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Suicide is a major challenge in public health and is strongly associated with major depressive disorder (MDD). Despite recent
neuroimaging developments, the neural correlates of suicide behavior in patients with MDD remain unclear. Independent
component analysis (ICA) for neuroimaging data allows the identification of functional brain networks without prior regions of
interest and may help to identify neurobiological markers of specific disorders. Using ICA, we investigated the differences in resting-
state brain networks in patients with MDD who had or did not have a history of suicide attempts and in healthy controls (HCs).
Suicidal depressed (SD) patients, non-suicidal depressed (NSD) patients, and HCs significantly differed from each other in the
pattern of connectivity of multiple functional networks, network synchronization, and functional network connectivity (FNC). The
patient groups had a decreased network synchronization in the insular, cerebellum, basal ganglia, thalamus, operculum,
frontoparietal cortices, and sensory cortices relative to the HCs. The decreased FNC between these networks (insular-default mode
network and insular-cerebellum) was found in the SD group compared to the NSD and HC groups. These differences were not
related to illness duration and medication status differences between SD and NSD. Furthermore, the degree of FNC in these
networks was associated with the suicide ideation and stress level. Our results demonstrated that widespread but discrete network
changes in brain networks and their interconnectivity was associated with suicide attempts in patients with MDD. Our results
suggest that the neural basis underlying the psychopathology of attempted suicide in patients with MDD involves multiple brain

networks and their interaction.
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INTRODUCTION

Suicide is a major challenge for today’s healthcare systems. One
person dies from suicide every 40's, and one million people die
from suicide every year, accounting for a global mortality rate of
16 per 100,000 [1]. Several risk factors have been found to
contribute to suicidal behavior and ideation such as prior and
current history of medical conditions and psychosocial states
[2, 3]. Among them, mental disorder is a major risk factor for
suicide, with major depressive disorder (MDD) as one of the
leading causes of suicide, comprising half of all people who died
by suicide [4]. Indeed, one study reported that 58% of patients
with MDD had suicidal ideation and 15% of patients attempted
suicide [5]. Despite of the significant link between MDD and
suicide, the underlying neural basis of suicide attempts in patients
with MDD remains unclear.

To better understand the neural mechanisms underlying suicide
attempts in patients with MDD, researchers have investigated
structural and functional brain alterations in patients with MDD
who have attempted suicide compared with those of healthy
persons and/or patients with MDD who have not attempted
suicide [6, 7]. Imaging studies have reported structural abnorm-
alities in cortical and subcortical regions, including the basal

ganglia [8, 9], amygdala, orbitofrontal cortex (OFC) [10], cerebel-
lum [11], dorsomedial prefrontal cortex (PFC), insular, and
midbrain [12], as well as the fronto-striato-limbic network [13]
and temporal-parietal-limbic system [14]. Functional imaging
studies have shown that suicide attempters have functional
alterations in the ventral, medial, and lateral PFC [15, 16], basal
ganglia, limbic system [16], and thalamus [17]. Cognitively, suicide
attempters showed impaired executive function, attention, and
memory, which is linked to prefrontal lobe dysfunction [18-21].
These findings suggest that suicidality in MDD is associated with
widespread structural and functional regional alterations in the
brain that are associated with impaired functions.

Resting-state functional magnetic resonance imaging (rsfMRI)
studies have been used to explore the intrinsic activity or resting-
state brain networks (RSNs), such as the default mode network
(DMN), which has been reported to be altered in various
psychopathological conditions [22]. Few studies have investigated
the resting-state activity or the RSNs in suicide attempters with
depression and have reported inconsistent results about the brain
areas associated with the resting-state functional alterations [23].
rsfMRI studies have demonstrated synchronous alterations in
intrinsic activity of the frontal, temporal, and parietal areas in
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suicide attempters [24, 25]. Zhang et al. [26] found that both
depressed suicidal and non-suicidal adolescents exhibited an
increased functional connectivity within the DMN, relative to
healthy controls (HCs). A recent study reported that suicide
attempters had increased functional connectivity of the amygdala
with the insular, OFC, and middle temporal gyrus (MTG) compared
with that of non-suicide attempters. The increased connectivity
between the amygdala and parahippocampal region in suicide
attempters was correlated with suicidal ideation [27]. Another
study investigated suicidal ideation in functional connectivity of
patients with MDD. They demonstrated decreased connectivity in
the fronto-thalamic circuit in patients with suicidal ideation
relative to patients without it [28]. Although rsfMRI studies have
revealed functional alterations in various brain areas and in the
DMN, it is not yet known how suicidality in MDD is associated with
various brain networks beyond the DMN and their interactions.
Here we compared the resting-state functional brain networks
between the patients with depression who had attempted suicide,
patients with depression who had not attempted suicide, and HCs.
To define RSNs, we used independent component analysis (ICA),
which is a data-driven multivariate approach to delineate spatially
and temporally independent components (networks) [29]. Based
on previous findings, we hypothesized that, compared with non-
suicidal depressed (NSD) patients and HCs, suicidal depressed (SD)
patients would show altered patterns of neural activity in multiple
RSNs as well as a different functional network connectivity (FNC)
between them. We also hypothesized that the NSD group would
show abnormal changes in RSNs and FNC relative to the HC group.
Moreover, we predicted that these abnormal changes in RSNs
would be significantly associated with the scores of the clinical
scales or questionnaire that assess suicidal behavior and stress.

MATERIALS AND METHODS

Participants

We recruited 61 patients with MDD from the outpatient psychiatry
clinic at the Korea University Anam Hospital, Guro Hospital, Ansan
Hospital, Kyunghee University Medical Center, and Seoul Medical
Center in Seoul, the Republic of Korea between March 2015 and
November 2016. We included patients aged 19-60 years who had
been diagnosed with MDD by board-certified psychiatrists (Ham
B-JH, J-WP, and H-WL) using a structured clinical interview from
the Diagnostic and Statistical Manual of Mental Disorders, Fourth
Edition Axis | disorders. Our exclusion criteria for patients with
MDD or bipolar disorder (BD) were as follows: (i) any other major
psychiatric comorbidity, including personality or substance use
disorders; (ii) current psychotic features (e.g., delusions or
hallucinations); (iii) history of serious and unstable medical iliness;
(iv) primary neurological illness, including head trauma with
residual effects; and (v) any contraindication to MRI scan, such as
metal implants or claustrophobia. A total of 61 patients with MDD
were divided into two groups: 31 with SD who had previously
attempted suicide and 30 NSD who had no previous history of any
suicide attempts. Suicide attempt history was confirmed by a
clinical interview and based on the documentation of suicide
attempts in their medical records. The Risk-Rescue Rating (RRR)
scale was administered to patients with SD to assess the lethality
of current or most recent suicide attempt [26]. lliness duration was
also assessed in patients with MDD using the life-chart
methodology, psychotropic medication history, and their current
status. lliness duration was defined as the elapsed time since the
patient had experienced their first mood episode, regardless of
inter-episodic periods. Thirty-two HCs, also aged between 19 and
60 years, were recruited from the community via an advertise-
ment. Board-certified psychiatrists performed full psychiatric
assessments to confirm that none of the HCs currently or
previously had any psychopathology. The exclusion criteria
applied to the patient groups were also applied to the HC group.
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All patients’ (SD and NSD) and HCs' severity of depressive
symptoms was measured by the 17-item Hamilton Depression
Rating Scale (HDRS) [30] on the day of MRI. We confirmed that no
patients (both SD and NSD groups) were refractory to the
pharmacological treatment at the time of MRI scan and according
to the treatment failure criteria at least two trials of antidepres-
sants of different classes were given at adequate doses [31]. To
evaluate the severity of suicidal ideation and impulsiveness,
participants were asked to complete a self-report version of the
Scale for Suicide Ideation (SSI) [32] and the Barratt Impulsiveness
Scale (BIS) [33] on the day of the MRI scan. The self-report Toronto
Alexithymia Scale (TAS-20) scale was used to measure alexithymia
[34]. The Perceived Stress Scale (PSS) was implemented to
measure the degree to which situations in one's life were
considered stressful [35]. The 17-item HDRS is a clinician-
administered 17-item questionnaire used to measure of the
severity of depressive symptoms based on probing mood, feelings
of quilt, suicide ideation, insomnia, agitation or retardation,
anxiety, weight loss, and somatic symptoms [30]. The SSI is a
self-report 19-item clinical research instrument designed to
quantify and assess suicidal intention. Generally, the SSI score is
correlated with clinical ratings of suicidal risk and self-
administered measure of self-harm [32]. The BIS is a widely used
self-report measure of impulsiveness and designed to assess the
personality/behavioral construct of impulsiveness [33]. TAS-20 is a
self-report 20-item instrument that is one of the most commonly
used measures of alexithymia, which identifies individuals having
trouble identifying and describing emotions and tended to
minimize emotional experience and focus attention externally
[34]. PSS is one of the most widely used 10-item psychological
instruments to measure the extend of stressful situations in one’s
life [35].

The study’s protocol was approved by the Institutional Review
Board of the Korea University Anam Hospital. In accordance with
the Declaration of Helsinki, all participants gave their written
informed consent prior to participation in the study.

Statistical analysis

Differences in demographics between the SD patients, NSD
patients, and HCs were analyzed using a one-way analysis of
variance (Scheffe's test as the post hoc analysis, p <0.05) for
continuous variables (age, years of education, and HDRS scores),
and x? test for sex. Analysis of covariance (ANCOVA) was used to
calculate between-group differences in questionnaire scores (BIS,
PSS, and TAS-20 scores), including age as a covariate. A t test was
performed to compute differences in iliness duration between the
SD and NSD groups. All statistical analyses were performed using
IBM SPSS Statistics for Windows, version 24.0 (IBM Corporation,
Armonk, NY, USA).

rsfMRI acqusition

A 3-T Siemens scanner was used to acquire imaging data in the
Korea University Magnetic Resonance Imaging Centre. Participants
were instructed to keep their eyes open during the scan and to
stare passively at a fixation cross (6 min, 180 volume). See
Supplementary Material for the detailed imaging parameters.

Multivariate analysis—ICA

Preprocessing was performed via CONN (https://www.nitrc.org/
projects/conn). The rsfMRI data were realigned to generate six
rigid-body parameters characterizing the estimated subject
motion. Based on realignment, data that showed >2 mm and/or
2° head motion were excluded from this study. Then data were
coregistered with their anatomical images, spatially normalized to
the Montreal Neurological Institute space, and spatially smoothed
using a Gaussian kernel (8 mm, full-width half-maximal). In order
to remove motion, physiological, and other artifactual effects,
denoising was conducted using CompCor [36]. Data were

SPRINGER NATURE

965


https://www.nitrc.org/projects/conn
https://www.nitrc.org/projects/conn

Alterations in functional brain networks in depressed patients with a...
J Jung et al.

966

detrended, despiked, and filtered with a band pass filter (0.01 <<
0.08) to decrease the effects of low-frequency drift and influence
of potential outlier scans. ICA was performed using the group ICA
of fMRI Toolbox (GIFT) [37]. The pre-processed data were entered
into the GIFT version 3.0b. The toolbox concatenates the
individual data followed by the computation of subject-specific
components and time course. Using principal component analysis,
individual data were reduced. The informax algorithm [38] was
applied for the group ICA and estimated 22 components. To
improve the independent component’s stability, ICASSO was
applied and run 20 times [39].

Of the 22 components, 6 were related to residual artifacts,
including the signal distributed around the edge of the brain and
within the cerebrospinal fluid spaces. Sixteen components were
correlated with the brain and defined as RSNs (Fig. 1a). For the
selected RSNs, we considered the two following outcome
variables: (1) the component power spectra and (2) the FNC.
Details of the processing flows are described in Supplementary
Material.

Our primary aim was to detect neural differences between the
three groups (HC, NSD, and SD). For the selected RSNs, we directly
compared each group with another using t tests in SPM12
(Wellcome Department of Imaging Neuroscience, London; www.
fiLlion.ucl.ac.uk/spm). The resulting whole-brain maps were thre-
sholded at p <0.005 at the voxel level with False Discovery Rate
(FDR)-corrected cluster threshold of p<0.05 ks>100. Two
outcomes from the ICA analysis were compared between groups
using ANCOVA with covariates including age and years of
education followed by post hoc t test (p<0.05). For the
comparison between the patients’ groups, a separate post hoc
analysis was performed with illness duration and medication
use treatment (antidepressant-naive = 0; taking antidepressant =
1) as covariates. The outcome measures were correlated
with questionnaire scores (SSI, BIS, PSS, and TAS-20) using
Pearson’s correlations with age and years of education as
covariates (Prpr-corrected < 0.05). Details of the FDR correction are
described in Supplementary Material.

RESULTS

Demographics, clinical scale scores, and questionnaire scores

No significant differences were found in age and sex between the
three groups (Table 1; p>0.1). Years of education were
significantly different between the three groups (F,g0= 19.998,
p <0.001). Post hoc t test revealed that the HC group had
significantly more years of education than both the SD (p < 0.001)
and NSD groups (p<0.001), but there was no significant
difference between the two MDD groups (p > 0.1). lliness duration
was significantly different between the NSD and SD groups (p <
0.05).

The HDRS and SSI scores were significantly different between
the three groups (HDRS score: F,99=198.1, p <0.001; SSI score:
F200 =160.179, p <0.001). Post hoc t test revealed that the HC
group had a significantly lower HDRS score than the SD (p < 0.001)
and NSD groups (p<0.001), but there was no significant
difference between the two MDD groups. Post hoc t test also
revealed that the SD group had significantly higher SSI scores than
both the HC (p <0.001) and NSD groups (p < 0.001), and the NSD
group had a higher SSI score than the HC group (p < 0.001).

The BIS, PSS, and TAS-20 scores were significantly different
between the three groups (BIS score: Fyg9 = 6.146, p < 0.05; PSS
score: Fp90=110.892, p <0.001; TAS-20 score: F, 90 =38.514, p<
0.001). Post hoc t test revealed that the SD group had significantly
higher BIS scores than the HC group (p < 0.05) as well as higher
PSS and TAS-20 scores than the NSD group (PSS: p < 0.001; TAS-20:
p <0.001) and HC group (PSS: p <0.001; TAS-20: p <0.001). The
NSD group had higher PSS scores than HCs (PSS: p < 0.001; TAS-20:
p < 0.05).
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RSNs and power spectra

ICA estimated the 16 components showing patterns of temporally
coherent signals confined to the brain, which were considered as
the RSNs. We labeled the RSNs according to their spatial location
(e.g., visual network) or their previously described labels (e.g.
DMN). Figure 1a and Table S1 show the spatial map of the
selected RSNs.

First, we directly compared each of the RSNs between the
groups. Figure 1 and Table S2 present between-group differences
in RSNs. Compared with the HC, the MDD (NSD+SD) group
showed a reduced connectivity in several RSNs, including C04
(insular network: IN), CO5 (DMN), C06 (cerebellum network: CN),
C11 (thalamus—-cerebellum network: TCN), C14 (medial PFC
network: mPFCN), C16 (dorsal attention network: DAN), and C22
(sensory—motor network: SMN) (Fig. 1b). The IN (C04) included the
bilateral insular and anterior cingulate cortex (ACC). In C04 (IN), the
MDD group showed reduced connectivity in the right superior
frontal gyrus (SFG) and cerebellum than that in the HC group. The
DMN (CO05) consisted of the mPFC, precuneus, posterior cingulate
cortex (PCC), and angular gyrus. In CO5 (DMN), MDD showed a
significantly reduced connectivity in the superior medial gyrus and
anterior/middle/posterior cingulate cortex (ACC/MCC/PCC). The
CN (C06) included the bilateral cerebellum and exhibited reduced
connectivity in the OFC in MDD patients relative to HCs. The basal
ganglia network (BGN: C09) consisted of the thalamus and basal
ganglia. Patients showed decreased connectivity in the thalamus
as compared with that in the HCs. TCN (C11) included the
thalamus, cerebellum, midbrain, and insular. In C11 (TCN), the SD
group showed decreased connectivity in the lingual gyrus and
right middle frontal gyrus (MFG). The mPFCN (C14) consisted of
the ACC and OFC. MDD patients had decreased connectivity in the
right temporal pole and cerebellum as well as increased
connectivity in the cuneus, right inferior frontal gyrus (IFG) and
precentral/postcentral gyrus as compared with that in the HC
group. The DAN included the bilateral SFG, MFG, superior parietal
lobe (SPL), inferior parietal lobe, precuneus, and inferior temporal
gyrus. C16 (DAN) showed a significantly decreased connectivity in
the posterior medial frontal cortex in the MDD group. The SMN
(C22) included the bilateral primary motor cortex, primary sensory
cortex, and SPL, and the MDD group showed reduced connectivity
in the left MFG and insular as well as enhanced connectivity in the
MCC, thalamus, and MTG as compared to that in the HC group.

We compared the RSNs between the NSD and SD groups
(Fig. 1c). C04 (IN) showed an increased connectivity in the right
putamen in the SD group as compared to that in the NSD group.
C09 (BGN) showed a reduced connectivity in the PCC in the SD
group as compared to that in the NSD group. In addition, the SD
group exhibited an enhanced connectivity in the thalamus of C22
(SMN) as compared to that in the NSD group.

Figure 2 shows the result of power spectra analysis of each
network. The primary visual network (C03: VN1) included the
bilateral primary visual cortex and showed a significant main
effect of group (F,gs =5.33, p<0.01) in the power spectra. Post
hoc tests revealed that the NSD group had a lower power than the
HC and SD group. No significant difference was observed between
the HC and SD groups. The power of the IN (C04) showed a
significant effect of group (F;88 =3.12, p <0.05). Post hoc tests
revealed that the network power was decreased in the both NSD
and SD groups as compared to the HC group. CN (C06) also
showed a group effect (F, g = 3.20, p < 0.05) in the power spectra.
Post hoc tests revealed that the network power was decreased in
the NSD and SD groups as compared to the HC group. C09 (BGN)
showed a significant main effect of group (F,gs =4.37, p < 0.05) in
the power spectra. The NSD and SD groups had a significant
reduction in the network power as compared to the HC group. No
difference was observed between the NSD and SD groups. The
power spectra of C11 (TCN) showed a significant main effect of
group (Fyg8 =5.52, p<0.01). Post hoc tests revealed that the
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Fig. 1 a The spatial map of 16 components (RSN) derived from the ICA analysis. The statistical threshold was set at T> 20. See Table for
coordinates. b Comparisons in RSNs between HC and MDD (NSD+SD). Compared with the HC, patients with MDD showed reduced
connectivity in several RSNs, including C04 (IN), C05 (DMN), C06 (CN), C09 (BGN), C11 (TCN), C14 (mPFCN), C16 (DAN), and C22 (SMN) as well as
increased connectivity in C11 (TCN) and C22 (SMN). Blue indicates regions showing decreased functional connectivity in the MDD group as
compared with the HC group. Pink indicates areas showing increased functional connectivity in the MDD group relative to the HC group. ¢
Comparisons in RSNs between NSD and SD. Compared with the NSD group, SD group showed decreased connectivity in C09 (BGN) as well as
increased connectivity in C04 (IN) and C22 (SMN). Cyan indicates regions which showed that the functional connectivity was lower in the SD
group than those in the HC group. Red indicates areas that showed increased functional connectivity in the SD group relative to the NSD group
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Table 1. Demographic information, clinical characteristics, and questionnaire scores of the three groups and between-group comparisons
HCs (n=32) NSD patients (n = 30) SD patients (n=31) Statistics p Value
Demographics: mean (SD)
Sex, male/female 14/18 14/16 12/19 )(2 =0.405 p=0.817
Age 33.03 (10.33) 37.5 (14.67) 32.26 (10.1) F=1.747 p=0.180
Education, years 16.19 (2.01) 12.23 (3.22) 13.91 (2.4) F=19.998 p <0.001
Clinical scales: mean (SD)
Duration of illness (month) N/A 26 (38.9) 53.13 (46.43) t=—2.469 p=0.016
HDRS score 0.84 (1.46) 14.2 (3.42) 15.84 (4.34) F=198.1 p <0.001
SSI 3.28 (5.52) 13.37 (7.64) 22.81 (7.87) F=60.179 p <0.001
Risk-Rescue Rating scale®
Risk N/A N/A 7.1 (2.45) — —
Rescue N/A N/A 13.68 (1.4) — —
R-R score N/A N/A 14.68 (1.4) — —
Number of suicide attempts N/A N/A 2.1 (1.7) — —
Questionnaires: mean (SD)
BISP 49.19 (9.61) 54.77 (11.44) 58.71 (11.43) F=6.148 p <0.001
PSS© 13.78 (5.67) 26.4 (6.13) 43 (10.64) F=110.892 p <0.001
TAS-20¢ 21.91(8.41) 41.23 (9.92) 28.03 (8.09) F=38514 p <0.001
Drug-treated patients (Number) N/A 14 31 — —
Medication: (Number)
SSRI N/A 8 16 — —
SNRI N/A 2 5 — —
NDRI N/A 1 0 — —
NaSSA N/A 0 4 — —
Combination of ADs N/A 1 4 — —
Lithium N/A 0 1 — —
AED N/A 1 2 — —
Lithium+AED N/A 0 0 — —
Combination of AEDs N/A 0 1 — —
AP N/A 3 7 — —
Combination of APs N/A 0 1 — —
HC healthy control, NSD patient non-suicidal depressed patient, SD patients suicidal depressed patients, HDRS Hamilton Depression Rating Scale, SS/ Scale for
Suicide Ideation, TAS-20 The Toronto Alexithymia Scale, SSRI selective serotonin reuptake inhibitor, SNRI serotonin and norepinephrine reuptake inhibitor, NDRI
norepinephrine-dopamine reuptake inhibitor, NaSSA noradrenergic and specific serotonergic antidepressant, Combination of ADs combination of two or more
types of antidepressants, AED anti-epileptic drug, AP antipsychotic
*The Risk-Rescue Rating scale assessed the current or most recent attempt in suicide attempters
PKorean version of Barratt Impulsiveness Scale (BIS)
“Korean version of the Perceived Stress Scale (PSS)

network power was significantly decreased in the NSD and SD
groups as compared to the HC group. The mPFC network (mPFCN:
C14) consisted of mPFC and ACC. The secondary visual network
(C13) consisting of the lateroventral visual cortices showed the
significant group effect (F,gg = 4.06, p < 0.05). The network power
of C14 showed the main effect of the group (F, g = 4.66, p < 0.05).
Post hoc tests revealed that the network power was significantly
decreased in the SD group as compared to the HC group. The
power spectra of C16 (DAN) exhibited a significant group
difference (F,g3 =4.61, p <0.05). Post hoc tests revealed that the
NSD group has decreased network power as compared to that of
the HC group. No significant difference was observed between the
SD and HC groups. The network power of operculum network
(C19) including the bilateral operculum showed the significant
group effect (F,gs = 3.67, p < 0.05) revealing the decreased power
of it in both the NSD and SD groups relative to the HC group. We
found the group difference in the power spectra of the motor
network (C21) consisted of the bilateral primary motor cortex and
supplementary motor area (F,gg = 3.60, p < 0.05). Post hoc tests

SPRINGERNATURE

revealed that the network power was significantly decreased in
the NSD and SD groups as compared to the HC group. The power
spectra of C22 (SMN) revealed the significant group effect (F, g5 =
3.12, p<0.05), showing the reduced power in the NSD group
compared to the HC group.

Functional network connectivity

Figure 3a shows the FNC results for each RSN. We found a
significant effect of the group on the FNC between the several
RSNs (Table S3). Post hoc tests were performed for these networks
and the results are displayed in Fig. 3b. Compared to the HC
group, the NSD group exhibited a decreased FNC in C03-C13,
C09-C11, and C14-C19, as well as an increased FNC in C03-C06,
C03-C11, C04-C06, C11-C13, C11-C21, and C16-C17. Compared to
the HC group, the SD group exhibited a decreased FNC in
C04-C05 and C14-C19, as well as an increased FNC in C04-CO06.
Compared to the NSD group, the SD group exhibited a decreased
FNC in C03-C06, C03-C11, C04-C05, C05-C11, C06-C16, C11-C13,
C11-C21, and C16-C17, as well as an upregulated FNC in C03-C13.
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Fig. 2 The network power spectra. a An example of power spectra, C03 (VN1). The sum of low frequency fluctuation power (red line,
0.01-0.15 Hz) was used to determine the strength of the signal of interest within the RSNs. b Group differences in power spectra. The yellow
boxes indicate the RSN that showed a significant group effect (p < 0.05). The white bar represents the HC group, the blue bar represents the
NSD group, and the red bar indicates the SD group. Error bars indicate the standard error (*p < 0.05)

A correlation analysis was used to investigate the relationship
between the FNC and the questionnaire scores. The FNC between
C04 and CO5 gradually decreased from the HC to NSD groups and
from the NSD to SD groups; the HC group showed no connectivity,
whereas the NSD and SD groups showed decoupling in C04-C05
(Fig. 3c). The FNC in C04-CO5 was negatively correlated with the
SSI scores (All: r=—0.25, Prpr-corrected < 0.05; Patients: r= —0.28,
PrDR-corrected < 0.05) and PSS scores (All: r = —0.30, prpr-corrected <
0.005; Patients: r= —0.34, Prprcorrected < 0.01). By contrast, the
inter-network connectivity between C04 and C06 showed the
opposite pattern; the HC group exhibited the strongest decou-
pling, and the degree of connectivity reduced gradually from the
NSD group to the SD group (Fig. 3d). The FNC in C04-C06 was
positively correlated with the SSI scores (All: r = 0.34, Prpr-corrected
< 0.05; Patients: r =0.22, Prpr-corrected < 0.05) and PSS scores (All:
r=0.31, PrpRr-corrected < 0.005; Patients: r=0.30, PFDR-corrected <
0.01). Patients with a weaker decoupling in this FNC had higher
SSI and PSS scores. The inter-network connectivity between C09
and C11 was reduced in the NSD group compared to the HC
group and was negatively correlated with TAS-20 scores (All: r =
—0.34, PFDR-corrected < 0.001; Patients: r=—0.28, PFDR-corrected <
0.05) (Fig. 3e). No other correlations reached statistical
significance.

Furthermore, the FNC in C06-C22 and C14-C16 in the SD group
showed a significant correlation with PSS score (Fig. 4). In the SD
group, the FNC between C06 and C22 was positively correlated
with the PSS score (r = 0.45, prpr-corrected < 0.05), but this was not
the case in the other groups (Fig. 4a). The interconnectivity
between C14 and C16 was negatively correlated with the PSS
score in the SD group (r = —0.47, Prpr-corrected < 0.05) (Fig. 4b). No
significant correlations were found in the other two groups.

DISCUSSION

Recently, Northoff [40] suggested that various depressive symp-
toms can be translated as intrinsic activity in spatiotemporal
disturbances, which has been supported by recent findings that

Neuropsychopharmacology (2020) 45:964 - 974

link abnormal spatial organization of the resting-state activity to
ruminations and increased self-focus in depression. A meta-
analysis of rsfMRI in patients with MDD compared to the HCs
showed the hyperactivity in the medial prefrontal regions,
thalamus, midbrain, and cerebellum as well as hypoactivity in
the insular, ACC, PCC, precuenus/cuneus, temporal pole, caudate,
cerebellum, and dorsolateral PFC (DLPFC) [41]. The authors argue
that the contrasting results in these regions illustrated the
disbalance between the two networks with abnormal changes in
the DMN (anterior and posterior midline regions) and central
executive network (CEN; DLPFC). These findings are corroborated
by dysfunctional mood and emotional regulation in MDD [42, 43],
supporting Northoff's suggestion [40]. Similarly, our comparisons
between the MDD and HC groups in RSNs demonstrated the
altered functional connectivity in these regions in IN, DMN, CN,
BGN, TCN, mPFCN, DAN, and SMN as well as deceased network
synchronization in these networks. Moreover, our results demon-
strated that the direction of these alterations (increasing or
decreasing functional connectivity) were dependent on the
network. Specifically, the anterior and posterior midline regions
showed decreased functional connectivity with the DMN, CN, and
DAN, whereas increased connectivity with the TCN and SMN.
These results are compatible with a recent view on the functional
heterogeneity of DMN and CEN that can be reorganized
depending on specific demands by fractionizing itself or recruiting
additional regions [44, 45]. Our findings may illustrate the complex
network dynamics derived from deficits in emotional processing
in MDD beyond the imbalance between the DMN and CEN.
Based on these findings in MDD, Serafini et al. [23] proposed
that vulnerability to suicidal behavior can be attributed to
increased self-focus and hopelessness derived from emotional
dysregulation in combination with abnormalities in the fronto-
limbic or fronto-parietal-cerebellar pathways and DMN. Concor-
dantly, decreased network synchronization as well as different
patterns of connectivity in the IN, CN, BGN, TCN, and mPFCN were
found in the SD group. Moreover, the SD group showed more
alterations in the IN, BGN, and SMN as compared to the NSD

SPRINGER NATURE

969



Alterations in functional brain networks in depressed patients with a...
J Jung et al.

970

A NS S5 [ Main effect of group
08
H }
0.4
Hoa i
|| O i
O || .
s, :
O Dﬁ | o
(03 €04 CO5 COB C09 C10 C11 C12 C13 C14 C16 C17 C18 €19 C21 €22 €03 C04 CO5 €06 CO9 C10 C11 €12 C13 C14 C16 C17 C18 C19 €21 €22 03 €04 CO5 COB €09 C10 C11 C12 C13 C14 €16 C17 €18 €19 €21 €22 €
B
HC vs NSD HCvs SD NSD vs SD
@
P
2 ..
A8
@5
Decreased FNC Increased FNC
C
co4
0.05
P u.'g'(}
-0.05
o
-
s
1: -0.10
Ccos 0.15
< *
& R 0.20 *
HC NSD SD 70
D
0.00
-0.10
-0.20
o
r4
=
-0.30
-0.40
—_—
0.50 = 80
HC NSD SD
E
*
0.70 14
0.60 T T — All
0.50 1 —— NSD+SD
0.8
g 0.40 " g
- .
Y030 b
0.4
0:20 0.2
0.10 0
0.00 -0.2
HC NSD SD 0 20 40 60 80
TAS-20
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Fig. 4 The relationship between the stress level and FNC according to groups (SD, NSD, and HC). a The FNC between C06 (CN) and C22 (SMN).
The SD group showed a significant correlation between them, demonstrating that SD patients with higher stress level exhibited stronger
connectivity between C06 and C22. b The FNC between C14 (mPFCN) and C16 (DAN). The SD group revealed a significant negative correlation
between them. SD patients with higher stress level showed less connectivity between the C14 and C16. Red circles represent the SD group,

blue represents the NSD group, and white represents the HC group

group: increased connectivity with the putamen in the IN and the
thalamus in the SMN and decreased connectivity with the PCC in
the BGN. Enhanced connectivity in limbic regions may contribute
to emotional dysregulation by biasing the sensory stimuli
processing [46], whereas decoupling in the PCC as part of the
DMN may be attributed to self-oriented processing in the SD
group [23]. These results support Serefini et al's view on
abnormalities in RSNs related to suicidality.

The novel finding of the current study is that the SD group had
a decreased inter-network connectivity between the IN and DMN
compared with the NSD and HC groups. The insular is widely
connected with subcortical and cortical regions and plays a crucial
role in various functions, including emotion cognition, self-
awareness, interpersonal experience, and sensory perception
[47-49]. Previous studies in patients with depression have
reported structural and functional abnormalities in the insular,
which could be a marker of vulnerability to depression [50-53].
Furthermore, the insular is a key node of the salience network
(SN), which is involved in the detection and integration of
emotional and sensory stimuli and in modulating the switch
between the DMN and CEN [54]. Previous studies have reported
an aberrant structure and function of the SN, DMN, and CEN in
patients with MDD [55-571. In particular, evidence has suggested
that patients with depression exhibit abnormalities within the SN
and a dysfunctional interaction of the SN with other intrinsic
networks such as the DMN and CEN [53, 55, 58, 59]. Here we
demonstrated a reduced network synchronization of the IN in
both SD and NSD groups relative to the HC group, but only the SD
group showed significantly decreased inter-network connectivity
changes between the IN and DMN compared to the other groups.
Furthermore, individuals with more decoupling between the
networks showed higher suicide ideation and stress levels. Our
findings suggest that dysfunctional relationships between these
networks may contribute to the vulnerability to suicidal behavior
and could represent a potential marker for suicidal behavior
in MDD.

Neuropsychopharmacology (2020) 45:964 - 974

SD patients showed differential alterations in the IN-CN
connectivity. The cerebellum plays an important role in motor
control, cognition, and emotional processing and is involved in a
variety of psychiatric disorders, including depression, BD, and
schizophrenia [60]. Suicidal behavior in those with depression has
been associated with a decreased cerebellar volume [12] and low
regional cerebral blood flow in the cerebellum [16]. Similarly, we
found that the SD group had a lower network synchronization in
the CN. Also, the more abnormal alterations in these inter-network
connectivity, the higher the suicide ideation and stress level.
Overall, the FNC alterations of these networks (IN-DMN and
IN-CN) could reflect an impaired internal processing related to the
suicidality in depressive patients.

These findings also have implications for theoretical perspec-
tives of suicidal behavior. Theories of suicide span from
biological (e.g., dysregulation of the serotonergic system in
the ventromedial PFC), psychodynamic (e.g., distributed attach-
ment and intense affective states), cognitive-behavioral (e.g.,
hopelessness and emotion dysregulation) to developmental/
systems etiologies (e.g., disrupted social forces and family). In an
effort to integrate diverse suicide theories, Van Orden and
colleagues [61] proposed the interpersonal theory of suicide
having three constructs: two related to suicidal desire—
thwarted belongingness and perceived burdensomeness and
the acquired capability for suicide. The current results suggest
that patients with SD had the decreased network function in
various systems associated with cognitive control, decision-
making, emotion regulation, and sensory processing and
dysfunctional network interactions in the IN-DMN and IN-CN
contributing to suicidal ideation and perceived stress. These
neural alterations may underpin various clinical features of
patients with SD such as hopelessness and self-blame [23],
which can form thwarted belongingness and perceived burden-
someness responding to life events (e.g, unemployment,
psychical illness, loss through death/divorce, and childhood
abuse) [61]. Our results provide the neural mechanism
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underpinning suicidality in MDD proposing that network-level
alterations may play a role in developing suicide desires
suggested by the current theory of suicide behavior.

The current understanding of suicidal behavior is based on a
stress—vulnerability model—individuals are at higher risk of
committing suicide in stressful situations, and the vulnerability
to suicidal behavior has been modeled in emotion and cognitive
impairments mediated by PFC [62]. Specifically, suicidality has
been reportedly associated with reduced volume in the ventral
and dorsal PFC [12, 63], lower glucose uptake in the ventral PFC
[15], and prefrontal lobe dysfunction when engaging in cognitive
tasks [64]. Based on these findings, Jollant et al. [63, 65] have
suggested a neuroanatomical model accounting for the vulner-
ability to suicidal behavior implicated by the ventral PFC in
valuation deficits—decision-making impairments in patients with
SD [66], whereas the dorsal parts of the PFC are associated with
cognitive control and emotion regulation [67]. Consistently, the SD
group was consistently found to have lower network power as
compared with HCs in the mPFCN consisting of ventral (OFC) and
dorsal (ACC) prefrontal regions. Thus reduced mPFC network
power may explain emotion regulation and cognitive control
deficits in patients with SD, making them more vulnerable to
suicidal behavior. Together, our findings suggest that PFC
dysfunction may represent a neuroanatomical marker of suicid-
ality in patients with MDD.

And interestingly, suicide attempters with stronger network
connectivity between the mPFCN and DAN showed lower stress
scores. The DAN is involved in mediating the top-down guided
voluntary allocation of attention to stimuli [68]. It is possible that
suicide attempters with a relatively intact DAN can mediate the
impaired PFC functions by biasing stimuli processing, resulting in
lower stress scores. It should be noted that there was no difference
in the DAN power between the SD and HC groups. Pan et al. [69]
showed that adolescents with a history of depression and suicide
attempts showed no abnormalities in performance accuracy and
attentional control network activity on tasks of cognitive control. Our
finding suggests that suicide attempters might be able to regulate
their stress through the crosstalk between the preserved DAN and
impaired mPFCN.

The current study has several limitations. First, its sample size is
relatively small. Second, we could not fully control the differences
between SD and NSD patients in the antidepressant treatment
and illness duration. The antidepressant treatment in patients with
MDD showed heterogeneous concomitant medication types,
dosage, and durations and therefore could represent potential
confounding factors. In addition, the illness duration in SD
patients was significantly longer than that in NSD patients; most
SD patients were revisiting outpatients, whereas half of NSD
patients were new patients who were antidepressant drug-naive.
Although we accounted for the medication use and illness
duration in our analysis, we could not exclude the possibility that
they might affect our findings. Third, we did not evaluate the
change of depressive symptoms severity according to antidepres-
sant treatment longitudinally, thus we could not obtain the
information about whether the patients were non-responsive to
treatment (e.g., antidepressant response on 8- or 4-week
treatment). Therefore, we could not exclude the possibility that
refractory nature of MDD, which has been reported to be
associated with functional brain network and suicidality, may
affect our results [70, 71]. Fourth, the HC group had longer
education years than those in both the SD and NSD groups. In
order to test the effect of longer education, we re-analyzed the
data by splitting the HC group as lower and higher education
groups and found no significant effect of years of education in the
RSN and FNC. Also, there is a possibility that the disease itself may
interfere with the educational process, leading to relatively shorter
education years in patients. Furthermore, rsfMRI can be con-
founded by the effects of head motion during data collection.

SPRINGERNATURE

Although our analysis controlled for motion-related confounds, it
may not yet be sufficient to provide full control of them. In order
to better to control it, newer approach such as real-time correction
methods or framewise displacement should be considered in the
future. Finally, suicidal behavior has been repeatedly associated
with cognitive dysfunction [67, 72]; however, the association
among history of suicidal attempt, cognitive performance, and
RSN/FNC was not investigated in this study. Future studies with
larger sample sizes and a well-defined patient population will
better elucidate the underlying neural mechanisms of suicide
behaviors and will help explore complex relationships between
suicidality, cognitive function, and brain networks.

CONCLUSION

To our best knowledge, this study is the first study to examine
multiple brain networks and their interactions using the ICA
approach in depressed patients who have attempted suicide. We
demonstrated that widespread but discrete network changes in
functional networks and their interconnectivity were associated
with a predisposition to suicide. Our results collaborate previous
findings and are compatible with the abnormality in cognitive and
affective profiles of suicide attempters. Our findings support
Serafini et al's view [23] of the relationship between fMRI
abnormalities and vulnerability to suicide behavior and extend
our understanding of the neural substrates of suicide in MDD.
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