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Abstract

Our study aimed to investigate whether changes in brain function measured with functional magnetic resonance imag-
ing (fMRI) can be detected among individuals with depressive disorders and suicidal ideation. The association between
depression severity and brain images is also discussed. Our study recruited 111 participants in three groups: 35 depressive
patients with suicidal ideation (SI), 32 depressive patients without suicidal ideation (NS), and 44 healthy controls (HCs).
All participants were scanned using 3T MRI to obtain resting-state functional images, and functional connectivity (FC),
amplitude of low-frequency fluctuation (ALFF), regional homogeneity (ReHo), and graph theoretical analysis (GTA) were
performed. We found functional activity differences, such as the hippocampus and thalamus, in the SI group compared with
the NS group. We also concluded lower activity in the thalamus and cuneus regions were related to suicidal ideation. We
also found several functional connectivity of the brain areas, such as hippocampus, cuneus, and frontal regions, in the SI
group correlated with Hamilton Depression Rating Scale (HAM-D) and Hospital Anxiety and Depression Scale (HADS). A
graph theoretical analysis (GTA) and network-based statistical (NBS) analysis revealed different topological organization and
slightly better local segregation of the brain network in healthy participants compared with those in depressive patients with
suicidal ideation. We suggest that brain functional connectivity may be affected in depressive patients with suicidal ideation.
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Introduction

Suicide is an important and serious public health prob-
lem worldwide, and its effects are observed throughout all
regions, countries, and cultures. In 2012, approximately
800,000 people died from self-inflicted injuries (World-
Health-Organization 2014). Suicide is conceptualized as
a process or a continuum of ideations/behaviors develop-
ing from mild to severe forms of suicidality (Sveticic and
De Leo 2012). An international survey in 17 developed
and developing countries showed a 9.2% prevalence of
lifetime suicidal ideation (Nock et al. 2008). One study in
Asia revealed comparable conditional probabilities among
ideators to develop a suicide plan (29%) or make a suicide
attempt (32%) (Lee et al. 2007). Studies find that within12
months, approximately one third of suicide ideators will
go on to attempt suicide (Nock et al. 2013). Around 60% of
transitions from suicidal ideation to a first attempt occur-
ring within a year of ideation onset (Nock et al. 2008).
Approximately two-thirds (66%) of people who have seri-
ously considered suicide report having a prior psychiatric
disorder, most often major depressive disorder (Nock et al.
2009).

Suicide risk evaluation still relies on clinicians’ experi-
ences, and many healthcare practitioners are not familiar
with suicide risk assessment. However, patient denial of
suicidal ideation can easily become the justification for
reduced vigilance, even in persons with a history of sui-
cidal ideation or behavior (Sveticic and De Leo 2012).
Consequently, very high rates of suicide among postdis-
charge patients highlight the limitations of current sui-
cide risk assessments (Isometsa et al. 2014). Monitoring
suicidal ideation behavior should not solely be based on
self-report (Sveticic and De Leo 2012). Therefore, it is
important to create new and objective methods to evaluate
the risk of suicide.

Some resting functional MRI studies have been reported
in this field. One recent study revealed that female MDD
patients with suicidal ideation showed a significant dif-
ference in resting-state functional connectivity (rsFC)
between the amygdala and precuneus/cuneus compared
with those without suicidal ideation and HC group (Wei
et al. 2018). Compared with MDD without SI, the SI group
showed decreased brain dynamics in the dorsal anterior
cingulate cortex, the left orbital frontal cortex, the left
inferior temporal gyrus, and the left hippocampus (Li
et al. 2019). Suicide ideation links to decreased intrinsic
functional connectivity between the rostral anterior cingu-
late cortex (ACC), the orbitomedial prefrontal cortex and
the right middle temporal pole (Du et al. 2017). Low fre-
quency blood oxygenation level-dependent (BOLD) signal
in dorsal, ventral posterior cingulate cortex PCC, dorsal

ACC was reduced in the ideators (Chase et al. 2017).
Another study showed that lower coherence in the left
executive control networks were associated with greater
lifetime severity of suicidal ideation among adolescent
MDD patients (Ordaz et al. 2018). Several functional and
structural network-based statistical (NBS) and graph theo-
retical analyses were performed to assess differences in the
inter-regional connectivity (Myung et al. 2016; Li et al.
2018; Weng et al. 2019). The inconsistent findings may
due to the different focus study population like adolescent
(Ordaz et al. 2018), female (Wei et al. 2018), heterogene-
ous diagnosed group (Chase et al. 2017) and some of them
showed low sample size (Du et al. 2017; Wei et al. 2018).
More related studies with higher sample size, homogenous
diagnosis and appropriate control are therefore warranted.

The present study aimed to investigate whether MRI-
measured functional changes can be detected among
individuals with depressive disorders and suicidal idea-
tion, including functional connectivity (FC), amplitude of
low-frequency fluctuation (ALFF), regional homogeneity
(ReHo), and graph theoretical analysis (GTA). The associa-
tion between depression severity and brain images is also
discussed.

Materials and Methods
Participants

In our study, we recruited three groups of 111 participants:
35 depressive patients with suicidal ideation (SI) (age 21-60
years, mean=41.11 years, SD 11.78 years), 32 depressive
patients without suicidal thoughts (NS) (age 21-60 years,
mean =47.88 years, SD 8.99 years), and 44 healthy controls
(HC:s) (age 20-58 years, mean=41.98 years, SD9.27 years).
All participants were at least 20 years of age and right-
handed. The confirmation of depressive disorders, suicidal
ideation was primarily based on psychiatrists’ diagnosis and
the Mini-International Neuropsychiatric Interview (MINI)
carried out by the trained research nurse. The assessment
of suicide by MINI has been validated before (Roaldset
et al. 2012). The final confirmation was carried out by the
principle investigator (V.C.H) according to all available
information. The participants were recruited via outpatient
clinic of department of psychiatry at Chiayi Chang Gung
Hospital and recruitment advertisements. Exclusion crite-
ria for all participants were any eye diseases (e.g., cataract
and glaucoma), history of suicidal attempt, another primary
severe mental disorder (e.g., schizophrenia or bipolar disor-
der), alcohol/illicit substance use disorder during the past
year, any neurological illnesses, and metallic implants or
other contraindications for MRI. The study was approved
by the Institutional Review Board of Chang Gung Memorial
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Hospital, Chiayi, Taiwan. (Nos. 104-0838B, 104-9337B,
201602027B0). All participants joined in the study after pro-
viding informed consent, and all research was performed in
accordance with relevant guidelines and regulations.

The Hamilton Depression Rating Scale (HAM-D) and
Hospital Anxiety and Depression Scale (HADS) were used
to assess possible anxiety and depression symptoms and car-
ried out by the trained research nurse.

MRI Data Acquisition

All participants were scanned using a 3T MRI (Verio,
SIEMENS, Erlangen, Germany) system with a standard
8-channel head coil. A gradient-echo echo planar image
(EPI) sequence to obtain resting-state functional images.
The phase-encode direction was along anterior-posterior
axis. During resting-state MR image acquisition, all par-
ticipants were instructed not to focus their thoughts on
anything in particular and to keep their eyes closed. For
all participants, the following sequence was used: repeti-
tion time (TR)/echo time (TE)=2000/30 ms, field of view
(FOV) =220 mm X 220 mm, matrix size =64 X 64, in-plane
resolution (pixel size) =3.4 X 3.4 mm?, thickness =4 mm,
number of repetitions =300, scan time for functional imag-
ing=10 min, and 31 axial slices aligned along AC-PC lines
without gap to cover the whole cerebrum. The research nurse
confirmed the persistence of suicide ideation on the date of
MRI examination.

Functional Image Preprocessing

We used statistical parametric mapping 8 (SPM8, Well-
come Department of Cognitive Neurology, London, UK)
software to conduct preprocessing of functional images.
After slice-timing correction, we calculated the center
of each image and realigned the data to the first volume
for motion correction. After motion correction, data were
normalized to standard Montreal Neurological Institute
(MNI) space with affine transformation, and the data
were resampled to isotropic 3-mm voxels. The data were
then spatially smoothed using a 6-mm full-width at half-
maximum (FWHM) Gaussian kernel for a better signal-
to-noise ratio gain. Then, using the six head motion
parameters as covariates, we performed nuisance regres-
sion. Then, the whole brain, WM, and CSF masks were
used to remove the physiological noise. Linear detrending
and band-pass temporal filtering were performed on the
time series of each voxel to minimize the effects of low-
frequency drifts and physiological signals by the Resting-
State Data Analysis tool kit v1.8 (REST v1.8, Center for
Cognition and Brain Disorders, Hangzhou Normal Uni-
versity, Zhejiang, China). We used the frequency range
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from 0.01 to 0.12 Hz to observe the complex functional
networks and mitigate the influence of low-frequency
drift and high-frequency physiological noise (Baria et al.
2011).

Functional Connectivity (FC) and Seed-Based
Correlation Analysis (SCA)

As spontaneous, coherent, and low-frequency fluctuations
of the BOLD signal were used for the resting-state analysis,
the BOLD time series for each participant was extracted and
band-pass filtered (0.01-0.12 Hz). Correlating the averaged
BOLD signal of the user-defined region of interest to the
BOLD signal of every other single voxel for each participant
formed correlation maps at the voxel level. The SCA analy-
sis locates the seed on the selected spherical ROI coordinates
and observes the activation of the contralateral brain region
when the brain region is activated, that is, the functional
connectivity between the brain regions on both sides. We
selected brain regions associated with depression, including
the amygdala, hippocampus, thalamus, visual cortex, motor
cortex, posterior cingulate cortex (PCC), anterior cingulate
cortex (ACC), and precuneus. To enforce a Gaussian distri-
bution of the correlation data, Pearson’s r was then trans-
formed into z scores using Fisher’s r to z transformation.

Amplitude of Low-Frequency Fluctuations (ALFFs)

Amplitude low-frequency fluctuations is used to report the
absolute intensity of spontaneous brain activity. The ALFF
during the resting-state is considered to be physiologically
meaningful and to reflect spontaneous neural activity (Zang
et al. 2007; Zou et al. 2008). The ALFFs were calculated in
the frequency range of 0.01 to 0.12 Hz. The procedure for
calculating ALFFs is briefly described as follows: for a given
voxel, the time series is first converted to the frequency
domain using a fast Fourier transformation. The square root
of the power spectrum is computed, averaged, and normal-
ized across a predefined frequency interval, which is termed
the ALFF at the given voxel (Yue et al. 2015). The mean
fractional ALFF (mfALFF) can be regarded as a normalized
mean ALFF and is calculated using the total energy over
the detectable frequency range. The mfALFF can provide
a more specific measure of low-frequency oscillatory phe-
nomena than the mALFF (Zou et al. 2008). In voxel-based
analysis (VBA), we assessed the differences in mfALFFs
between the SI, NS and healthy control groups using false
discovery rate (FDR)-corrected two-sample t-tests. In the
study, depression (depression score that does not include
suicidality), anxiety indices, age, gender and years of edu-
cation were used as the covariates to eliminate the effect
caused by differences between each group. We also probed
the relationship between the SI participants’ mfALFF and
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Hamilton depression rating scale (HAM-D)/ Hospital Anx-
iety and Depression Scale (HADS) scores using multiple
regressions with FDR correction. In the study, age, gender
and years of education were used as the covariates. We used
a T1-weighted MNI template to create the underlying map
to view the results.

Regional Homogeneity (ReHo)

Regional homogeneity is based on the concept that BOLD
signal fluctuations in a specific region reflect near neuronal
activity arising at the same frequency and that this temporal
synchrony is confined to groups of neurons that perform
related functions (Zang et al. 2004). To analyze the ReHo,
linear detrending and band-pass filtering (0.01-0.12 Hz)
were performed on the time series of each voxel by REST
v1.8. The resting state cortical activity in the SI, the NS
and the healthy control groups was evaluated with the ReHo
approach. Each individual ReHo map was generated by cal-
culating Kendall’s coefficient of concordance (KCC), which
computes the ReHo of the BOLD time series data in each
voxel and its 26 nearest adjacent voxels (Zang et al. 2004).
Then, a mask was used to remove nonbrain tissues and noise
on the ReHo maps, and the individual ReHo maps were
divided by their own mean KCC within the mask for stand-
ardization purposes to compute the mean ReHo (mReHo).
We conducted a whole-brain voxel-wise comparison using
FDR-corrected two-sample t-tests to evaluate group differ-
ences in mReHo between the SI, the NS and the healthy
control groups. In the study, depression (depression score
that does not include suicidality), anxiety indices, age, gen-
der and years of education were used as the covariates to
eliminate the effect caused by differences between each
group. We also assessed the relationship between the SI
participants’ mReHo and the HAM-D/ HADS scores using
multiple regressions with FDR correction. Age, gender and
years of education were used as the covariates. To view the
results, we used a T1-weighted MNI template to create the
underlying map.

Graph Theoretical Analysis (GTA)

Using the functional connectivity toolbox (CONN, The
Gabrieli Lab, McGovern Institute for Brain Research, MIT,
Cambridge, MA, USA), the whole brain was divided into 90
regions of interest (ROIs) (45 per hemisphere) with an auto-
mated anatomical labeling (AAL) template, each of which
was considered a node (Behzadi et al. 2007; Whitfield-
Gabrieli and Nieto-Castanon 2012). The edge represented
the brain’s functional connectivity between two nodes. The
degree of a node was the number of edges connecting it to
the rest of the network, which allowed characterization of

the edge distributions of all nodes in the network (Bullmore
and Bassett 2011).

The resting-state functional image was registered to the
T1-weighted image and then to the MNI space. The trans-
formation matrix from the resting space to MNI space was
calculated by the transformation matrices created in the two
aforementioned register processing steps and was stored for
later use. We spatially normalized the resting-state func-
tional images to the AAL template in MNI native space, and
the connectivity matrix was obtained after functional con-
nectivity analysis. The functional connectivity matrix was
acquired from the functional connectivity toolbox (CONN).
Finally, we perform a graph theoretical analysis by using the
connectivity matrix.

Analyses of network properties were performed using the
Graph Analysis Toolbox (GAT, Stanford University School
of Medicine, Stanford, CA, USA) (Hosseini et al. 2012).
The GAT was used to extract the functional connectivity
between each of the 90 ROIs from the 90 X 90 connectiv-
ity matrix for each individual. A histogram was used to
represent the degree distribution of the 90 nodes in both
groups. Next, the networks of the two groups were created
at different correlation thresholds, ranging from 0.2 to 0.5
in 0.01 increments. After examining all the networks, the
minimum network density at which no individual network
was fragmented was identified as 0.2 (Hosseini et al. 2012).
Graph theoretical analysis was then conducted to investi-
gate the systematic alteration of the whole-brain functional
topological organization, including the clustering coefficient
(C), normalized clustering coefficient (y), characteristic path
length (L), normalized characteristic path length (1), local
efficiency, global efficiency, transitivity, assortativity and
small-worldness index (o). To test for the statistical signifi-
cance of the between-group differences in network topology
and regional network measures, we manually extracted the
area under the curve between 0.2 and 0.5 of the density to
calculate the p value of the two-sample t-test.

Network-Based Statistical (NBS) Analysis

We used network-based statistical (NBS, Melbourne Neu-
ropsychiatry Centre, The University of Melbourne and Mel-
bourne Health, Australia) analysis to identify the signifi-
cance of any connected subnetworks evident in the set of
altered connections found in healthy controls and depressive
patients with and without suicidal ideation. NBS analysis
attempts to identify any potentially connected structures
formed by an appropriately chosen set of suprathreshold
links. The topological extent of any such structure is then
used to determine its significance. The test statistical (i.e.,
primary threshold) computed for each pairwise association
is used to construct a set of suprathreshold links (Zalesky
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et al. 2010). The null distribution of the number of edges
was empirically obtained using nonparametric permutation
(5,000 permutations) to assess the significance of each of
the connected edges.

Results
Participants

Table 1 shows demographic characteristics. There were sig-
nificant differences in age, gender, and years of education
among the three groups. Therefore, age, gender, and years of
education were used as covariates for subsequent analyses.

FCand SCA

In the FC analysis between the SI and the NS groups, we
found higher FC in the right hippocampus (Fig. 1a) and the
left hippocampus (Fig. 1b) in the SI group compared with
the NS group. In the FC analysis between the NS and the HC
groups, we found lower FC of the right thalamus (Fig. 1c),
the left thalamus (Fig. 1d), the right motor cortex (Fig. le),
and the left motor cortex (Fig. 1f) in the NS group compared
with the HC group (all corrected p <0.05).

VBA of mfALFF and mReHo

In the VBA of mfALFF between the SI and the NS groups
(Fig. 2a, NS > SI), we found lower mfALFF activation of
the left cuneus in the SI group compared with the NS group
(Fig. 2b) and higher mfALFF activation of the right middle
temporal pole gyrus (Fig. 2c) in the SI group compared with

the NS group. In the VBA of mReHo between the SI and
the NS groups (Fig. 2d, NS > SI), we found lower regional
homogeneity of the right cuneus in the SI group compared
with the NS group (Fig. 2e). We also found higher regional
homogeneity of the left middle temporal gyrus (MTG)
(Fig. 2f) in the SI group compared with the NS group (all
corrected p <0.05).

Association Between HAM-D, Anxiety Scores,
and Depression Scores and mfALFF/mReHo

In the SI participants’ multiple regression analysis (Fig. 3)
of the correlation between HAM-D and mfALFF, a positive
correlation in the left cuneus gyrus (Fig. 3a) was found, and
a negative correlation in the right hippocampus, superior
temporal pole gyrus, and parahippocampal gyrus (Fig. 3b)
was found. A positive correlation between HAM-D and
mReHo in the right cuneus gyrus (Fig. 3c) was found. A
positive correlation between anxiety score and mReHo in
the left postcentral gyrus (Fig. 3d) was found. A positive
correlation between anxiety score and mReHo in the left
inferior and middle frontal gyrus (Fig. 3e) was found, and a
negative correlation in the right lingual gyrus (Fig. 3f) was
found. A positive correlation between depression score and
mfALFF in the right postcentral gyrus (Fig. 3g) and left
cuneus gyrus (Fig. 3h) was found. A positive correlation
between depression score and mReHo in the right cuneus
gyrus (Fig. 3i) was found (all corrected p < 0.05).

GTA

In the GTA of the three groups, we found a significant
tendency (NS> SI>HC) in the global efficiency (Fig. 4a,

Table 1 Summary of characteristics of demographic data and neuropsychological tests

Characteristics Depressive Depressive ~ Healthy con- ANOVA A (SI vs. NS) B (SIvs. HC) C (NS vs. HO)

patients with  patients trols (HC,

suicidal without n=44)

ideation (SI,  suicidal

n=35) ideation

(NS, n=32)

Mean SD Mean SD Mean SD  p-value p-value effectsize p-value effectsize p-value effect size
Age 41.11 11.78 47.88 9.00 4198 9.27 0.015 0.011  0.752 0.728 0.094 0.008 0.636
Gender (M/F) 1520 N/A 13/19 N/A 7/37 N/A N/A 0247 N/A 0.009 N/A 0.015 N/A
Education (years) 13.14 3.07 12.84 2.87 13.53 3.15 0.623 0.686  0.105 0.585 0.124 0.331 0.219
HAM-D 1743 633 1516 7.13 514 579 <0.05 0.181  0.318 <0.05 2.122 <0.05 1.731
Anxiety of HADS 12 406 722 415 479 375 <0.05 <0.05 1.152 <0.05 1.923 <0.05 0.648
Depression of HADS 1191 4.77 6.88 4.69 386 3.15 <0.05 <0.05 1.072 <0.05 2.556 <0.05 0.959

SD: Standard deviation, HAM-D Hamilton depression rating scale, HADS Hospital anxiety and depression scale, N/A not applicable, A T-test and
effect size between depressive patients with suicidal ideation and depressive patients without suicidal thoughts, B T-test and effect size between
depressive patients with suicidal ideation and healthy controls, C T-test and effect size between depressive patients without suicidal ideation and

healthy controls
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Fig. 1 Higher FC of the a right hippocampus and b left hippocampus was found in the SI group compared with the NS group. Lower FC of the
c right thalamus, d left thalamus, e right motor cortex, and f left motor cortex was found in the NS group compared with the HC group

Fig.2 a Two-sample t-test results of mfALFF between the SI and the
NS groups (NS > SI, color bar represents t-score). b Lower mfALFF
of the left cuneus and ¢ higher mfALFF of the right middle tempo-
ral pole gyrus were found in the SI group compared with the NS
group. d Two-sample t-test results of mReHo between the SI and the

corrected p <0.05). However, no significant tendency
was found in assortativity (Fig. 4b), transitivity (Fig. 4c¢),
and small-worldness index (o) (Fig. 4d). Although all

NS groups (NS > SI; color bar represents t-score). € Lower mReHo
of the right cuneus and f higher mReHo of the left middle tempo-
ral gyrus (MTG) were found in the SI group compared with the NS

group

participants maintained a small-worldness functional brain
network according to the o calculation, the network was
more like a random network in the SI group.
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Fig.3 The correlation with suicidal ideation. a Positive correlation
between HAM-D and mfALFF in the left cuneus gyrus. b Negative
correlation between HAM-D and mfALFF in the right hippocampus,
superior temporal pole gyrus, and parahippocampal gyrus. ¢ Positive
correlation between HAM-D and mReHo in the right cuneus gyrus.
d Positive correlation between anxiety score and mReHo in the left
postcentral gyrus. e Positive correlation between anxiety score and

(a)

Global efficiency (Eyop.1)

@

N

BN O N e

N

mReHo in the left inferior and middle temporal gyrus. f Negative
correlation between anxiety score and mReHo in right lingual gyrus.
g Positive correlation between depression score and mfALFF in the
right postcentral gyrus. h Positive correlation between depression
score and mfALFF in the left cuneus gyrus. i Positive correlation
between depression score and mReHo in the right cuneus gyrus

Assortativity

density

Small worldness (0)

NS

Fig.4 The topological parameters, including a global efficiency, b assortativity, ¢ transitivity, and d small-worldness () among the three

groups, i.e., the SI, NS and HC groups.
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NBS Analysis

For the NBS analysis, we compared the edges of the brain
networks between the NS and SI groups. One subnetwork
showed more edges in the NS group compared with the SI
group (Fig. 5, p<0.05), including connections from the
orbital frontal gyrus to the right precentral gyrus, bilateral
posterior cingulate cortex, left parahippocampal gyrus, right
inferior frontal operculum gyrus, and left precuneus gyrus;
from the left rectus to the right precentral gyrus, left post-
central gyrus, left superior parietal gyrus, and left inferior
parietal gyrus; from the right middle occipital gyrus to the
left parahippocampal gyrus and left superior parietal gyrus.
We also compared the edges of the brain networks between
the NS and HC groups, however no significant result were
found.

Discussion

Our results demonstrated that widespread and disrupted
network changes in brain functional networks and their
interconnectivity was associated in depressive patients with
suicidal ideation. Our results suggest that the neural basis
underlying the psychopathology in depressive patients with
suicidal ideation involves multiple brain functional networks
and their interaction, which is consistent with one recent
review (Schmaal et al. 2020).

Our results showed an increase in functional connectivity
between both sides of the hippocampus in the SI group. The
activation of the bilateral hippocampus in the SI group was

Fig.5 The NBS analysis results. L
A disrupted subnetwork was
found in the SI group compared
with the NS group (NS > SI)

greater than that in the NS group. The finding was consist-
ent with that from an fMRI study revealing recall of suicide
action was associated with increased activity in the hip-
pocampus (Reisch et al. 2010). In a previous DTI study, the
white matter fibers in the hippocampus of the SI group had
larger RDs than those in the NS and HC groups, and the FA
value was smaller than those of the NS and HC groups (Tay-
lor 2015). This result indicated a reduced integrity of white
matter fibers in the SI group. Taken together, these findings
of the low integrity of white matter of hippocampus may
represent the weak and vulnerable state of brain to suicide
ideation while hyperactivity of hippocampus may represent
the compensation response to suicide ideation. Further stud-
ies combing structural and function MRI to explore this con-
cept are warranted.

In our FC analysis between the NS and the HC groups,
we found lower FC of the bilateral thalamus in the NS
group compared with the HC group. In a previous DTI
study, the RD values of the anterior thalamic radiation of
the SI group were greater than those of the NS and HC
groups, and the FA value was smaller than those of the NS
and HC groups, representing the reduced integrity of white
matter fibers in the SI group (Taylor 2015). Our results
showed decreased functional connectivity between the
thalamus in the ST and NS groups, which was consistent
with the DTI study. In a previous study using NBS analy-
sis, it was found that the number of connections between
the brain regions of the NS group was larger than that of
the SI group, including the left superior frontal gyrus and
the bilateral thalamus (Kim et al. 2017), and the decrease
in brain activity may indirectly lead to a reduction in the

R

PreCG.R

CUN.R

MW
ORBSyomed.R

p:R
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number of connections between networks. Thalamus has
been involved in executive functions (such as planning,
cognitive control, working memory, and decision-making)
(Ouhaz et al. 2018) and executive function deficits is asso-
ciated with suicidality (Bredemeier and Miller 2015).

In the voxel-based analysis results between the SI and
NS groups, we found that the mfALFF of the left cuneus
in the SI group was smaller than that in the NS group, and
the right middle temporal pole gyrus was larger than that
in the NS group. We also found that the mReHo of the
right cuneus in the SI group was smaller than that in the
NS group, and the left middle temporal gyrus was larger
than that in the NS group. A previous study noted that the
functional connectivity between the amygdala and precu-
neus/cuneus on both sides in the SI group was greater than
those of the NS group and the HC group (Wei et al. 2018),
and our results showed that the cuneus of the SI group had
decreased activity. This may result in an increase in the
functional connectivity between the amygdala and pre-
cuneus/cuneus to maintain functional integrity. A recent
study found that the intrinsic functional connectivity of the
right middle temporal pole gyrus was positively correlated
with the severity of suicidal ideation, indicating that the
stronger the degree of suicidal ideation is, the higher the
intrinsic functional connectivity of the right middle tem-
poral pole gyrus is (Du et al. 2017).

The affective network includes the amygdala, orbitofron-
tal cortex, temporal cortex, pallidum, and insular cortex.
Crucially, the affective network has been associated with
processing and regulation of emotions. Emerging neuroim-
aging findings suggest an involvement of the affective net-
work in the pathophysiology of depression (Li et al. 2018).
The insula is a component of the salience network and
through connections with the amygdala and cingulate cortex
may potentiate the neural response to negative stimuli. The
pulvinar nucleus of the thalamus is also involved in this net-
work, and observations of disruption in the internal capsule
and thalamic radiations further support this network may
be disrupted in individuals with suicidal ideation (Hamilton
2012). The default mode network (DMN) mainly encom-
passes the precuneus, posterior cingulate cortex, medial pre-
frontal cortex, and the inferior parietal cortex. This network
is known as a task-negative network as regions within this
network generally demonstrate deactivation during perfor-
mance of cognitive tasks. Enhanced DMN connectivity is
marked in depression (Li et al. 2018). Our data and previous
study provided important clues about neural circuits involve-
ment in suicidal ideation. In a previous study, the activation
of the DMN was negatively correlated with the severity of
suicidal ideation (Ordaz et al. 2018), which means that when
suicidal ideation is more serious, the activation of the DMN
brain region is reduced. It has been suggested that this net-
work may be important in the excessive negative and blunted
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positive internal states that can stimulate suicide ideation
(Schmaal et al. 2020).

In a multiple regression analysis, the association between
the mfALFF and mReHo images of suicidal ideation depres-
sive patients and depression-related scales, including the
HAM-D and the anxiety score and depression score of
HADS was performed. An imaged brain area positively
associated with the scale indicates a higher representative
scale score and higher activity of the brain area (SI>HC); an
imaged brain area negatively associated with the scale indi-
cates a lower the score of the representative scale and higher
activity of the brain area (HC > SI). First, regarding the cor-
relation between mfALFF and HAM-D, we found that the
left cuneus of SI was positively correlated with HAM-D, and
the right hippocampus, right superior temporal pole gyrus
and right parahippocampal gyrus were negatively correlated
with HAM-D. Regarding the correlation between mReHo
and HAM-D, we found that the right cuneus of SI was posi-
tively correlated with HAM-D. A previous study noted that
the functional connectivity between the amygdala and pre-
cuneus/cuneus on both sides of the SI group were greater
than those in the NS and HC groups (Wei et al. 2018), and
the result was similar to our results. More depressed patients
have higher activity of cuneus. A previous study mentioned
that the activation of DMN was negatively correlated with
the severity of suicidal ideation (Ordaz et al. 2018), indicat-
ing that a stronger degree of suicidal ideation was associated
with lower activation of the brain region of the DMN, medial
prefrontal cortex, posterior cingulate cortex and hippocam-
pus, consistent with our results.

Regarding the correlation between mReHo and anxiety
score, we found that the left postcentral gyrus, left inferior
temporal gyrus and left middle temporal gyrus in the SI
group were positively correlated with the anxiety score, and
the right lingual gyrus was negatively correlated with the
anxiety score. This means that higher patient anxiety was
associated with higher regional homogeneity around the
brain regions of the left postcentral gyrus, left inferior tem-
poral gyrus and left middle temporal gyrus. Lower patient
anxiety was associated with lower regional homogeneity of
the brain around the right lingual gyrus. In the correlation
between the mfALFF and depression score, we found that
right postcentral gyrus and left cuneus in SI were positively
correlated with the depression score. In the correlation
between mReHo and depression score, we found that the
right cuneus gyrus in SI was positively correlated with the
depression score. This means that when the patient has a
higher degree of depression, the activity of the brain area
is also higher. A previous study mentioned the functional
connectivity between the amygdala and precuneus/cuneus
on both sides of the SI group was greater than those in the
NS and HC groups (Wei et al. 2018), which was similar to
our experimental results.
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In the graph theory analysis, we found that the global
efficiency of HC was significant less than that of the NS
group. Although the other topological parameters were
not significant, there was still a trend. We found larger
global efficiency and lower assortativity, transitivity
in the SI group compared with HC group. The small-
worldness is used to describe the state of the brain net-
work connection with a value between Oandl. Although
our results showed all participants maintained a small-
worldness functional brain network according to the o
calculation, the network was more like a random network
in the SI group.

Regarding the NBS analysis results, we found that the
number of connections between brain regions in the NS
group was larger than that of the SI group. In a previ-
ous study using NBS analysis (Myung et al. 2016), it
was found that the number of connections between brain
regions of the NS group was larger than that of the SI
group, similar to our results, and similar brain regions
were found, including the left middle orbitofrontal gyrus,
right middle occipital gyrus and left superior parietal
gyrus.

It is noteworthy to mention the limitation for the
unmeasured characteristics of healthy control like obe-
sity, gambling, internet addiction, ADHD etc. These
characteristics links to reward deficiency syndrome
(RDS) and a hypodopaminergic trait (Blum et al. 2000).
It has been suggested that DA-related genetic variants
including catechol-O-methyltransferase (COMT), DA
D2 receptor (DRD2), and DA transporter gene (DAT) are
related to depression while reward network mediates the
relationship between the dopamine genetic profile and
depression (Gong et al. 2017). The small sample sizes
and unbalanced age and sex of case and control subjects
create limitations on the study findings. While the sizes
of groups are small thus reducing power and overall
stability of findings, we added FDR adjustment and co-
varying age and sex in the analysis for meeting the cur-
rent standard. Further studies are warranted to include
larger sample size of age- and sex-matching depressive
patients with suicidal ideation to explore the association
between different level of severity of suicidal ideation and
brain image, such as level of suicide intent or lethality of
suicide methods. The confirmation suicidal ideation was
primarily based on psychiatrists’ diagnosis and the Mini-
International Neuropsychiatric Interview (MINI) carried
out by the trained research nurse. Although the informa-
tion still came from patients, since the assessment was
based on the volunteer participants’ understanding for the
research goal to create the objective tool to detect suicide
ideation rather than real world practice, the participants
were less likely to deny the suicide ideation.

Conclusions

We found functional activity differences, such as the hip-
pocampus and thalamus, in the SI group compared with the
NS group. We also concluded lower activity in the thalamus
and cuneus regions were related to suicidal ideation. We
also found several connectivity of the brain areas, such as
hippocampus, cuneus, and frontal regions, in the SI group
correlated with severity of anxiety and depression. GTA and
NBS analysis revealed different topological organization
and slightly better local segregation of the brain network
in healthy participants compared with those in depressive
patients with suicidal ideation. We concluded that the brain
function of depressive disorders with suicidal ideation was
different than that in depressive disorders without suicidal
ideation and in healthy participants. The findings from pre-
sent study can serve as the basis for further algorithm studies
by machine learning method to stratify the risk population.
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