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A significant risk factor for poststroke depression:
the depression-related subnetwork

Songran Yang, PhD¥*; Ping Hua, PhD¥*; Xinyuan Shang, MM; Zaixu Cui, MM;
Suyu Zhong, MM; Gaolang Gong, PhD; Glyn W. Humphreys, PhD

Background: Despite being one of the direct causes of depression, whether stroke-induced neuroanatomical deterioration actually plays an
important role in the onset of poststroke depression (PSD) is controversial. We assessed the structural basis of PSD, particularly with re-
gard to white matter connectivity. Methods: We evaluated lesion index, fractional anisotropy (FA) reduction and brain structural networks
and then analyzed whole brain voxel-based lesions and FA maps. To understand brain damage in the context of brain connectivity, we
used a graph theoretical approach. We selected nodes whose degree correlated with the Hamilton Rating Scale for Depression score (p <
0.05, false discovery rate—corrected), after controlling for age, sex, years of education, lesion size, Mini Mental State Examination score and
National Institutes of Health Stroke Scale score. We used Poisson regression with robust standard errors to assess the contribution of the
identified network toward poststroke major depression. Results: We included 116 stroke patients in the study. Fourteen patients (12.1%)
had diagnoses of major depression and 26 (22.4%) had mild depression. We found that lesions in the right insular cortex, left putamen and
right superior longitudinal fasciculus as well as FA reductions in broader areas were all associated with major depression. Seventeen nodes
were selected to build the depression-related subnetwork. Decreased local efficiency of the subnetwork was a significant risk factor for post-
stroke major depression (relative risk 0.84, 95% confidence interval 0.72-0.98, p = 0.027). Limitations: The inability of DTI tractography to
process fibre crossings may have resulted in inaccurate construction of white matter networks and affected statistical findings. Conclusion:
The present study provides, to our knowledge, the first graph theoretical analysis of white matter networks linked to poststroke major de-

pression. These findings provide new insights into the neuroanatomical substrates of depression that develops after stroke.

Introduction

Poststroke depression (PSD) is one of the most common emo-
tional disorders afflicting those who experience stroke. A
meta-analysis has indicated that the prevalence of major or
mild depression is approximately 18% (range 8%—46%),! with
the presence of PSD being associated with increased mortal-
ity.? Converging evidence has implicated particular neural
networks in the pathophysiology of mood disorders.> How-
ever, despite being one of the direct causes of depression,
whether stroke-induced neuroanatomical deterioration actu-
ally plays an important role in the onset of PSD is still contro-
versial. Previous neuroimaging studies have focused mainly
on regional differences and severity of local brain lesions.* In
addition, an often-cited meta-analysis that reported no clear
association between PSD and any specific lesion location or
hemisphere* has fueled intense debate. Recently, although
statistical parametric mapping linked affective depression to

lesions centred in the left basal ganglia and left frontal cortex,
the conclusions remain in doubt because results were not cor-
rected for multiple comparisons.>®

Diffusion tensor imaging (DTI) is a noninvasive technique
that assesses white matter connectivity, particularly fibre
density and myelination. In addition, structural brain net-
work interactions can be quantified using brain graphs’ in
which neuroanatomical regions are defined as a set of nodes
and DTI-derived white matter connections act as intercon-
necting edges.” Using this approach, a disruption of neural
topology has been shown in several brain diseases,”! includ-
ing those occurring in chronic stroke patients.'?

Here, we evaluated 3 markers of brain-damage severity:
lesion index, fractional anisotropy (FA) reduction and brain
structural networks. We hypothesized that a specific brain
subnetwork is associated with PSD and that the damage to
it might serve as a predictor of poststroke major depression.
We constructed a depression-related subnetwork based on
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data from 116 stroke patients, and we preliminarily as-
sessed the unique contribution of the identified subnetwork
for the presence of poststroke major depression.

Methods
Participants

Participants were ischemic stroke patients admitted to
Guangzhou First People’s Hospital between January 2012
and December 2013. Patients were included if they met the
following 5 criteria. First, they were required to have a Na-
tional Institutes of Health Stroke Scale (NTHSS) score of 6 or
lower. Second, patients had to be conscious, able to cooper-
ate with the interview and provide informed consent and
complete the scale evaluations and a clinical interview for
diagnosis of depression; those with severe aphasia who
could not satisfy this criterion were excluded. Third, pa-
tients had to undergo a series of brain MRI scans, including
T,, T, fluid-attenuated inversion-recovery (FLAIR) and DTI,
within 7 days of stroke onset, and these scans had to be of
good quality and available for analysis. Fourth, the clinical
interview was required to confirm that the patients had no
history of schizophrenia, major depression, anxiety, demen-
tia, drug abuse, antidepressant use at stroke onset, or a fam-
ily history of mental disorders. Finally, we enrolled patients
only if they were not severe drinkers (> 42 drinks/wk,
where 1 drink equalled 8 g of alcohol);'® severe drinkers
were excluded because chronic high-level alcohol intake has
been linked to grey matter shrinkage and white matter deg-
radation.” We also classified other alcohol-intake levels for
later analyses (nondrinkers: no drinking or < 1 drink/wk;
light drinkers: 1-15 drinks/wk; moderate drinkers: 16—
42 drinks/wk; ex-drinkers: currently no drinks/wk).

An experienced neuropsychologist performed the clinical
interview to diagnose depression within 1 month after
stroke onset according to DSM-IV criteria. The severity of
depression was assessed using the 24-item Hamilton Rating
Scale for Depression (HAMD-24)'® within 1 month after
stroke onset. To be included in the major depression group
in our final analysis, participants had to meet DSM-IV cri-
teria for major depressive disorder and score at least 20 on
the HAMD.! The other participants were assigned to either
the control group or a mild depression group according to
the HAMD cut-off point of 10.

The NIHSS scores were recorded at the time of admission
to the hospital. One month after stroke onset, we obtained
scores on the Mini Mental State Examination (MMSE) and
the Barthel Index.

A comprehensive document elaborated on the purpose of the
study and the intended uses of the data. Participants (and their
surrogates) reviewed the document and the consent form. In
cases when the patient had visual neglect or other reading prob-
lems, the researcher explained the documents in detail. The par-
ticipants who agreed to participate gave their informed consent,
with the forms being signed by the patients themselves or by
their surrogates. The Ethics Committee of Guangzhou First
People’s Hospital approved the research protocol.

Imaging data acquisition

We acquired MRI scans using a Siemens Verio 3.0 T scanner. Re-
straining foam pads were used to minimize head motion. We
scanned the T,-weighted images in the sagittal plane with the
following parameters: repetition time (TR) 1900 ms, echo time
(TE) 3.44 ms, inversion time (TI) 900 ms, flip angle 9°, voxel size
1 x1x1mm? The FLAIR T, images were scanned on the axial
plane with a slice thickness of 5 mm. We used a single-shot
echo-planar imaging (EPI) sequence to acquire DTI data, with
coverage of the whole brain. Each scan consisted of 30 diffusion-
weighted directions with a b value of 1000 s/mm? and 1 addi-
tional volume without diffusion weighting (b0 image) with the
following parameters: TR 8000 ms; TE 89 ms; slice thickness
3 mm, no gap; field of view 240 x 240 mm; acquisition matrix
128 x 128; and 2.2 x 2.2 mm in-plane resolution.

Imaging data preprocessing

We included a lesion index and an FA value to reflect the
severity of brain damage for each voxel. Specifically, each voxel
from each patient had a dichotomous lesion value, reflecting a
given voxel as being lesioned or intact, and a continuous FA
value, providing information for white matter connectivity. We
then analyzed the whole brain voxel-based lesion and FA map.

Structural MRI data

For the 3-dimensional imaging data, we first coregistered each of
the 2 structural sequences on individual space with 6 degrees of
freedom using the FMRIB Linear Image Registration Tool.” An
experienced radiologist (X.S.) manually drew each patient’s le-
sion contour slice by slice, visually referring to the FLAIR T,im-
ages. Each patient’s structural images were registered into Mon-
treal Neurological Institute (MNI) standard space and resliced
into 1 x 1 x 1 mm?® voxels using a nonlinear registration method.
The lesion description was also transformed into MNI space.

Whole brain statistical parametric mapping

We used the registered lesion regions to analyze the association
between stroke lesions and the severity of depression. Three
contrasts (mild depression — control v. major depression —
control v. major depression — mild depression) were used to
test for significant differences in lesion. Voxel x voxel ¢ tests
were applied in standard brain coordinates using Statistical
Parametric Mapping 8 (SPM8, Wellcome Department of Cogni-
tive Neurology). Because they have been linked to depression
in previous studies,® we included age, sex, years of educa-
tion, lesion size, MMSE score and NIHSS score as covariates to
control for confounding factors. We considered results to be
significant at p < 0.05, family-wise error (FWE)—corrected, with
a cluster size > 100.

Diffusion tensor imaging data

We extracted the FA map of each patient in 3 steps: BET,
which involves skull removal; eddycorrect, which involves
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correction of eddy current distortion; and DTIFIT, which in-
volves building diffusion tensor models. We then registered
the FA maps with the FMRIB FA template in standard MNI
space using nonlinear registration.

Whole brain voxel-based FA analysis

We conducted voxel-based analysis of FA using SPMS8. All
FA maps were smoothed using a Gaussian kernel (¢ = 1).
We performed a t test for smoothed FA values using the
same 3 contrasts listed above and again included age, sex,
years of education, lesion size, MMSE score and NIHSS
score as covariates. We identified brain regions that showed
lower FA values in the 3 contrasts. We set thresholds at p <
0.05, FWE-corrected, with a cluster size > 100.

Fractional anisotropy values in intact areas of lesioned tracts

We identified 20 major white matter tracts according to the
Johns Hopkins University white matter tractography atlas
(25% threshold subtemplate).?® To evaluate whether FA
values revealed information secondary to the infarct, we
obtained the mean FA for 17 tracts by averaging the FA
values of all intact voxels in each tract and compared them
with cases that did or didn’t have lesions in that tract. The
remaining 3 tracts (bilateral cingulum hippocampus and
major forceps) were not analyzed because they were
lesioned in fewer than 10 participants. To evaluate whether
light to moderate alcohol intake affected FA values, we
compared the mean FA values of all intact voxels in the
17 identified white matter tracts between nondrinkers and
light to moderate drinkers.

Brain subnetworks correlated with PSD

To identify whether deterioration in brain network interac-
tions plays an important role in the occurrence of PSD, we
applied DTI tractography to construct white matter networks
within the brain and used graph analyses to quantify the
topological properties of the constructed networks.

Construction of brain white matter networks using DTI
tractography

We constructed the white matter matrix using the pipeline
software PANDA 2?2 The automated anatomic labelling
(AAL) atlas® (90 regions, excluding the pons and cerebellum)
was used to define the nodes of the white matter network.
We defined edges by applying deterministic fibre tracking?
using the continuous tracking method of fibre assignment.”
All possible fibres within the brain were first reconstructed
by seeding from voxels with an FA value greater than 0.2. For
every pair of brain nodes/regions, fibres with end points lo-
cated in their respective masks were considered to be the
ones linking the 2 nodes. Following standard practice,®** we
defined the averaged FA of the linking fibres as the strength
for each connection. For each individual, we generated a net-
work matrix in which each row/column represented a brain

node/region and each element represented the averaged FA
of the linking fibres between nodes.

We investigated the topological properties of brain net-
works at both global and nodal levels using the GRETNA
toolbox.?® The degree for each of the nodes was quanti-
fied®* and used here as a reliable index of regional connec-
tivity. The small-world coefficient ¢ was used to evaluate
small-world behaviour.?? For the whole brain network, we
also calculated local and global efficiency. The definitions of
these topological parameters were as follows.

(a) The nodal degree was defined as”

K = ZJ a;
where g; indicates the number of edges between node i and
node .

(b) The small-world coefficient (6) was defined as®
C / Crand
L/L

where the numerator indicates the clustering coefficient of
the real network compared with an equivalent random net-
work, and the denominator represents the path length of the
real network compared with the equivalent random network.
A 6 > 1 indicates small-world behaviour.

rand

(c) Network global efﬁciency was defined as?

Z 1

ijeV,izf i‘

E
glob N(N_ 1 )

where [; represents the shortest path length between node i
and node j, and N denotes the number of nodes in the net-
work. Global efficiency represents how well the information
is transferred within a network, at a global scale.

(d) Network local efficiency was calculated as®

1
Eloc(G) = N ; Eglob(Gi)

where G, represents the subgraph composed from the nearest
neighbours of node i. Local efficiency represents how much
the complex network is fault tolerant and indicates how well
the information is communicated within the neighbours of a
given node when this node is removed.

Subdivision of the whole brain network

We correlated each nodal degree with the HAMD-24 score
across participants, controlling for age, sex, years of educa-
tion, lesion size, MMSE score and NIHSS score, and used
the false-discovery rate (FDR) method to correct for multi-
ple comparisons (p < 0.0024, corrected p < 0.05). We selected
those nodes whose degree was correlated to the HAMD-24
scores to construct a depression-related subnetwork. The

J Psychiatry Neurosci 2015;40(4) 261



Yang et al.

other nodes constituted a subnetwork unrelated to depres-
sion. We further analyzed small-world behaviour and lo-
cal and global efficiency of the subnetworks.

To further demonstrate whether brain regions captured
by nodal degree reveal information for both mild and
major depression, we performed ¢ tests on the degrees of
all 90 nodes for the 3 contrasts, controlling for age, sex,
years of education, lesion size, MMSE score and NIHSS
score. Multiple comparisons were corrected using the FDR
method.

Assessment of the unique contribution of identified
subnetworks for major depression using Poisson regression
with robust standard errors

Given the high prevalence of major depression in post-
stroke patients, we used Poisson regression with robust
standard errors (rather than binary logistic regression) to
assess the unique contribution of the identified subnet-
work toward the presence of major depression. As the out-
come incidence increases, binary logistic regression could
be problematic through overestimation of risk ratios, while
Poisson regression with robust standard errors has been
demonstrated to give correct risk ratios and confidence
intervals (CI) in these situations.’*® The baseline charac-
teristic variables and the topological properties of brain
networks with significance levels of p < 0.20 after a uni-
variate analysis were entered into the Poisson regression
with robust standard errors.

All statistical assessments were 2-tailed, and we considered
results to be significant at p < 0.05, consistent with the prelim-
inary status of the trial. We used SPSS 15.0 statistical software
(SPSS Inc.) to perform our analyses.

Results

We recruited 135 patients to the study, and 116 met the inclu-
sion criteria. Of the 19 excluded patients, 7 had a history of
mental disorders or were taking antidepressants, 2 had a his-
tory of dementia, 1 had a history of drug abuse, 5 had severe
aphasia that precluded cooperation with the evaluations and
clinical interview, and 4 were severe drinkers. Fourteen pa-
tients (12.1%) received a diagnosis of major depression, 26
(22.4%) had mild depression, and 76 (65.5%) fell in the con-
trol group. Baseline characteristics are shown in Table 1.

Statistical parametric mapping results for lesion areas
associated with PSD

The mild depression — control contrast revealed 2 clusters asso-
ciated with mild depression (Fig. 1, top row; peak MNI co-
ordinates were left thalamus: x, y, z = =12, —16, 6; left putamen:
x, Y, z = -24, -8, 6). The major depression — control contrast re-
vealed 3 clusters associated with major depression (Fig. 1, mid-
dle row; peak MNI coordinates were right insular cortex: x, y,
z =30, 26, 0; left putamen: x, y, z =22, 4, 0; right superior longi-
tudinal fasciculus: x, y, z = 30, —24, 2). The major depression —
mild depression contrast revealed 2 clusters associated more
with major depression than with mild depression (Fig. 1, bot-
tom row; peak MNI coordinates were right insular cortex: x, y,
z = 30, 26, 0; right superior longitudinal fasciculus: x, y, z = 30,
-18, 18). All results were corrected for multiple comparisons.

Whole brain voxel-based FA analysis

We found statistically significant FA reductions in each contrast.
Regions revealed by the mild depression — control and major

Table 1: Summary of baseline characteristics of the 116 poststroke patients

Group, no. (%) or mean = SD

Control Mild depression Major depression
Characteristic (n=176) (n =26) (n=14) p value*
Age, yr 66.0 + 10.1 71.2+6.7 71.0+8.0 0.021
Male sex 50 (65.8) 16 (61.5) 10 (71.4) 0.82
Female sex 26 (34.2) 10 (39.5) 4 (29.6) 0.82
Education, yr 82+4.4 75+47 6.1+3.9 0.25
History of drinking 0.28
Nondrinkers 40 (52.6) 34.6) 7 (50.0) —
Light drinkers 14 (18.4) 23.1) 5(35.7) —
Moderate drinkers 15 (19.7) 19.2) 1(7.1) —
Ex-drinkers 7(9.2) 23.1) 1(7.1) —
NIHSS score 1.2+14 21+22 14+15 0.06
MMSE score 26.2+3.8 22.3+5.1 23.1 £ 31 < 0.001
BI 75.6 +13.8 73.1+£21.0 77.9 £10.0 0.29

Bl = Barthel Index; MMSE = Mini Mental State Examination; NIHSS = National Institutes of Health Stroke Score;

SD = standard deviation.
*Independent 1-way analysis of variance and x? tests.
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depression — control contrasts survived FWE correction (Fig. 2,
top and middle rows, respectively). The third contrast revealed
brain regions with greater FA reductions in patients with major
depression than in those with minor depression (Fig. 2, bottom
row, p < 0.001, uncorrected). The positive clusters for the
3 contrasts are illustrated in the Appendix, Tables S51-S3,
available at jpn.ca.

Fractional anisotropy values in intact areas of lesioned tracts

We found that the mean FA of the intact areas within lesioned
tracts was lower than with completely intact white matter tracts

A significant risk factor for poststroke depression

(033 + 0.14 v. 0.37 + 0.23, p = 0.008). The Appendix, Fig. SI,
shows the results from 17 identified tracts. Mean FA values of
intact voxels in the 17 white matter tracts did not significantly
differ between nondrinkers and light to moderate drinkers.

Brain nodes whose degrees were correlated with severity
of depression

Intriguingly, 17 nodes showed a significant correlation between
nodal degree and HAMD-24 score (Table 2). Five were in the
frontal lobe (20 nodes, 25%), 2 in the insula (2 nodes, 100%), 2 in
the limbic system (12 nodes, 16.7%), 2 in the parietal lobe

T value

10

Fig. 1: Overlap of positive brain regions in the whole brain voxel-based lesion analysis using statistical parametric mapping. (Top) Mild de-
pression — control contrast. (Middle) Major depression — control contrast. (Bottom) Major depression — mild depression contrast. All results
are family-wise error—corrected for multiple comparisons with cluster sizes > 100 voxels.
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(14 nodes, 14.3%), 3 in the basal ganglia area (8 nodes, 37.5%)
and 3 in the temporal lobe (12 nodes, 25.0%). The whole brain
network could therefore be divided into 2 subnetworks: a
depression-related subnetwork composed of 17 nodes (Fig. 3)
and a depression-unrelated subnetwork formed by the other
73 nodes.

We compared nodal degrees for the 3 contrasts, and de-
tails are shown in the Appendix, Table S4. After correcting
for multiple comparisons (FDR method), analysis showed
that the same 10 nodes in the depression-related subnet-
work were associated with both mild depression and major
depression compared with controls. Nine nodes were found
to be associated more with major depression than with mild
depression, but this finding did not survive FDR correction.

Contribution of the depression-related subnetwork toward
major depression

Using graph theoretical analyses, we found that the whole brain
white matter networks, the depression-related subnetwork and
the depression-unrelated subnetwork showed high o values
(296 +0.99,2.13 + 0.56, and 2.67 + 0.45, respectively).

Table 3 presents the results of analyses using Poisson re-
gression with robust standard errors that we conducted to
determine whether any factors were associated with post-
stroke major depression. Analysis indicated that decreased
local efficiency in the depression-related subnetwork (rela-
tive risk 0.84, 95% CI 0.72-0.98, p = 0.027) was a significant
risk factor for the presence of major depression after stroke.

Fig. 2: Overlap of positive brain regions in the whole brain voxel-based fractional anisotropy analysis using statistical parametric mapping.
Clusters revealed by the (Top) mild depression — control and (Middle) major depression — control contrasts survived family-wise error—
correction. Clusters revealed by the (Bottom) major depression — mild depression contrast are thresholded at p < 0.001, uncorrected.
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Discussion

Using structural and diffusion MRI data from 116 poststroke
patients, we showed that lesions located in the left thalamus
and left putamen were associated with mild depression and
that lesions in the right insular cortex, left putamen and right
superior longitudinal fasciculus were associated with major
depression. In addition, FA reduction in broader areas was
linked to both mild and major depression. However, the func-
tions that the observed lesions and changes in white matter
serve with regards to processing emotions need to be under-
stood in the context of brain connectivity. Therefore, we ex-
plored white matter connectivity between 90 brain regions de-
fined by the AAL atlas using graph theory and identified a
depression-related subnetwork composed of 17 brain regions.
Our results showing that lesions located in the left thala-
mus, left putamen, right insular cortex and right superior
longitudinal fascicle were associated with PSD are in line
with those of previous studies>* and add important evidence
supporting the theory that PSD is linked to lesion location
during the acute or subacute stroke phase.’ Our results also
showed that decreased mean FA values in broader bilateral
areas were associated with PSD. However, what mechanism
underlies decreases in FA and how functioning in the pres-
ence of PSD is affected are important questions. Fractional
anisotropy is a scalar value between zero and 1 that reflects
fibre density, axonal diameter and myelination in white mat-
ter,” and its reduction is a sign of degradation of the micro-
structural organization in white matter.® White matter
changes as a consequence of small vessel disease have been
linked to late-life depression® and have been associated with
decreases in FA in specific white matter areas.” Lesioned

Table 2: Depression-related brain regions*

brain regions have also been shown to have lower FA values
than intact regions,* and here we demonstrated that intact
areas of lesioned tracts also have lower mean FA values than
intact tracts. Fractional anisotropy may provide additional in-
formation regarding the effects of Wallerian degeneration
and other kinds of axonal degeneration after stroke,* which
may be undetectable using conventional imaging.

After a stroke, the effects on white matter tract integrity
caused by the primary lesion can be both local and distal.*?
To understand brain damage in the context of neural connec-
tivity, we performed partial correlations between the degree
of a node and the HAMD-24 score to analyze the correlation
between brain region connectivity and severity of depression.
We chose nodal degree because the number of connections or
edges a node has to other nodes has been demonstrated to be
a reliable index of network integrity.*

We identified 17 brain regions whose nodal degree was
negatively correlated with HAMD-24 scores. They included
the prefrontal cortex, parietal cortex (right precentral gyrus
and left precuneus gyrus), temporal cortex (bilateral fusi-
form and left superior temporal gyrus), the limbic system
(bilateral posterior cingulum) and related brain areas (bilat-
eral insula) and the basal ganglia (bilateral caudate and
right putamen). Studies have identified the putamen and in-
sula as parts of a “hate circuit,”** while the bilateral precu-
neus, known as the hub of the default mode network, has
been linked to ratings of one’s own personality traits.* The
left superior temporal gyrus has been associated with the
perception of emotions in facial stimuli, and abnormalities
in this area have been linked to depression.* Given that a
recent meta-analysis linked major depressive disorder to
the white matter fascicles connecting the prefrontal cortex

Nodal degree

Location Brain region r p value
Frontal lobe (n = 5) L superior frontal gyrus, dorsolateral —0.408 0.002
R superior frontal gyrus, dorsolateral -0.510 < 0.001
L inferior frontal gyrus, triangular part —-0.446 < 0.001
L olfactory cortex -0.472 < 0.001

L superior frontal gyrus, medial -0.438 0.001
Insula (n = 2) L insula -0.510 < 0.001
Rinsula —0.455 < 0.001

Limbic system (n = 2) L posterior cingulate gyrus -0.452 0.001
R posterior cingulate gyrus -0.416 0.002

Parietal lobe (n = 2) R precentral gyrus -0.412 0.002
L precuneus —-0.407 0.002

Basal ganglia (n = 3) L caudate nucleus -0.436 0.001
R caudate nucleus -0.410 0.002
R lenticular nucleus, putamen -0.512 < 0.001

Temporal lobe (n = 3) L fusiform gyrus —0.438 0.001
R fusiform gyrus -0.424 0.001

L superior temporal gyrus -0.430 0.001

L = left; R = right.

*False-discovery rate correction (p < 0.0024, corrected p < 0.05). The full names of the abbreviations are listed in supplemental Table 6.
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Table 3: Determinants of significant risk factors associated with major
depression using Poisson regression with robust standard errors

Variable RR (95% Cl) p value
Age, yr 0.98 (0.95-1.01) 0.23
Education, yr 0.93 (0.83-1.03) 0.18
MMSE score 1.07 (0.88-1.33) 0.48
Depression-related subnetwork

Local efficiency 0.84 (0.72-0.98) 0.027

Global efficiency 0.87 (0.75-1.01) 0.06
The depression-unrelated subnetwork

Local efficiency 1.25 (0.75-2.10) 0.39

Global efficiency 0.50 (0.12-2.08) 0.34
The whole brain network

Local efficiency 0.85 (0.37-1.96) 0.70

Global efficiency 1.77 (0.33-9.06) 0.51

Cl = confidence interval; MMSE = Mini Mental State Examination; RR = relative risk.

Fig. 3: The depression-related subnetwork. Every ball denotes a brain node and every line denotes a connection. Different coloured nodes
represent different brain regions: red = frontal cortex, violet = basal ganglia, blue = parietal cortex, dark blue = temporal cortex, green = limbic
system and yellow = insula.
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within cortical (frontal, temporal, and occipital lobes) and sub-
cortical areas (amygdala and hippocampus) by voxel-based
analysis of DTI studies,”” our results provide evidence for the
presence of PSD, indicating that structural damage to emotion-
related networks leads to depressive syndromes after stroke.

However, as part of the depression-related subnetwork,
the bilateral posterior cingulate, prefrontal cortex, basal gan-
glia and related brain regions are also linked to memory, ex-
ecutive function and mediation between emotion and mem-
ory.® Damage to this subnetwork might cause deterioration
of cognitive function. Given that a high prevalence of cogni-
tive impairment has been reported in PSD,* our results are in
line with this and provide a structural basis.

Our results also showed that decreased local efficiency of
the depression-related subnetwork was linked to poststroke
major depression. Given that high local efficiency reflects an
optimal status in local communication,®* our findings suggest
that patients with poststroke major depression exhibit less effi-
cient topological organization in their white matter networks.
Decreased local efficiency caused by structural damage can
make the network less fault tolerant; that is, damage or discon-
nection of one brain region in the network will dramatically af-
fect the connection between its previously linked regions.?
This pattern has been reported in other neurologic conditions,
such as Alzheimer disease.” Global efficiency, which is pri-
marily associated with effective or rapid information transfers
between remote brain regions,” didn't survive the Poisson re-
gression. Because structural connections in the human brain
have evolved into a complex and efficient neuronal network,*
compensation for damage likely occurs over broad regions.

Limitations

The first of our study’s limitations is that the DTI deterministic
tractography used to reconstruct the whole brain networks has
been shown to have a limited capacity for resolving crossing
fibre bundles.* This might affect our PSD-related findings.
Probabilistic diffusion tractography® is a promising technique
that might yield more accurate brain networks in future studies.
Second, to understand regional changes in the context of brain
connectivity, we explored brain structural network using graph
theory. However, it would be more intriguing in the future to
construct an integrated approach relating regional brain dam-
age to the depression-related network. Third, the diagnosis of
depression itself was relatively weak, as it was made on clinical
grounds by a neuropsychologist. The Structured Clinical
Interview for DSM disorders should be used in future study.
Finally, the HAMD-24 score was used to identify the nodes as
being part of the depression-related network, and then this net-
work was used to predict PSD. Therefore, the association be-
tween depression and efficiency of the depression-related net-
work needs to be replicated in the future.

Conclusion
The present study provides, to our knowledge, the first graph

theoretical analysis of white matter networks linked to PSD. We
identified a depression-related subnetwork composed of

17 brain regions. We found that decreased local efficiency of the
depression-related subnetwork was a significant risk factor for
the presence of poststroke major depression. These findings pro-
vide new insights into the neuroanatomical substrates of PSD.
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