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Abstract: White matter (WM) lesions have been recognized as a key etiological factor in geriatric
depression. However, little is known about the topological pattern changes of WM in geriatric depression in the remitted state (RGD) and its relationship to depressive episodes. To address these questions, we acquired diffusion tensor images in 24 RGD and 24 healthy participants. Among them, 10
patients and 19 healthy controls completed a 1-year follow up. Between-hemisphere connectivity and
graph theoretical methods were used to analyze the data. We found significantly reduced WM connectivity between the left and right hemisphere in the RGD group compared with the control group.
Those with multiple depression episodes had greater reduction in between-hemisphere connectivity
strength than those with fewer episodes. In addition, the RGD group had a reduced global clustering
coefficient, global efficiency, and network strength, and an increased shortest path length compared
with the controls. A lower clustering coefficient was correlated with poorer memory function. The
reduction of nodal clustering coefficient, global efficiency, and network strength in several regions
were associated with slower information processing speed. At 1-year follow up, the network properties
in the RGD subjects were significantly changed suggesting instability of WM network properties of
depressed patients. Together, our study provides direct evidence of reduced between-hemisphere WM
connectivity with greater depressive episodes, and of alterations of network properties with cognitive
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[Wang et al., 2015] and repetitive transcranial magnetic stimulation in MDD [Bermpohl et al., 2006; Maeda et al., 2000;
Wei et al., 2014], few have examined whether the frontal
asymmetry activity in MDD is related to the white matter disconnection. We speculated that there might be white matter
disconnections between the left and right hemispheres which
are related to frontal asymmetric function and depression
symptoms.
Network-based statistics (NBS) has been developed to
assess connectivity strength at a network level and control
for multiple comparisons [Zalesky et al., 2010a]. This technique is powerful in identifying weakened connections in
some subnetworks. NBS analysis is often followed by graph
theoretical analysis. Graph theoretical analysis has been
increasingly used to evaluate the global and local network
properties [Boccaletti et al., 2006; Bullmore and Sporns,
2009; Cohen et al., 2008; Johansen-Berg et al., 2004]. The
graph approach “enables assessment of both the efficiency
of information transfer between different brain regions and
the implications of widespread damage or local damage to
specific anatomic regions” [Petrella, 2011]. Abnormal topological connections in schizophrenia, Alzheimer’s disease,
aging, and multiple sclerosis have been reported [Brown
et al., 2013; Gong et al., 2009b; He et al., 2008; Lo et al., 2010;
Shu et al., 2011; Zalesky et al., 2011] based on graph theoretical analyses. To our knowledge, there is only one report in
geriatric depression in the literature using graph theoretical
analyses on white matter connectivity [Bai et al., 2012]. Here,
the authors compared geriatric depression patients who
remitted from depression symptoms (RGD) with amnestic
mild cognitive impairment patients (aMCI) as well as
healthy controls, and found significantly decreased network
strength and global clustering efficiency, as well as increased
absolute path length in both RGD and aMCI in comparison
with healthy controls. This study indicates that microdamages in white matter can impact on network connectivity efficiency. However, the study did not report any correlation between the white matter network properties with
depressive symptoms or cognitive function. Given that
WMH has been viewed as a vulnerable factor to geriatric
depression, it is important to further confirm the existence of
changes of white-matter network properties in geriatric
depression even at remitted state, whether the alterations
are stable over time, whether they are related to accumulation of depressive episodes or are a predispositional factors
to future new depressive episodes and/or future cognitive
decline. So far, there are no longitudinal studies in the literature that examined the changes of white matter network
properties in geriatric depression over time or in relationships with depressive episodes.
In this study, we used diffusion tensor imaging (DTI)
probabilistic tractography [Basser et al., 2000] to investigate the topological organization of whole-brain WM networks in older adults remitted from depression (remitted
geriatric depression, RGD). We investigated the connectivity between the left and right hemisphere, NBS, and the
white matter network properties to investigate which of

INTRODUCTION
Different from depression in younger adults, geriatric
depression often occurs in individuals with cerebrovascular disease, particularly in those with white matter hyperintensities (WMHs) seen in magnetic resonance imaging
(MRI) brain scans [Alexopoulos et al., 1997]. While white
matter damages in major depression in younger adults are
still under debate [Choi et al., 2014], increased burden of
WMHs in geriatric depression has been consistently found.
WMHs have been shown to negatively impact both mood
and cognition [Alexopoulos et al., 2002]. Sheline and colleagues reported a strong correlation of WMH burden in
bilateral superior longitudinal fasciculus and left uncinate
fasciculus with executive dysfunction and memory impairment [Sheline et al., 2008]. Examining fractional anisotropy
(FA), a measure of white matter integrity from diffusion
tensor imaging (DTI) data, Murphy and colleagues demonstrated a correlation of FA value of the frontostriatallimbic regions (including white matter lateral to the anterior and posterior cingulate cortex, prefrontal, insular, and
parahippocampal regions) with executive function as measured by the Stroop color-word interference task [Murphy
et al., 2007]. In addition, Dalby and colleagues reported
that reduced FA in the left superior longitudinal fasciculus
and the right uncinate fasciculus in geriatric depression
was significantly correlated with depression severity [Dalby
et al., 2010]. Supporting these findings, ours and others’ studies
have indicated that deficits in the uncinate fasciculus could
induce depressive symptoms and cognitive dysfunction
through interfering functional connectivity between the ventromedial prefrontal (vmPFC) and amygdala as well as between
the vmPFC and caudate [Steffens et al., 2011]. Evidence from
these and other studies led to the “disconnection theory” of
geriatric depression proposed by Taylor and colleagues [Taylor,
2013]. Given the increasing view of major depression as a
network-based disorder involving multiple neural circuits
[Drevets et al., 2008; Mayberg, 2009], it is important to investigate how disconnections of white matter networks at the global
and local level impact on depressive symptoms and cognitive
dysfunction.
With significant advances in neuroimaging technology in
recent years, several data analytic methods have been developed in assessing network connectivity, including betweenhemisphere connectivity, network-based statistics, and graph
theoretical analysis. Between-hemisphere connectivity analysis can be used to assess the strength of the connections
between left and right symmetrical regions. This is an important measure in major depression given the well-known frontal asymmetry theory of depression [Davidson, 1993; Sackeim
et al., 1982]. In major depression, hypometabolism/hypoactivation in the left dorsolateral prefrontal cortex (DLPFC) and
hypermetabolism/hyperactivation in the right DLPFC have
been frequently reported [Davidson et al., 2003; Elliott et al.,
2002; Grimm et al., 2008; Keedwell et al., 2005; Mayberg, 2003;
Phillips, 2003]. Although left and right frontal activity asymmetry is important to the therapeutic effect of antidepressants
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TABLE I. Demographic and neuropsychological data

Age
Education
Gender
MARDS
Cognitive Function
Information Speed
Memory
Executive Function
Total Score(average of I,M,E)

RGD (n 5 24)
Mean(SD)

HC (n 5 24)
Mean(SD)

P value

69.67 (6.98)
15.21 (3.04)
11F/13M
2.58 (2.99)

73.5 (8.58)
15.75 (2.51)
15F/9M
0.67 (1.17)

0.096
0.504
0.247
0.0053*

0.37
0.20
0.08
0.22

(0.84)
(0.96)
(0.87)
(0.74)

0.69
0.28
0.14
0.45

(0.82)
(0.80)
(0.70)
(0.55)

0.189
0.774
0.783
0.22

Number of
missing data

HC:1
HC:1

All variables were compared between groups using two-sample t test except gender, which was examined using chi-square test.
*P < 0.05 MARDS, Montgomery–Asberg Depression Rating Scale; RGD, remitted geriatric depression; HC, healthy control.

participant from completing neuropsychological testing; and
(5) contraindications to MRI. All non-depressed subjects were
cognitively intact, had no history or clinical evidence of
dementia, and all scored 28 or more on the Mini-Mental State
Examination (MMSE). Among the RGD participants, 6 were
receiving antidepressant monotherapy (3 on an SSRI, 2 on venlafaxine, and 1 on amitriptyline), and 5 were receiving combination treatment [4 on Selective serotonin reuptake inhibitor
(SSRI) combined with either Serotonin–norepinephrine reuptake inhibitor (SNRI), Serotonin antagonist and reuptake inhibitor (SARI), or Norepinephrine-Dopamine Reuptake Inhibitor
(DNRI) and 1 on SSRI, NDRI, and SNRI]. The clinical profiles
of these subjects are summarized in Table I.
The study received ethics committee approval by the
Duke School of Medicine Institutional Review Board and,
after being explained the purpose and procedures to be used
in the study, all subjects provided written informed consent.
To investigate how the white matter network changes over
time, we further followed these subjects for a year. Ten out of
the twenty-four RGD and nineteen out of the twenty-four
healthy control subjects completed 1-year follow-up examinations (including clinical evaluations, neuropsychological tests,
and the DTI scans). Among the 10 RGD subjects, three had a
new depressive episode within the 1-year follow up.

these measures are associated with depression symptoms
or cognitive function. We also aimed to examine whether
more severe white matter damages are related to more
depressive episodes or greater chance of developing a new
depression episode over a 1-year follow up. We hypothesized that the property measures of regional white matter
connectivity would have stronger correlation with depressive symptoms and with cognitive dysfunction. A different
dataset was also analyzed to replicate the findings.

MATERIALS AND METHODS
Participants
Twenty four older patients (11 female, mean age 6
SD 5 69.67 6 6.98 years) who were diagnosed with a major
depression episode and twenty four older healthy controls
(15 female, mean age 6 SD 73.5 6 8.58 years) were recruited
from the National Institute of Mental Health-supported
Neurocognitive Outcomes of Depression in the Elderly
(NCODE) study at Duke University. Eligibility for the study
was based on initial self-report measures, cognitive
screening tools, and medical examinations. Specifically, participants underwent complete standardized clinical assessments using Duke Depression Evaluation Schedule (DDES)
[Robins et al., 1981]. For healthy participants, the Center for
Epidemiologic Studies Depression Scale (CES-D) was used
to screen for current depressive symptoms (with a cutoff
score of 16). The DDES was followed by a standard clinical
assessment by study psychiatrists. A clinician-rated measure
of current depression severity (Montgomery-Asberg
Depression Rating Scale, MADRS) was completed. Only
depressed patients who had MADRS scores below 8 for at
least 2 months were considered as remitted and were included in the RGD group. Exclusion criteria for depressed subjects included: (1) another major psychiatric illness,
including bipolar disorder, schizophrenia, or dementia; (2)
alcohol or drug abuse or dependence; (3) neurological illness, including dementia, stroke, and epilepsy; (4) medical
illness, medication use, or disability that would prevent the

r

Neuropsychological Measures
Subjects’ cognitive function was assessed using a short,
30-minute battery of neuropsychological tests prior to DTI
scans. The neuropsychological battery consisted of MiniMental State Exam (MMSE), Category Fluency (Vegetable
Naming), Hopkins Verbal Learning Test-Revised (HVLTR), Immediate and Delayed Story Recall from the Rivermead Behavioral Memory Test, Trail Making Test (Trail A
and Trail B), WAIS-III Digit Span, WAIS-III Digit–Symbol
Substitution Test (DSST), and Stroop Color and Word Test
(Stroop). The mean and standard deviation of the healthy
control group on each measure were used to calculate z
scores for each subject. We further subgrouped the tests in
three cognitive domains with the averaged z score of the
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based on this low resolution analyses and reported the higher
spatial resolution results using the small volume-based method in Supporting Information. Below is a brief introduction of
the procedures for network constructions.

Trail B and the Stroop interference tests as a measure for
executive function, the averaged z score of the Rivermead
immediate and delay Story Recall, and the HVLT-R Immediate and Delayed Story Recall as a measure for memory,
and the averaged z score of the digit span and DSST as a
measure for information processing speed.

Network nodes
First, individual b0 images were co-registered to T1weighted images, and the transformed T1 images were then
linearly transformed to the ICBM 152 T1 template in the
MNI space (Fig. 1A). Using this procedure, we obtained the
45 regions from each hemisphere, each region representing a
node of the network, which resulted in a symmetric atlasbased 90 3 90 matrix. For the high-resolution network construction, each of the 90 regions was then subdivided into
small ROIs using k-means cluster subdividing method,
which resulted in 1112 regions in total [Cao et al., 2013;
Hagmann et al., 2007, 2008; Yap et al., 2010; Zalesky et al.,
2010b]. After the regions were defined, all of the subsequent
procedures for the high-resolution network analyses were
similar to the low-resolution network analyses which would
not be repeated here.

Images Acquisition
Data acquisition was performed using a 3.0-Tesla GE
Signa EXCITE scanner from Duke-UNC Brain Imaging
and Analysis Center with the following parameters:
b0 5 1,000 s/mm2, flip angle 5 908, TR/TE 5 17,000 ms/78
ms, imaging matrix 5 128 3 128, FOV 5 256 3 256 mm2, 72
contiguous slices, resulting in a voxel dimension of 2 3 2 3
2 mm3 reconstructed resolution. A total of 25-direction
images were acquired. A high-resolution T1-weighted SPGR
structural images in coronel view were acquired with slice
thickness of 1 mm without a gap: TR/TE 57.46 ms/2.98 ms,
FOV 5 256 3 256 mm2 (matrix 5 256 3 256 3 216).

Data Preprocessing
Network edges

The data analyses consisted of three major steps: (1)
data preprocessing, (2) probabilistic fiber tractography and
network construction, and (3) network analyses. We performed the data preprocessing and fiber tractography
using the FMRIB’s Diffusion Toolbox (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/FDT). The data preprocessing included
eddy current and motion artifact correction, and coregistration. Eddy current distortions and motion artifacts
were corrected by applying affine alignment of each
diffusion-weighted image to the b0 image. After this process, the tensor elements were estimated and then the
reconstructed tensor matrix was diagonalized to obtain
three eigenvalues and eigenvectors [Behrens et al., 2003].
The probabilistic distribution of fiber orientations for each
voxel was estimated with a two-tensor model following
the instruction of the BEDPOSTX (Bayesian Estimation of
Diffusion Parameters Obtained using Sampling Techniques
with modeling crossing fibers within each voxel) program
on FSL website [Smith et al., 2004] (http://fsl.fmrib.ox.ac.
uk/fsl/fslwiki/FDT/UserGuide).

As mentioned earlier, to reconstruct the whole-brain WM
tract matrix, we performed probabilistic tractography using
the FSL Diffusion Toolbox (FSL, version 5.01), and sampled
5,000 streamline fibers per voxel. For each sampled fiber, a
sample direction was first drawn from the local direction
distribution at the seed voxel, then the probability tract was
calculated every 0.5mm from the sample direction to a new
position, and finally, a new sample direction from the local
distribution was obtain at this new position. Using the atlasdefined nodes as seed regions, the connectivity probability
to each of the rest of the regions (the other 89 regions for the
low-resolution analysis) was calculated separately. The connectivity probability between regions was defined as the
weight of network edge. To define the network edges, we
computed w(i,j) as the weight between brain region i and j,
for each subject, and a 90 3 90 symmetric weighted network
matrix was constructed separately (Fig. 1B). To remove
spurious connections, only those connections existing in
more than 80% of subjects in the group were included in the
network construction.

Network Construction
Network Analysis

The construction of a brain network critically depends on
the nodes and edges. Many studies used nodes from the automatic anatomical labeling (AAL) scheme [Tzourio-Mazoyer
et al., 2002] which includes 90 cortical and subcortical regions,
45 for each hemisphere [Cao et al., 2013; Gong et al., 2009a].
The label for each region is listed in the Supporting Information Table 1. Others defined nodes in a high resolution (a finer
scale), that is, either voxel-based or small volume-based
nodes. In our study, we used the AAL labeling system to
define the 90 nodes, and we reported our results mainly

r

For the weighted WM networks, we calculated both global
and regional network properties. The global properties
included: global shortest path length (Lp), global clustering
coefficient (Cp), global fault tolerant efficiency (also known
as local efficiency, LocE), global efficiency (gE), and global
network strength (NS). The regional network metrics included: nodal shortest path length, nodal clustering coefficient,
nodal efficiency, nodal fault tolerant efficiency, and nodal
network strength [Iturria-Medina et al., 2007, 2008; Latora
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Figure 1.
49.6% for low resolution and 9.12% for high-resolution; C,
construct the resultant WM networks in the MNI standard
space (The nodes and edges were visualized by BrainNet Viewer
software, http://www.nitrc.org/projects/bnv/). [Color figure can
be viewed at wileyonline library.com.]

Flowchart for the construction of the white matter (WM) structural network. A, calculate transformation matrices among T1,
DTI, b0, and MNI standard brain; B, use the probabilistic fiber
tracking method to generate fiber topography and create individual structural connectivity matrix based on 90 nodes (low
resolution) and 1,112 nodes (high resolution). The sparsity are

Global efficiency

and Marchiori, 2001; Watts and Strogatz, 1998]. All network
analyses were calculated using the GRETNA (http://www.
nitrc.org/projects/gretna/) software.

r

The global efficiency of a node was computed by adding
all of the connection efficiency of node i to all of the other
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Statistical Analysis

Global efficiency of the global

network was the average of all of the nodal efficiency.
Higher value means more efficient for information transfer
through the whole brain.

To examine group difference in the demographic and
neuropsychological data, two sample t tests for the continuous variables were conducted. A Chi square test was
conducted for the binary variables. The significant level
was set at P < 0.05 for both type of tests.
To determine the significant level of difference in the
between-hemisphere connectivity between the RGD and
control groups, we compared the numbers of significant
connections between the two hemispheres between the RGD
and control groups using permutation test. For each permutation, all of the subjects were randomly reallocated into two
groups and did the statistical comparison. The same procedures were repeated 5,000 times (5,000 permutations).
To determine the significance level of the alternated connectivity subnetworks in the RGD group relative to the control group, we used the NBS method following Zalesky and
colleagues [Li et al., 2014; Zalesky et al., 2010a]. Briefly, first,
we made a mask which included voxels that either the
patient group or control group had 80% fibers. Then, a two
sample one-tail t-test was computed on each connection link
within the mask. The significant threshold was set at P value
<0.05. To correct for multiple comparison, a nonparametric
permutation test (5,000 permutations) was used. Those connection of each component based on those connection links
was recorded. The maximally connected component size
was identified. Finally, for a connected component of size M
found in the correct grouping of controls and patients, the
corrected p value was determined by finding the proportion
of the 5,000 permutations for which the maximally connected component was larger than M.
To examine group difference in network properties, twosample t tests were conducted for both global and regional
parameters as listed above. The significance level was set at
q < 0.05 using false discovery rate (FDR) correction for multiple comparisons. We also examined the difference between
RGD and health controls in changes of each global and
regional network property over the 1 year (year 1–year 0)
using two sample t tests (see Supporting Information for
detailed descriptions of analyses and results).
To further investigate the association between the network properties and depression symptoms as well as cognitive dysfunction, Pearson correlation coefficient analyses
were conducted on those network properties that showed
significant differences between the patient and control
groups during the baseline period. Depression severity
was measured using MADRS, and the cognitive function
was measured using the mean Z score of each neuropsychological battery measure as mentioned earlier, using the
results from our control subjects to calculate the standardized score as a norm. The correlations between the subdomains of cognitive function including executive function,
memory, and information processing speed with network
properties were also computed. All analyses were corrected for multiple comparisons using FDR correction with
q < 0.05.

Fault tolerant efficiency (local efficiency)
For a node i, the nodal fault tolerant efficiency Eglob ðGi Þ
represents how much the network is fault tolerant when
the node i and its edges are removed. It reflects how stable
and how efficient the network is for information transfer
from node i to all regions node i connects with. Global
fault tolerant efficiency is an average of the nodal fault tolerant efficiency of all nodes. A bigger value means high
fault tolerant efficiency for information transfer across the
P
whole brain. Eloc ðGÞ5 N1 i2G Eglob ðGi Þ

Clustering coefficient
Nodal clustering coefficient represents the likelihood of
node i and its neighbor’s connection CCi 5 ki ðk1i 21Þ
P
j;k2G ðwi;j wj;k wk;i Þ. The wij is the connection weight from
node i to node j, ki is the degree of the node i. Higher nodal CC value means strong connectivity with the neighbor
connection. Global clustering coefficient was the average of
all nodal clustering coefficient. A higher value means
higher clustering coefficient connection within the whole
network.

Network strength
For a node i, the nodal network strength G was computed by sum of the edge weights wij linking to node i. The
greater value means more connection strength from the
P
node i to its neighbor nodes. Si 5 j2G wij Global network
strength is the average of the strengths across all of the
nodes in the network. The bigger value means heavily
P
connection strength in the whole network. S5 N1 i2G Si

Shortest path length
The shortest path length of a node Lij was defined as the
length of path between node i and node j with the shortest
length. The nodal shortest path length was computed by adding all the shortest path of a node i to all of the other nodes.
Global shortest path length is the average of all of the nodal
shortest path length, smaller value means fast speed informaX
1
tion transfer to the whole brain. Lp 5 NðN21Þ
L
i6¼j2G ij

Hubs
Node i was considered to be a hub if its nodal efficiency
was at least 1 SD greater than the averaged nodal efficiency of the network (i.e., Enode ðiÞ>mean 1 SD), meaning it
was a key region for information transfer.
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To study whether accumulated depressive episodes are
associated with white matter network properties or not,
we tracked the number of depressive episodes from the
time of first diagnosis of major depression up to the time
of study enrollment. We also examined whether white
matter damage was a vulnerability factor for future
depression episodes. Given that 1 year might be too short
to develop a new depressive episode, we examined the
correlation between the baseline network properties with
the greatest increase of MADRS during the 1-year period
by using the highest MADRS during the 1-year period
minus baseline MADRS. The significance level for all correlation analysis was set at P < 0.05.

r

Alterations in the Between-Hemisphere
Connectivity Strength
There was significantly reduced between-hemisphere
connectivity in geriatric depression compared with healthy
controls using both the low and high resolution analyses
(Fig. 2 and Supporting Information Fig. 1). We further
investigated whether the reduced between-hemisphere
connectivity strength had any relationship with clinical
measures. We did not find a significant correlation neither
with depression severity nor with the number of depression episodes. However, since the relationship may not be
linear, we further regrouped the RGD patients into two
subgroups based on the number of depressive episodes,
comparing those with two or fewer episodes (n 5 12) and
those with greater than two episodes (n 5 10). Two subjects did not have the number of depression episodes
recorded and were not included in this analysis. A Student
t-test was computed to examine whether there were significant differences between the two groups. We found that
the multiple episodes group had a significant reduction in
the between-hemisphere connectivity strength compared
with the few episodes group (Fig. 2) in both low resolution
network (P 5 0.019) and high resolution network analysis
(P 5 0.0142) (Supporting Information Fig. 1). Further analysis
on the association of decreased between-hemisphere connectivity and MADRS score increase over the 1 year follow up
was not significant. We then grouped subjects into high and
low between-hemisphere connectivity strength using median
split and found no significant difference between the two
groups in terms of the possibility of developing a new episode in the following year.
As shown in Supporting Information Figure 2 from the
replication dataset with DTI of 128 directions, we confirmed that the currently depressed patient group also
showed reduced between-hemisphere connectivity compared with the control group. Given the fact that in this
depressed dataset, the majority of patients had two or fewer episodes of depression, we were not able to conduct
correlation analysis with depression episodes or dividing
the patient group by depression episodes of two and over
versus those with depression episodes of less than two.
We then regrouped the depressed patients by duration of
current episode using the median split and we found that
patients with longer duration had significantly lower
between-hemisphere connectivity than those with shorter
duration (P 5 0.04).

Data Replication
Since there is high fiber intensity in and around the corpus callosum, our DTI data with only 25 directions may
not be sufficient enough to properly reflect the betweenhemisphere connectivity. To validate our results in the
main study, we analyzed the between-hemisphere connectivity on a different dataset which had 128 directions. This
dataset was from 30 currently depressed patients [19
Females, 11 males, mean age (SD) 5 71.7 (7.45) years] and
28 health control participants [19 Females, 9 males, mean
age (SD) 5 75.9 (6.94) years]. All patients were not under
any medication at least from two weeks before the MRI
scans. Supporting Information Table 2 shows the demographic profiles of the two groups. The data was collected
from the National Institute of Mental Health-supported
project entitled “Neurobiology and Adverse Outcomes of
Neuroticism in Late-life Depression” (1R01MH096725).
The detailed recruitment criteria have been described elsewhere [Steffens et al., 2015] and in Supporting Information. Diffusion tensor imaging (DTI) data was acquired
from a 3.0-Tesla Siemen’s Skyra scanner from Olin Neuropsychological Research Center (ONRC) with the following
parameters: B0 5 1,000 s/mm2, flip angle 5 908, TR/
TE 5 17,000 ms/78 ms, imaging matrix 5 128 3 128,
FOV 5 256 3 256 mm2, 72 contiguous slices, resulting in
a voxel dimension of 2 3 2 3 2 mm3 reconstructed
resolution. A total of 128-direction images were acquired.
Data preprocessing and analyses on between-hemisphere
connectivity as well as its correlation with clinical profiles
were the same as described earlier.

RESULTS
Alterations in Hub Distribution and NBS
Analysis in RGD Patients

There were no significant differences in age, gender,
education, or cognitive function between the patient and
control groups (Table I). The RGD group had significantly
higher depression severity than the control group measured by MADRS (Table I). We did not find a significant
change in cognitive function in any specific domain over
the 1 year follow up in the RGD group compared with the
control group (Supporting Information Table 3).

r

Hub distribution
We computed the hub regions for each group. As shown
in Figure 3, there were 14 hubs in the control group (Fig.
3a) and 16 hubs in the RGD group (Fig. 3b). The detailed
hubs are listed in Table II. As shown in Table II, thirteen
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Figure 2.
Comparison of the between-hemisphere connectivity strength
(number of edges) between the RGD and healthy control
groups. A, edges that showed a significant reduction in
between-hemisphere connectivity in the RGD group relative to
the control group. B, Edges that showed a significant increase in
between-hemisphere connectivity in the RGD group relative to
the control group. The color bars represent significant level of
statistics. The nodal regions out of the 90 nodes are

constructed according to their centroid stereotaxic coordinates.
C, Bar graph indicating that the RGD patients who had multiple
depression episodes (>2, Multiple Episodes) had significantly
lower strength in between-hemisphere connectivity than patients
who had a few depression episodes (<2, Few Episodes) and
healthy controls in low resolution network analysis. [Color figure can be viewed at wileyonlinelibrary.com.]

out of the 14 hubs were identical for the two groups,
including the bilateral dorsal and medial superior frontal
gyrus, middle frontal gyrus (MFG), precentral gyrus
(PreCG), postcentral gyrus (PoCG), precuneus (PCUN),
and right calcarine fissure and surrounding cortex
(CAL.R). Three hub regions including the left Inferior temporal gyrus (ITG.L), calcarine fissure and surrounding cortex (CAL.L), and middle temporal gyrus (MTG.L) were
identified as hubs in the RGD group, but not in the control
group, whereas the right supplementary motor area
(SMA.R) was identified as a hub in the control group, but
not in the RGD group.

group. Similar results were found in the high resolution
analysis (Supporting Information Fig. 3).

Alterations in Global and Regional Network
Properties of the RGD Group
Alterations in the global properties of WM networks
in RGD patients
Compared with controls, the global clustering coefficient
was significantly decreased in the RGD group (t 5 21.71,
P 5 0.047) (Fig. 5). In addition, in the RGD group, information processing speed was significantly correlated with the
network properties of global efficiency (r 5 0.37,
P 5 0.0094), global fault tolerant efficiency (r 5 0.36,
P 5 0.0112), global network strength (r 5 0.38, P 5 0.0073),
and negatively correlated with shortest path length
(r 5 20.39, P 5 0.0067) (Fig. 5). All of the correlations
passed the FDR correction with q < 0.5. Similar findings
were not found in the healthy control group.

Alterations in NBS analysis
Using NBS analysis, we found a decreased subnetwork
(Fig. 4) primarily involving the left lingual gyrus, left middle occipital gyrus, and left fusiform gyrus. The strength
of this subnetwork had a positive correlation with information processing speed (r 5 0.47, P 5 0.0209) in the RGD
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regions, and the information processing speed was positively correlated with averaged regional global efficiency
(r 5 0.46, P 5 0.0228), and network strength (r 5 0.47, P 5
0.021) (Fig. 6). All the correlations passed the FDR correction for multiple comparisons with q < 0.05.
Neither the global nor the regional network property
measures showed any correlations with depression severity or depression episodes.

Instability of the Networks in Depressed
Patients in the 1-Year Follow Up
Global efficiency, global fault tolerant efficiency, and global
network strength were significantly decreased, and the shortest path length was significantly increased in remitted patients
over the 1-year follow up period (Supporting Information
Fig. 4). For further details, see Supporting Information.

DISCUSSION
In this study, we examined the microstructural white
matter deficits in geriatric depression patients using
between-hemisphere connectivity, NBS, and graph theoretical measures. These patients were not currently depressed
at the time of baseline MRI scan. We found significantly
reduced between-hemisphere connectivity in patients relative to the healthy controls, and that those with greater
number of lifetime depression episodes had stronger
reduction in between-hemisphere connectivity than those
Figure 3.
Distribution of hubs in the WM structural networks of (A) the
control group, and (B) the RGD group. [Color figure can be
viewed at wileyonline library.com.]

TABLE II. Hub regions of WM networks in RGD and
control groups
RGD (mean 5 181.24)

Alterations in the regional properties of WM
networks in patients
Regarding the analyses on regional properties, as shown
in Figure 6, there were differences between RGD and control groups in a number of regions including middle temporal gyrus, left lingual gyrus, left supramarginal gyrus,
right superior frontal gyrus, right supplementary motor
area, right inferior occipital gyrus, right superior temporal
gyrus, and right inferior temporal gyrus with P < 0.05. The
nodal efficiency and network strength were decreased,
and the shortest path length was significantly increased in
remitted patients compared with controls in these nodes.
Those regions that at least two network measures with
P < 0.05 were shown in Figure 6. Although these regions
did not pass the FDR correction for multiple comparisons,
the network properties across these regions were significantly correlated with cognitive function. Memory performance was positively correlated with the averaged nodal
clustering coefficient (r 5 0.47, P 5 0.0192) across these

r

ID

Hub regions

1
2
4
12
29
34
46
47
49
57
67
74
79
22
43
45

PreCG.L
SFGdor.L
MFG.L
SFGmed.L
PoCG.L
PCUN.L
PreCG.R
SFGdor.R
MFG.R
SFGmed.R
CAL.R
PoCG.R
PCUN.R
CAL.L
MTG.L
ITG.L

E_node/
mean
1.17
1.8
1.65
1.63
1.06
1.42
1.23
1.84
1.67
1.23
1.1
1.2
1.53
1.04
1.06
1.01

Control (mean 5 190.63)

ID

Hub
regions

E_node/
mean

1
2
4
12
29
34
46
47
49
57
67
74
79
55

PreCG.L
SFGdor.L
MFG.L
SFGmed.L
PoCG.L
PCUN.L
PreCG.R
SFGdor.R
MFG.R
SFGmed.R
CAL.R
PoCG.R
PCUN.R
SMA.R

1.2
1.78
1.63
1.6
1.09
1.29
1.33
1.95
1.75
1.3
1.13
1.28
1.46
1.01

The hub regions were identified if node efficiency (E_node) was
at least 1 SD greater than the mean node efficiency [i.e.,
E_node(i)>mean 1 SD].
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Figure 4.
(A) Comparison of the regions that showed significantly decreased white matter connection in
RGD patients relative to the controls (NBS for multiple comparison correction) using 90 nodes
to construct networks. Analyses exhibited significantly reduced white matter connection in the
temporal and occipital regions. (B) Lower network strength in the RGD group was associated
with poorer performance in information processing speed. [Color figure can be viewed at
wileyonlinelibrary.com.]

with a fewer depressive episodes. The global and regional
network properties were attenuated in the depression
group as well. The altered graph network properties were
correlated with cognitive dysfunction, but not with depression severity or the number of depressive episodes. In
addition, global and local network properties altered greatly in the depression group in the 1-year follow-up scan,
suggesting instability of the white matter network connectivity in geriatric depression, which could be a marker for
subsequent cognitive decline.
The left and right hemisphere functional asymmetry in
major depression has been well documented. Hyperfunction of the right prefrontal cortex and hypo-function
of the left prefrontal cortex has been found in a number of
studies in major depression [Bermpohl et al., 2006; Davidson et al., 2003; Grimm et al., 2008; Keedwell et al., 2005;
Mayberg, 2003]. Here, we showed the reduced betweenhemisphere connectivity using DTI in geriatric depression
patients who were at the remitted state, which could
explain the functional asymmetry between the left and

r

right hemisphere. Future studies in resting-state and taskrelated fMRI are necessary to confirm whether the reduced
between-hemisphere structural connectivity is related to
frontal asymmetric function in major depression. Nusslock
et al. [2011] found that asymmetric frontal activity prospectively predicted onset of first depressive episode.
Given that white matter hyperintensity has been associated
with geriatric depression, we speculated that the betweenhemisphere connectivity reduction could predict the recurrence of future depressive episodes. However, when
grouping subjects into high and low between-hemisphere
connectivity strength (using median split), there was no
significant difference between the two groups in terms of
the possibility of developing a new episode in the following year. This might be due to the fact that 1-year observation was too short for the recurrence of a new depressive
episode. Longer-term follow-up studies in a larger sample
size are needed in the future to verify if the betweenhemisphere connectivity could have prediction value for
future depressive episodes. Although we did not find a
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Figure 5.
Significant difference in global network properties between the RGD and healthy control groups
(HC). (a) Compared with the healthy controls, the RGD group had significantly decreased global
clustering coefficient; (b, f, d) Lower global efficiency, local efficiency and network strength were
associated with poorer performance in information processing speed; (e) Longer shortest path
length was correlated with poorer performance in information processing speed.
patients with greater number of depressive episodes. This
result suggests a possibility of bidirectional influence
between depressive episodes and microstructural damages.

direct link between decreased between-hemisphere connectivity with depression recurrence, we did find a significantly
stronger reduction in between-hemisphere connectivity in
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Figure 6.
(a) Nodes that showed significantly reduced regional network
properties in the RGD patients relative to controls. Only the
regions that had significant reduction in at least two out of the
four regional network measures, that is, (b) clustering coefficient, (c) global efficiency, (d) network strength, and (e) shortest path length were included here. * indicates a significant
group difference at P < 0.05, ** indicates a significant group difference at P < 0.01. LING.L, left lingual gyrus, SMG.L, left supramarginal gyrus, TPOmid.L, left middle temporal gyrus, SFGdor.R,

right dorsal portion of the superior frontal gyrus, SMA.R, right
supplementary motor area, IOG.R, right inferior occipital gyrus,
TOPsup.R, right superior temporal gyrus, TOPmid.R, right middle temporal gyrus, ITG.R, right inferior temporal gyrus. (f) The
memory performance in the RGD group had a positive correlation with the averaged clustering coefficient across those regions
as listed in b,c,d,e. The information processing speed was also
positively correlated with (g) global efficiency, and (h) network
strength. [Color figure can be viewed at wileyonlinelibrary.com.]

Given that the number of diffusion-encoding gradient
directions might impact on the between-hemisphere connectivity in regions with intensive fibers, we further validated the results using a dataset with 128 directions in a
currently depressed group. Consistent with the results in

RGD group, we also found the reduction of betweenhemisphere connectivity in currently depressed patients
relative to healthy controls. Importantly, we also found
lower between-hemisphere connectivity in those with a
longer duration of current depression episode than those
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Similar to the global network properties, changes in the
regional network measures in the bilateral middle temporal gyrus, left lingual gyrus, left supramarginal gyrus,
right dorsal superior frontal gyrus, right supplementary
motor area, right inferior occipital gyrus, right superior
temporal gyrus, and right inferior temporal gyrus were
correlated with cognitive function. The involvement of
these prefrontal, temporal, and occipital regions in attention, executive function, and visual memory have been
well documented [Alexopoulos et al., 2002; Dalby et al.,
2010; Murphy et al., 2007; Sheline et al., 2008]. Therefore, it
is not surprising that the network properties in these
regions were associated with memory and information
processing speed. Our findings indicate that the white
matter network deficits in these regions could explain the
frequently occurring cognitive dysfunction in geriatric
depression.
We used the high resolution analysis to verify our
results. The analysis on the between-hemisphere connectivity showed similar results as the low resolution analyses, but the statistics were more significant. The high
resolution analysis on the subnetwork connectivity using
NBS analysis showed similar but finer degree. This result
is also in consistent with the study of Bai et al. [2012]. Our
results indicate that using nodes based on both low and
high spatial resolution do not affect results significantly.
Another finding in this study is significant changes of
network properties in the RGD group relative to the controls over the 1-year follow-up period. We acknowledge
the sample size was too small to draw conclusions in our
current study; however, to our knowledge this is the first
attempt to address the changes of white matter network
properties over time in geriatric depression. Since we
found the global and regional network properties were
correlated with cognitive function instead of depressive
severity or depressive episodes, we speculate that the
instability of the global and network properties could be a
predispositional factor for cognitive decline in patients
with geriatric depression. Future replications of the finding
in a larger sample with longer observation period are very
necessary to confirm our conclusions.
In addition to relatively small sample size, there are also
a number of other limitations of the current study, which
include possibility of false positive findings in the graph
theory and NBS analyses as well as variability in antidepressant medications in the remitted depression group.
We acknowledge that even though our findings had
passed the FDR correction for multiple comparisons, there
is still a possibility of false positive findings. Therefore, a
much larger sample size is needed to validate our findings
in the future. Although low white matter integrity has
been found associated with poor responses to antidepressants [Aizenstein et al., 2014], evidence of how antidepressants effect on white matter integrity is still lacking. While
almost half participants of our remitted depression study
were under variety of antidepressant medications, the

with a shorter duration, which confirmed that the betweenhemisphere was not a depression state effect, rather it was a
depression disease accumulation effect.
Notably, this study was conducted in geriatric depression,
whereas the frontal asymmetry findings in the literature are
mainly from studies in depression among younger adults.
Therefore, there is still a gap between the reduced betweenhemisphere connectivity reduction and frontal functional
asymmetry in geriatric depression. To confirm whether there
is asymmetry in frontal functional connectivity in geriatric
depression and whether there is reduced between-hemisphere
white-matter connectivity in non-geriatric depression, future
studies are needed to compare the structural and functional
between-hemisphere connectivity in major depression
between younger and older adults.
Based on our results of the network-based statistical analysis, the altered subnetwork connectivity in geriatric depression was quite different from the findings in younger
depression study but more similar to the findings in the
older depression study reported in the literature. In the
study by Korgaonkar et al. [2014] in younger depressed
patients, significantly lowered structural connectivity within
the default mode network and the frontal cortex, thalamus,
and caudate were reported, whereas we found significantly
reduced white matter connection among the regions in the
middle occipital and inferior temporal areas in geriatric
depression participants. Bai and colleagues also reported
significantly reduced network connection in remitted geriatric depression among many regions including the temporal
(superior, middle and inferior temporal gyrus), occipital
(superior, middle and inferior occipital gyrus, and fusiform
gyrus) as well as limbic and subcortical regions. Therefore,
consistent with the literature, our results indicate that there
might be etiological differences between younger and older
depression.
Unlike the reduced between-hemisphere connectivity
results, the reduced global network measures did not have a
relationship with the depression episodes. Instead, they
were correlated with cognitive dysfunction. Bai and his colleagues’ study also had shown reduced clustering coefficient
and global efficiency. However, no significant correlation
with cognitive function was reported in their study [Bai
et al., 2012]. Our results extend previous findings in that the
global network measures including the global and local clustering coefficient, global efficiency, and network strength
were correlated with cognitive function. Low clustering
coefficient was correlated with lower performances in
memory information processing speed. Similar findings
were found in a functional network study in depression and
in a structural network study in MCI and Alzheimer’s disease [Ajilore et al., 2014; Bai et al., 2012; Lo et al., 2010].
These findings are also consistent with previous findings
that the global network properties are associated with IQ
[Fischer et al., 2014; Li et al., 2009], suggesting that the global
network measures could be used for evaluating cognitive
dysfunction across a number of clinical conditions.
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currently depressed patients were all free of medication
for at least two weeks before the MRI scan. Therefore, we
can conclude that the results were less likely to be due to
current medication although we could not rule out previous medication effect.
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SUMMARY
In summary, we found reduced between-hemisphere
connectivity was related to depressive episodes, whereas
reduced global or nodal clustering efficiency was correlated with cognitive dysfunction in geriatric depression.
Reduced between-hemisphere connectivity was related to
the number depressive episodes in a long run, whereas
the global and nodal clustering efficiency was unstable,
which could be predispositional to cognitive decline.
Future confirmation of these results in large sample and
comparison with the functional network properties would
be very beneficial for identifying imaging markers of
depression relapse and cognitive decline in geriatric
depression.
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