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Abstract
Background: Suicide remains a critical public health issue, with self-report-based clinical assessments often failing to detect
imminent risk. This study aimed to identify objective electroencephalography (EEG)-based neurobiological markers for differ-
entiating a suicide attempt (SA) from suicidal ideation (SI) using EEG microstate and microstate-based functional connectivity
(FC) analyses.

Methods: From 2017 to 2020, this study enrolled 130 medication-naïve major depressive disorder patients (68 SA, evaluated
within 7 days of the attempt; 62 SI) at Soonchunhyang University Cheonan Hospital. Resting-state EEG data were analyzed
using microstate analysis to explore temporal dynamics of brain topography and microstate-based FC to assess connectivity in
theta, alpha, and beta bands. Correlations between EEG features and psychological measures (e.g., suicidal ideation, depression,
emotion regulation) were examined.

Results: Compared with the SI group, the SA group showed a marginally lower frequency of occurrence for microstates A
(auditory/language processing) and B (visual processing) (p = 0.078 for both). The SA group demonstrated significantly higher
alpha-band FC during microstate E (linked to the default mode network (DMN)) for several electrode pairs (e.g., F7–C5, p = 0.009;
FC5–C5, p = 0.005). The SA group also exhibited marginally higher FC in the alpha band during microstates C (DMN-related)
and B, and in the theta band during microstate E. A subsequent within-group analysis revealed that in the SI group, alpha-band
FC during microstate E positively correlated with scores for difficulties in emotion regulation (r = 0.433, p = 0.017).

Limitations: Findings are limited by potential physiological confounds in the SA group and by the limited anatomical speci-
ficity inherent in sensor-space EEG analysis.

Conclusion: EEG microstate dynamics and microstate-based FC differ between patients with SA and SI. Specifically, enhanced
alpha-band connectivity during microstate E in the SA group potentially reflects condition-specific DMN functions. These
EEG-based measures show promise as objective markers that complement clinical suicide risk assessment and inform early
intervention strategies.
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Introduction
Suicide remains a critical global public health issue, result-

ing in over 720 000 deaths annually.1 Given the multifacto-
rial etiology of suicide, comprehensive frameworks that in-
tegrate biological, psychological, and sociocultural determi-
nants are essential for understanding and preventing suicidal
behavior.2 However, current clinical assessments, which rely
predominantly on interviews and self-reported instruments,
may fail to detect imminent risks. Indeed, some individuals
deny experiencing suicidal thoughts even shortly before an
attempt, which underscores the urgent need for objective
and reliable biological markers.3,4

Electroencephalography (EEG) has the potential to eluci-
date the neurophysiological basis of suicidal behavior.5 It
offers a high temporal resolution, relatively low cost, and
widespread accessibility, potentially providing a valuable ob-
jective complement to traditional clinical assessments.6 Anal-
ysis of frontal alpha asymmetry at F7–F8 in patients with ma-
jor depressive disorder (MDD) revealed distinct patterns of
correlation with suicidal behavior depending on the domi-
nant hemisphere. Individuals with left-dominant asymmetry
demonstrated significant positive correlations of both low-
alpha-band and total-alpha-band asymmetry with suicidal be-
havior. Conversely, those with right-dominant asymmetry ex-
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hibited a significant positive association between high-alpha-
band asymmetry and suicidal behavior.7 Furthermore, re-
search identified significant differences in high-alpha-band
network measures between patients with suicide attempt
(SA) and those with suicidal ideation (SI). Specifically, patients
with SA demonstrated lower strength and clustering coeffi-
cients (CC) and higher path lengths compared to those with
SI. At the nodal level, these patients showed lower high-alpha-
band CCs in most brain regions. This analysis achieved a
classification accuracy of 73.39% for distinguishing between
SA and SI groups using high-alpha-band network features.8

Building on these single-modality findings, additional re-
search examining youth and young adults with mood dis-
orders utilized EEG with source localization alongside func-
tional magnetic resonance imaging (fMRI) data. This mul-
timodal approach found consistent default mode network
(DMN) dysfunction across multiple EEG frequency bands
(theta, alpha, and beta), which was associated with SI.9

These spectral- and connectivity-based approaches have ad-
vanced the understanding of the neurophysiological corre-
lates of suicidal behavior; however, they primarily capture
sustained neural states over seconds to minutes. Such meth-
ods may fail to capture the dynamic, millisecond-scale fluctu-
ations in brain activity that underlie rapidly changing cogni-
tive and affective processes,10 a limitation the present study
aims to address through microstate analysis and microstate-
based functional connectivity (FC) analysis. Microstate analy-
sis segments the continuous EEG signal into transient and
quasi-stable states characterized by distinct scalp topogra-
phies. These states, or microstates, are thought to represent
fundamental units of cognition, with different topographies
linked to distinct large-scale neural networks. For instance,
based on source localization studies, microstate A is associ-
ated with the auditory/language network, microstate B with
the visual network (VN), and microstates C and E are linked to
different components of the DMN.11 Each microstate lasts ap-
proximately 60–120 ms, thus enabling a more detailed exami-
nation of moment-to-moment brain dynamics.12 In addition,
microstate-based FC analysis facilitates the investigation of
connectivity patterns specific to these transient brain states,
offering a richer and more nuanced understanding of the un-
derlying neural network dynamics.13

The present study employs microstate and microstate-
based FC analyses of resting-state EEG data to investigate the
neurobiological distinctions between patients with SA and
those with SI. This methodological approach offers several
key advantages: it captures the dynamic nature of brain ac-
tivity, provides a data-driven framework for identifying recur-
ring neural states, and enables the detection of state-specific
connectivity patterns. Considering previous findings linking
alpha-band activity to suicidal behavior, it was hypothesized
that microstate-based FC measures would reveal significant
differences between the SA and SI groups, particularly within
the alpha band. Additionally, the study examines the corre-
lation between these EEG-derived markers and established
psychological indicators of suicide risk. This comprehensive
analysis aims to advance the understanding of the rapid neu-
ral dynamics underlying suicidal behavior and to contribute

to the development of more sensitive and objective measures
for suicide risk assessment in clinical settings.

Materials and methods

Participants
Between September 2017 and March 2020, 130 medication-

naïve patients with MDD were enrolled and allocated to ei-
ther an SA group (n = 68) or an SI group (n = 62). Diagnoses
were established by a board-certified psychiatrist according
to the criteria of the Diagnostic and Statistical Manual of Men-
tal Disorders, 4th edition (DSM-IV), using the Structured Clin-
ical Interview for DSM-IV Axis I Disorders (SCID-I).14

General exclusion criteria comprised neurological disor-
ders, severe medical illnesses, intellectual disability, history
of electroconvulsive therapy, alcohol abuse, and significant
head injury. Furthermore, individuals with a history of non-
suicidal self-injury (NSSI) were excluded to isolate neurobi-
ological markers specifically associated with the transition
from SI to SA and to minimize confounding from different
underlying psychopathologies.

The SA group was recruited through referrals from the
medical or emergency departments to the psychiatry depart-
ment of Soonchunhyang University Cheonan Hospital. At-
tempts determined to have lethal intent through clinical as-
sessment included drug overdose (n = 28, 41.2%), pesticide
poisoning (n = 28, 41.2%), cutting (n = 7, 10.3%), hanging
(n = 3, 4.4%), and falling (n = 2, 2.9%). Admission to the Med-
ical Intensive Care Unit (MICU) or Emergency Intensive Care
Unit (EICU) following the attempt served as a primary inclu-
sion criterion.

Enrollment proceeded only after medical stabilization in
the MICU or EICU and transfer to the psychiatric ward. At
this point, treating physicians confirmed capacity to pro-
vide informed consent and the absence of medical conditions
that could confound EEG recordings. A standardized proto-
col, which included detoxification procedures (e.g., dialysis,
intravenous hydration) for intoxication-related attempts, was
subsequently implemented to minimize potential confounds.
Furthermore, no new medications known to affect EEG out-
comes were administered during this stabilization period.

The SI group was recruited from the psychiatric outpatient
clinic and comprised patients with MDD without a lifetime
history of SA or NSSI. Inclusion in this group required a score
of 1 or greater on the initial five items and a total score of 9
or higher on the Beck Scale for Suicide Ideation (BSI).15,16

For the SI group, psychological and EEG assessments were
conducted at recruitment. For the SA group, assessments oc-
curred after stabilization, with EEG recordings scheduled ei-
ther immediately prior to discharge or at the earliest feasi-
ble outpatient visit if emotional instability was a concern; all
such recordings were obtained within 7 days post-attempt. To
ensure that all participants remained medication-naïve dur-
ing assessment and to prevent pharmacological interference,
psychiatric medication, when clinically indicated, was initi-
ated only after EEG completion.
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Psychological measures
Psychological constructs were assessed using the following

self-report instruments: the BSI, Beck Depression Inventory
(BDI), Beck Anxiety Inventory (BAI), Barratt Impulsiveness
Scale (BIS-11), and Difficulties in Emotion Regulation Scale
(DERS).

Current suicidal ideation was measured using the Ko-
rean version of the BSI.17 This self-administered question-
naire consists of 19 items evaluating suicidal ideation and
preparatory behaviors during the week prior to its admin-
istration, and two additional items assessing previous sui-
cidal behaviors. Each item is scored on a 0–2 scale, yield-
ing a total possible score ranging from 0 to 38.18 Partic-
ipants initially completed the first five items. If the fifth
item received a score of 1 or 2, participants continued
with the remaining items; otherwise, the assessment was
discontinued.19

The Korean versions of the BDI and BAI were administered
to assess depressive and anxiety symptoms, respectively.20,21

Both the BDI and BAI consist of 21 items; each item is rated on
a 0–3 Likert scale. Total scores for each inventory range from
0 to 63, with higher scores indicating more severe symptoms
in each domain.

The BIS-11 was used to measure impulsivity.22 This instru-
ment consists of 30 items that assess impulsive personality
and behavioral constructs across three second-order factors:
attentional, motor, and non-planning subtypes. Each item is
rated on a 1–4 Likert scale, producing a total score ranging
from 30 to 120, with higher scores indicating greater impul-
sivity.

Additionally, the DERS was used to assess emotion regu-
lation. This instrument consists of 36 self-report items; each
item is rated on a 1–5 Likert scale. Total scores range from
36 to 180, with higher scores indicating greater difficulties in
emotion regulation.23

EEG acquisition
Prior to the recording, participants were instructed to ab-

stain from substances known to affect the EEG, such as caf-
feine and nicotine. Resting-state EEG data were recorded for
5 min in a sound-attenuated room, and participants were
instructed to keep their eyes open. This condition was cho-
sen to minimize drowsiness and prevent the intrusion of
sleep-related brain activity, which can significantly alter al-
pha rhythms and thus confound the analysis.24 EEG signals
were recorded using a NeuroScan SynAmps2 amplifier (Com-
pumedics USA, Charlotte, NC, USA) with a Quik-Cap equipped
with 62 Ag/AgCl electrodes arranged according to the ex-
tended 10–20 system. The Cz electrode served as the refer-
ence electrode, and the ground electrode was placed on the
forehead. Horizontal electrooculogram (EOG) electrodes were
placed at the outer canthi of both eyes, and vertical EOG elec-
trodes were positioned above and below the left eye to mon-
itor eye movements. Electrode impedances were kept below
5 k� throughout the recording. The EEG signals were band-
pass filtered (0.1–100 Hz) and digitized at a sampling rate of
1000 Hz.

EEG preprocessing
EEG preprocessing consisted of several steps designed to

ensure optimal data quality. Initially, EEG data were down-
sampled to 128 Hz and then filtered using a finite impulse
response (FIR) band-pass filter with a passband of 1–40 Hz.
Following this, the signal was decomposed into eight lev-
els using the discrete wavelet transform with a biorthogonal
4.4 basis to facilitate artifact removal. Subsequently, Bayesian
estimation was applied to compute level-specific thresholds
for artifact detection. Wavelet coefficients exceeding these
thresholds were classified as artifacts, and the inverse wavelet
transform was then applied to reconstruct the correspond-
ing time-domain artifact signals. The reconstructed artifact
signals were subtracted from the original EEG data.25 Inde-
pendent component analysis was performed to identify and
remove residual artifacts, thereby further refining the EEG
data. Finally, a common average reference was applied to all
channels to standardize the reference and minimize poten-
tial bias.

For microstate analysis, a continuous 40 s segment of
artifact-free EEG data with a maximum absolute voltage not
exceeding 90 μV was selected for each participant. This seg-
ment length was chosen based on previous research demon-
strating its effectiveness for microstate analysis.26,27 For in-
stance, one study found that 40 s epochs showed greater tem-
poral stability, with a non-stationarity of 44%, compared with
60% for 20 s epochs and 80% for 10 s epochs.28 Therefore, se-
lecting a 40 s epoch optimized temporal stability by signifi-
cantly reducing non-stationarity and provided a segment of
sufficient length to robustly characterize the underlying EEG
dynamics. To complement this analysis of temporal dynam-
ics, a supplementary power spectral density analysis was con-
ducted to characterize the overall spectral properties of the
EEG in each group (see Supplementary Fig. S1 and supple-
mentary material for methods and results). All preprocessing
steps described in this section were executed using MATLAB
R2021b (MathWorks, Natick, MA, USA).

Microstate analysis
The analysis was performed using the MICROSTATELAB

toolbox integrated with EEGLAB.29 Initially, microstate maps
were generated from the EEG data of each participant us-
ing the atomize–agglomerate hierarchical clustering algo-
rithm.30 This clustering was performed on the global field
power (GFP) peaks of the EEG data, with polarity disregarded,
as topographies with opposite polarities reflect the same un-
derlying brain activity.

The GFP at each time point was computed using the follow-
ing equation:31

GFP (t ) =
√∑K

i=1 (Vi (t ) − Vmean (t ))2

K

In the equation, K denotes the number of EEG electrodes,
Vi (t ) is the potential at electrode i at time t, and Vmean(t) rep-
resents the mean potential across all electrodes at time t. GFP
peaks were defined as time points where the GFP value was
greater than the values at the immediately preceding and fol-
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Fig. 1. Comparison of topographic maps for four electroencephalography (EEG) microstate classes (A, B, C, and E) across dif-
ferent groups. The rows display the characteristic scalp potential distribution for the Grand Mean (average of all participants),
the Suicidal Ideation (SI) group, and the Suicide Attempt (SA) group.

lowing time points (i.e., local maxima). Following GFP compu-
tation, the optimal number of microstate clusters was deter-
mined primarily to ensure comparability with findings in the
broader literature.32,33 Therefore, the four-class solution was
chosen, as it represents the most widely reported solution
in resting-state EEG microstate research. The selected four-
class solution explained an average of 51.83% of the global ex-
plained variance across all participants (standard deviation,
SD = 11.43%; SI group: 51.25%, SD = 10.79%; SA group: 52.36%,
SD = 12.03%).

A hierarchical, multilevel clustering approach was used to
compute the mean and Grand Mean maps. First, individual
microstate maps were generated for each participant. These
participant-level maps were then used as input for a second-
level clustering to create group-mean maps for the SI and SA
groups separately. Finally, these two group-mean maps were
clustered together to produce the final Grand Mean map.
This Grand Mean map was then sorted and labeled based on
the highest spatial correlation with the normative seven-class
template proposed by Custo et al.11 The resulting four maps
corresponded to microstates A, B, C, and E, and achieved
high spatial correlations with the template maps of 72.43%,
74.13%, 95.04%, and 85.84%, respectively (Fig. 1). To ensure
topographical consistency, individual microstate maps were
visualized in a multidimensional scaling plot to identify any
topographical outliers; however, no topographical outliers
were identified in this dataset.34

The sorted Grand Mean map was then back-fitted to the
continuous EEG data, assigning the microstate class with
the highest spatial correlation to each GFP peak. The time
points between these peaks were then labeled using tempo-
ral interpolation, which assigned each non-peak time point
the same label as the temporally nearest GFP peak. Subse-
quently, temporal parameters——including average duration,
frequency of occurrence, and percentage of time coverage——
were extracted for each microstate based on the assigned la-
bels.

Microstate-based functional connectivity
analysis

For each microstate class, FC was quantified using the
phase lag index (PLI) across all channel pairs within three
frequency bands: theta (4–8 Hz), alpha (8–12 Hz), and beta
(12–30 Hz). EEG signals were band-pass filtered for these fre-
quency ranges using an FIR filter. To precisely estimate the
phase and amplitude of the time-domain signals, the Hilbert
transform was applied using boundary extension techniques
(detailed procedures are provided in the supplementary ma-
terials).

The analysis was conducted in sensor space. While source-
space analysis would offer enhanced anatomical localization,
it would introduce unique methodological challenges, such
as addressing dipole flipping in source space, which typi-
cally requires discarding polarity (via absolute value or ampli-
tude envelope transforms), thereby forfeiting polarity infor-
mation.35 The primary objective was to identify robust, com-
parable biomarkers rather than their precise anatomical ori-
gins. Therefore, the well-established sensor-space approach
was employed to prevent the introduction of novel interpre-
tative biases and to ensure consistency with the broader mi-
crostate literature.

Following the Hilbert transform, the analytic signal seg-
ments corresponding to each microstate class were concate-
nated to form a continuous time series. Although discon-
tinuities occurred at microstate transitions, the phase and
amplitude information was preserved because the Hilbert
transform was applied to the continuous data prior to seg-
mentation.36 Subsequently, to standardize the data volume
for analysis and ensure methodological consistency across
participants and microstate classes, a random sampling ap-
proach was employed. For each participant and microstate
class, 50 random starting points were selected from the con-
catenated time series, from which a continuous 2 s epoch was
extracted.
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Table 1. Demographic, clinical, and psychological characteristics of study participants.

Variable Suicidal ideation (n = 62) Suicide attempt (n = 68) p

Sex (male/female) 25/37 27/41 0.942

Age (years) 40.48 ± 14.85 41.75 ± 14.74 0.627

Education (years) 11.87 ± 3.50 10.97 ± 3.21 0.130

Beck Scale for Suicide Ideation 20.12 ± 3.16 20.23 ± 3.55 0.857

Beck Depression Inventory 53.58 ± 9.29 51.86 ± 13.14 0.389

Beck Anxiety Inventory 31.22 ± 13.85 26.48 ± 14.34 0.057

Barratt Impulsiveness Scale 73.79 ± 11.27 71.95 ± 9.91 0.328

Attentional Impulsiveness 19.75 ± 3.77 18.76 ± 3.60 0.128

Motor Impulsiveness 24.87 ± 5.15 24.50 ± 4.45 0.663

Non-Planning Impulsiveness 29.16 ± 4.76 28.69 ± 4.26 0.555

Difficulties in Emotion Regulation Scale 111.04 ± 23.77 105.80 ± 23.32 0.207

For each epoch and channel pair, the PLI was calculated
using the following formula:

PLI = |< sign [sin (�ϕ (t ))] >|

In this formula, �ϕ(t) is the instantaneous phase differ-
ence between two channels at time t, sign[·] represents the
signum function, and 〈·〉 denotes averaging over time points.
The resulting PLI values range from 0 (no phase coupling) to
1 (perfect phase locking). A key advantage of this measure
is its relative insensitivity to volume conduction compared
to other phase synchronization measures.37 The PLI values
from the 50 epochs were then averaged to yield a connec-
tivity matrix for each microstate class and participant. This
approach was chosen to mitigate potential bias from variable
microstate durations and provide a consistent basis for com-
parison across the dataset.

Statistical analysis
Statistical analyses were conducted to compare demo-

graphic variables, psychological measures, and EEG mi-
crostate parameters between groups. Initially, demographic
variables and psychological measures were compared using
Welch’s t tests because Levene’s test indicated a violation of
the homogeneity of variance assumption. Additionally, sex
differences were evaluated using a χ2 test. The normality as-
sumption was satisfied for all variables, with absolute skew-
ness not exceeding 2 and absolute kurtosis remaining below
7.38

Welch’s t tests were also applied to microstate-derived pa-
rameters, including average duration, frequency of occur-
rence, and time coverage. The resulting p values were subse-
quently adjusted using the false discovery rate (FDR) correc-
tion method to account for multiple comparisons.39 Follow-
ing this, microstate-based FC measures were examined. Be-
cause microstate-based FC measures constitute an inherently
interconnected set in which each connection may influence
the interpretation of others, a permutation-based T-max pro-
cedure was employed to account for such interdependencies
and control the family-wise error rate.40

For this procedure, data from both groups were pooled,
and 5000 permutations were performed. In each iteration,

participants were randomly reassigned to two groups match-
ing the original sample sizes. Subsequently, Welch’s t tests
were conducted on each microstate-based FC measure, and
the maximum absolute t value (T-max) from each permuta-
tion was recorded to construct an empirical null distribution.
This distribution established the critical threshold for statis-
tical significance at α = 0.05, thereby controlling the family-
wise error rate. Any connectivity measure with an observed
t value exceeding this threshold was deemed statistically sig-
nificant.

To investigate associations between EEG features and psy-
chological measures, Pearson’s correlation analysis was per-
formed. Specifically, EEG features that showed significant
group differences (corrected p < 0.05) were correlated with
scores from the BSI, BDI, BAI, BIS-11, and DERS. These analy-
ses were conducted separately within each group (SA and SI).
The p values from these correlations were then adjusted us-
ing the FDR method to correct for multiple comparisons. For
all statistical tests, a significance threshold of p < 0.05 was
adopted, and p values between 0.05 and 0.10 were regarded
as marginally significant. All statistical procedures were per-
formed using MATLAB R2021b.

Ethics approval
This study was approved by the Soonchunhyang Univer-

sity Cheonan Hospital Institutional Review Board (IRB No.
2017-06-035). All procedures conformed to the Declaration of
Helsinki and applicable institutional and national research
ethics regulations. Written informed consent was obtained
from all participants after treating physicians verified deci-
sional capacity. As specified in the IRB-approved protocol,
participants were required to be medication-naïve at the time
of assessment, and assessments for the SA group were con-
ducted within 7 days after the attempt.

Results

Characteristics of suicidal ideation and suicide
attempt groups

Table 1 presents the demographic and psychological char-
acteristics of the study participants. No statistically signifi-
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Fig. 2. Temporal characteristics of microstate classes in pa-
tients with suicidal ideation (SI) and suicide attempt (SA). This
bar graph displays the frequency of occurrence (per second)
for four microstate classes (A, B, C, and E) in patients with
SI (light gray) and those with SA (dark gray). Error bars indi-
cate standard errors. Marginally significant differences (false
discovery rate (FDR)-corrected; †p = 0.078) were observed for
microstate classes A and B, with the SA group exhibiting a
lower frequency than the SI group.

cant differences were detected between the SI and SA groups
regarding demographic variables (sex, age, and education) or
psychological measures (including suicidal ideation, depres-
sion, anxiety, impulsivity, and emotion regulation).

Microstate temporal characteristics
Marginally significant differences in the frequency of oc-

currence of microstate classes A and B (p = 0.078 for both
classes, FDR-corrected) were identified between the SA and
SI groups. The SA group exhibited a lower frequency of oc-
currence in both microstate classes compared to the SI group
(Fig. 2). Additionally, no significant differences were observed
in the average duration or the percentage of time coverage
for any microstate class.

Microstate-based functional connectivity
The microstate-based PLI analysis revealed several signif-

icant group differences in alpha-band FC. Across all elec-
trode pairs with statistically significant differences, the SA
group consistently demonstrated higher PLI values than the
SI group. In the alpha band during microstate E, the SA group
showed significantly higher FC for the following electrode
pairs: F5–F6 (p = 0.043), F7–C5 (p = 0.009), FC5–C5 (p = 0.005),
F7–P3 (p = 0.020), and CP2–CB1 (p = 0.041) (Fig. 3). Addition-
ally, marginally significant differences were observed. In the
alpha band, the SA group showed marginally higher FC for
the electrode pair AF3–F4 (p = 0.055) in microstate B and for
the pair AF3–F5 (p = 0.064) in microstate C. In the theta band,
the SA group showed marginally higher FC for the electrode
pair Cz–TP7 in microstate E (p = 0.078). All reported p val-
ues for these connectivity analyses were corrected for multi-
ple comparisons using the T-max procedure. Detailed results
and PLI matrices for all significant and marginally significant

findings are provided in the supplementary materials (Sup-
plementary Figs. S2–S8).

Correlations between EEG features and
psychological measures

To investigate the clinical relevance of EEG features that
showed significant group differences (corrected p < 0.05), cor-
relation analyses were performed. Specifically, the FC val-
ues in the alpha band during microstate E were examined
against all collected psychological measures (BSI, BDI, BAI,
BIS-11, and DERS) for the SI and SA groups separately. Fol-
lowing an FDR correction for multiple comparisons, a sin-
gle significant positive correlation emerged: in the SI group,
alpha-band PLI values for the CP2–CB1 electrode pair dur-
ing microstate E were positively correlated with DERS scores
(r = 0.433, p = 0.017, FDR-corrected) (Fig. 4).

Discussion
This study investigated neurophysiological differences that

distinguish SA from SI in patients with MDD using EEG
microstate and FC analyses. The SA group exhibited a
marginally lower frequency of occurrence for microstates A
and B compared to the SI group. Furthermore, microstate-
based FC analysis demonstrated significantly higher alpha-
band connectivity during microstate E in the SA group, with
marginally significant increases also observed in the alpha
band during microstates B and C, and in the theta band dur-
ing microstate E. In the SI group, a significant positive cor-
relation was identified between alpha-band FC during mi-
crostate E and scores on the DERS.

The SA group exhibited significantly higher alpha-band FC
during microstate E. Microstate E is associated with activa-
tion of key nodes within the DMN, including the anterior
cingulate cortex (ACC), posterior cingulate cortex (PCC), and
precuneus.11 This result aligns with previous fMRI studies im-
plicating DMN dysfunction in suicidal behavior. Recent re-
search has indicated that patients with SA show greater ac-
tivity in the precuneus of the posterior DMN and the medial
prefrontal region of the dorsomedial DMN compared to con-
trols, with neural activity in the posterior DMN also correlat-
ing positively with recent suicidal activity.41 Such increased
DMN activity and connectivity may reflect heightened self-
referential processing and rumination, both of which are as-
sociated with suicidal behavior.42 This interpretation is fur-
ther supported by a meta-analysis of fMRI studies, which
demonstrated that rumination is robustly associated with in-
creased activation in core regions of the DMN, including the
PCC. This research also identified co-activation of the subgen-
ual prefrontal cortex.43 Consequently, alpha-band connectiv-
ity during microstate E may serve as a key neurophysiological
indicator differentiating SA from SI.

The functional characteristics of alpha oscillations help ex-
plain the pronounced differences observed in this frequency
band. Alpha rhythms play a crucial role in internal attention
and inhibitory processes and are closely linked to emotion
regulation and rumination.44 The increased alpha-band con-
nectivity during microstate E in the SA group could reflect a
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Fig. 3. Functional connectivity (FC) in the alpha band for microstate E. This violin plot illustrates the differences in FC in
the alpha band for microstate E between patients with suicidal ideation (SI) and patients with suicide attempt (SA). Data are
presented for five electrode pairs: F5–F6, F7–C5, FC5–C5, F7–P3, and CP2–CB1. In each plot, the distribution of connectivity
values is shown, with patients with SI represented in blue and patients with SA in orange. Each dot represents the FC value
for an individual patient. The gray bar within each violin plot indicates the interquartile range, and the white dot denotes the
median value. Statistical significance is indicated by asterisks above each plot, reflecting T-max-corrected p values (∗p < 0.05,
∗∗p < 0.01).

bias in these regulatory and attentional functions, character-
ized by a narrowed attentional scope that impairs cognitive
flexibility and potentially leads to a fixation on negative in-
formation or thoughts.45,46 Previous research has shown that
patients with SA exhibit significantly higher levels of rumina-
tion than those without SA.47 Given that the DMN is involved
in self-referential processing and rumination,48 the observed
alpha-band differences provide a physiologically plausible ba-
sis for the distinct patterns of rumination, attentional con-
trol, and negative information processing that appear to dif-
ferentiate between the SA and SI groups.

A notable divergence exists between the neurophysiologi-
cal data and the self-reported psychological measures. While
the SA and SI groups did not differ significantly in the sever-
ity of depression (BDI) or anxiety (BAI), distinct differences
were observed in EEG microstate and FC patterns. This sug-
gests that the identified EEG markers may represent a neu-
robiological predisposition toward suicidal acts rather than
merely reflecting the current state of depressive symptom
severity. These markers could, therefore, represent the un-
derlying neural mechanisms that facilitate the transition

from ideation to attempt——a distinction not always captured
by standard clinical scales. This distinction underscores the
incremental value of EEG-derived markers beyond conven-
tional rating scales. This interpretation is further substan-
tiated by the specificity of the correlation results. In the SI
group, the only correlation that remained significant was
between alpha-band FC during microstate E (for the elec-
trode pair CP2–CB1) and DERS scores. The DMN is central to
self-referential processing and rumination,48 and the DERS
measures difficulties in emotion regulation. This construct is
strongly linked to the ruminative, self-focused thought pat-
terns that can be difficult to disengage from.49 In contrast,
broad measures like the BDI and BAI encompass a wider spec-
trum of symptoms, such as sleep and appetite disturbances,
which may be less directly related to the core functions of
the DMN.50 Therefore, altered DMN FC appears more mech-
anistically linked to emotion dysregulation than to overall
depression severity.

Meanwhile, the absence of a DMN–DERS correlation in the
SA group, despite stronger DMN connectivity, complicates
the interpretation. The psychological state following a sui-
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Fig. 4. Correlation between functional connectivity (FC) and
Difficulties in Emotion Regulation Scale (DERS) scores in pa-
tients with suicidal ideation (SI). This scatter plot illustrates
the relationship between FC and DERS scores in patients with
SI. The x-axis displays the FC values for the electrode pair
CP2–CB1 in the alpha band during microstate E, while the y-
axis represents the DERS scores. Each point corresponds to an
individual patient. The gray line shows the linear regression
fit, with the shaded area indicating the 95% confidence inter-
val. A significant positive correlation was observed (Pearson’s
r = 0.433, false discovery rate (FDR)-corrected p = 0.017).

cide attempt can be highly heterogeneous; some patients
may experience relief, while others continue to have high lev-
els of suicidal ideation. In this context, the lack of correlation
in the SA group suggests an alternative interpretation: the
heightened DMN coupling could reflect a post-attempt com-
pensatory or state-dependent response rather than a stable,
trait-level vulnerability. This possibility is strengthened by
the potential for residual physiological effects post-attempt,
as acknowledged in the Limitations section. The observed
between-group difference should thus be cautiously inter-
preted as a neurophysiological indicator proximal to a crisis,
specifically indicating acute neural patterns associated with
recent suicidal events. Disentangling vulnerability from com-
pensation will require prospective studies that track individ-
uals from ideation through post-attempt recovery.

Temporal microstate metrics indicated a marginally lower
frequency of occurrence of microstates A and B in the SA
group compared to the SI group. Both microstates are asso-
ciated with activation of the insula; microstate A is linked to
the auditory/language network, and microstate B is linked to
the VN. Specifically, microstate A corresponds to activity in
the left temporal lobe and the left insula, regions involved in
auditory and language processing, whereas microstate B is as-
sociated with activation in the occipital cortex, right insula,
right frontal eye field, and other regions involved in visual
processing.11 These findings are consistent with neuroimag-
ing studies that have reported reduced insular activity. For
instance, reduced insular activity has been observed during
decision-making tasks, such as the Iowa Gambling Task, in-

dicating impaired risk–reward evaluation. Reduced activity
has also been noted during social exclusion tasks in individu-
als with a recent suicide attempt, suggesting distorted social
perception.51 Additionally, decreased connectivity between
the ventral anterior insula and the superior frontal gyrus has
been observed, and this decrease was negatively correlated
with psychological pain avoidance.52 Given the insula’s criti-
cal role in interoceptive processing and emotion regulation,53

the reduced occurrence of insula-linked microstates may in-
dicate attenuated insular recruitment and altered coupling
with frontal control regions, which could potentially impair
interoceptive awareness and lead to emotional dysregulation.
This finding suggests a complementary neurophysiological
pathway that may operate alongside DMN-centered mecha-
nisms.

The marginally significant differences observed in other
microstates also have important implications. The increased
connectivity during microstate C could suggest that DMN-
related dysfunction manifests across multiple transient brain
states; this interpretation is consistent with the topographi-
cal labeling adopted in this study.11 However, the functional
interpretation of microstates remains a topic of active debate.
For instance, some research associates microstate C with
salience or cognitive control networks that regulate atten-
tion allocation and error monitoring.54,55 From this perspec-
tive, the finding might reflect dysregulated attentional pro-
cesses or impaired cognitive control in the SA group, which
implies a potential disruption in large-scale network dynam-
ics. Other observed alterations provide further insight. In-
creased alpha-band connectivity during microstate B, for ex-
ample, implicates functional alterations in visual–attentional
circuitry, consistent with fMRI findings linking VN-dorsal at-
tention network coupling with affective somatization in de-
pression.56 This heightened connectivity may reflect an ex-
cessive focus on or biased processing of negative visual in-
formation, which could contribute to emotional distress in
patients with SA. Similarly, in the theta band, the SA group
exhibited marginally higher connectivity during microstate
E. This finding aligns with magnetoencephalography stud-
ies reporting that theta-band connectivity and interactions
among major brain networks, including the DMN, central ex-
ecutive network, and salience network, are associated with
the severity of suicidal thoughts and attempts.57,58 Such pat-
terns suggest that large-scale network dysregulation, poten-
tially linked to maladaptive self-referential processes and ru-
minative thinking, is associated with the progression from
ideation to attempt. In this context, the theta-band eleva-
tion may further indicate enhanced interaction between mid-
line and temporoparietal regions, potentially representing a
biomarker of DMN dysregulation that exacerbates suicidal
risk.

In conclusion, EEG microstate dynamics and state-specific
FC show promise as objective markers for differentiating be-
tween patients with SA and those with SI. Specifically, en-
hanced alpha-band connectivity during microstate E appears
to be a core neurophysiological indicator reflecting DMN dys-
function, while the reduced occurrence of microstates A and
B suggests a complementary mechanism involving insula-
based emotional and interoceptive regulation. These EEG-
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based measures could complement existing clinical suicide
risk assessments and inform the development of early inter-
vention strategies.

Limitations
Several limitations should be considered when interpret-

ing the findings. First, although participants in the SA group
were enrolled only after being deemed medically stable and
free of confounding variables, the potential for residual phys-
iological effects from their recent medical crisis cannot be
entirely excluded. Distinguishing the neurobiological mark-
ers of a suicidal predisposition from the subtle aftereffects
of the attempt itself remains a challenge. Additionally, the
FC analysis was performed in sensor space. Although this ap-
proach was selected to avoid certain methodological issues
and maintain consistency with the broader microstate litera-
ture, it limits the spatial precision in identifying the anatom-
ical origins of EEG signals. Therefore, linking scalp-level ac-
tivity to specific underlying neural networks requires cau-
tious interpretation. Finally, the findings are situated within
the conceptual framework of the microstate model. This
model simplifies continuous neural dynamics into discrete
states. A key aspect of this simplification is the selection
of the number of classes, which was set to four for com-
parability with established resting-state EEG microstate re-
search, a methodological choice that can influence the final
results.

Conclusion
This study provides new insights into clinical neurophysiol-

ogy and suicide research, representing the first application of
microstate and microstate-based FC analysis to resting-state
EEG data for differentiating SI from SA. The analysis revealed
that increased alpha-band connectivity during microstate E——
a state associated with the DMN——in patients with SA sug-
gests potential neural mechanisms underlying the progres-
sion from SI to SA. These findings advance the understanding
of the complex neurobiology of suicide and hold promise for
developing more objective biomarkers for suicide risk assess-
ment.
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