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref79
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref80
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref80
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref80
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref81
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref81
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref81
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref81
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref81
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref82
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref82
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref82
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref83
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref83
https://doi.org/10.1093/schbul/sby046
https://doi.org/10.1093/schbul/sby046
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref85
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref85
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref85
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref85
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref86
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref86
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref86
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref86
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref87
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref87
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref87
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref87
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref87
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref88
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref88
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref88
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref89
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref89
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref89
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref89
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref90
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref90
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref90
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref90
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref91
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref91
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref91
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref91
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref92
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref92
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref92
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref92
http://refhub.elsevier.com/S1053-8119(19)30080-1/sref92

	Reproducibility of functional brain alterations in major depressive disorder: Evidence from a multisite resting-state funct ...
	1. Introduction
	2. Materials and methods
	2.1. Participants
	2.2. Image acquisition
	2.2.1. China medical university (CMU) dataset
	2.2.2. Central South University (CSU) dataset
	2.2.3. Peking University (PKU) dataset
	2.2.4. Sichuan University (SCU) dataset
	2.2.5. Southwest University (SWU) dataset

	2.3. Data preprocessing
	2.4. Functional brain measurements
	2.5. Reproducibility analyses of functional brain measures
	2.5.1. Multi-site statistical analysis strategies
	2.5.2. Global signal processing strategies
	2.5.3. Cross-center consistency
	2.5.4. Effect of clinical variables
	2.5.5. Effect of sample size


	3. Results
	3.1. Reproducible functional brain alterations in patients with MDD (statistical strategies and GSR effects)
	3.2. The consistency of cross-center validation
	3.3. Effects of first episode, medication status, and onset age
	3.4. Correlations between functional metrics and clinical variables in patients with MDD
	3.5. Influence of sample size on reproducibility

	4. Discussion
	4.1. MDD-relevant hypoactivity in the medial orbitofrontal and primary cortices
	4.2. MDD-relevant hyperactivity in the frontoparietal cortices
	4.3. The effect of global signal on reproducibility of MDD-relevant functional alterations
	4.4. Advantages of a large-sample dataset
	4.5. Limitations and further considerations

	Conflicts of interest
	Appendix A. Supplementary data
	Funding
	References


