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Background: Depression is a common mood disorder that can lead to suicide in
severe cases. The aim of this study was to explore the characteristics of electrical
activity in different brain regions in depressive patients with suicidal ideation (DS),
and to provide new insights into the neural mechanisms of suicidal ideation.
Methods: 21 DSI, 18 depressive patients without suicidal ideation (DNSI), and
20 demographically matched healthy controls (HC) were included in the study.
Differences in EEG power spectral density (PSD), frontal alpha asymmetry (FAA),
and functional connectivity (FC) were computationally compared among the
three groups to assess the differences in these EEG metrics between the
different groups.

Results: EEG analysis showed a significant increase in alpha-band PSD and a
significant decrease in FAA in DSI compared to DNSI (p < 0.05). Compared with
HC, DSl exhibited a significant increase in alpha-band FC between frontal-central
and parietal-central regions (p < 0.05). Furthermore, in DSI, alpha-band FC
between frontal and central regions was significantly and positively correlated
with both severity (rho = 0.508, p = 0.038) and intensity (rho = 0.544, p = 0.024)
of suicidal ideation.

Conclusion: This study found significant alterations in the EEG alpha band in DSI
compared to DNSI and HC. alpha band alterations may be a potential biomarker
of suicide risk in depression. These findings contribute to further understanding
of the neural mechanisms of DSI.

KEYWORDS

depression, suicidal ideation, EEG, alpha band, power spectral density, frontal alpha
asymmetry

Highlights

 Alpha band power spectral density revealed the significant abnormality of depression
with suicidal ideation.

o Frontal alpha band asymmetry showed a special pattern in patients with
suicidal ideation.

« Functional connectivity analysis revealed abnormal alpha band connectivity in brain
regions associated with suicidal ideation.

o The study provided potential biomarkers for suicide risk assessment in patients
with depression.

» EEG analysis provided a new diagnostic tool and research perspective for psychiatry.
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1 Introduction

Depression is a common mood disorder characterized by
low mood and lack of motivation, which may lead to suicidal
symptoms in severe cases. Several studies have shown that 18-
58% of depressive patients are suicidal (Zhou et al., 2013; Sokero
et al., 2003). In China, the lifetime prevalence of suicidal ideation
in depressive patients is 53.1% (Dong et al., 2018). Suicidal ideation
is the thought or consideration of ending one’s life without taking
actual action (Klonsky and May, 2014). The onset of suicidal
ideation is often considered the first step in suicidal behavior
and is one of the most risk factors associated with it (Klonsky
and May, 2015; Dubol et al., 2018). Studies have shown that
depressive patients with suicidal ideation have a higher risk of
suicide compared to the general population (Zhang et al., 2020).

Currently, clinical assessment of suicidal ideation in depression
relies on specific items from the Hamilton Depression Rating Scale
(HAMD), the Beck Depression Inventory (BDI), the Columbia-
Suicide Severity Rating Scale (C-SSRS), and the Beck Suicidal
Ideation Scale (BSS). However, these scales may not accurately
assess patients who are hiding suicidal ideation or exhibiting subtle
symptoms. Therefore, comprehensive and accurate assessment and
early intervention are key to effective suicide prevention and have
important social implications. It is imperative to study the neural
mechanisms of suicidal ideation in depressive patients, identify
objective neurobiomarkers for early assessment, and develop
specific and effective interventions.

Electroencephalography (EEG) is widely used in the study of
neuropsychiatric disorders, including depression (Zhu et al., 2021),
schizophrenia (Gordillo et al., 2023), epilepsy (Acharya et al., 2013),
and Alzheimer’s disease (Hata et al., 2016), due to its high temporal
resolution, relative ease of use, low cost, and non-invasiveness
(Cohen, 2017). Resting-state EEG reflects brain activity in relaxed
and awake states without specific stimuli, and suicidal ideation is
more likely to occur in this resting state. In fact, resting-state EEG
data have shown excellent predictive ability for suicidal ideation
(Benschop et al., 2019). Thus, EEG analysis is expected to provide
important information related to suicide.

Power spectral density (PSD) is a commonly used EEG
frequency domain analysis method that reflects the energy
distribution in specific frequency bands of the brain. The
alpha band has long been considered closely related to mood
regulation. However, existing findings regarding alpha band power
in depressive patients remain inconsistent. Some studies have
found a decrease in alpha power in patients with major depression
(Ozgoban and Tan, 2024), while others have found an increase
in alpha power in depressive patients than in healthy individuals
(Jaworska et al., 2012; Grin-Yatsenko et al., 2010). Depressive
patients with suicidal ideation also exhibit increased power in
the occipital alpha band as well as decreased power in the beta
and gamma bands (Benschop et al., 2019). These discrepancies
may be attributed to differences in factors such as brain regions
of interest, task or resting-state conditions, clinical characteristics
(e.g., presence of suicidal ideation, depression severity), and
methodological variations across studies. In addition, frontal alpha
band asymmetry (FAA) has been widely used in the study of mood
disorders (Mennella et al., 2017; Sharpley et al., 2023). FAA is
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often considered an important physiologic indicator of depression,
with potential for predicting depression severity and suicide risk
(Sharpley et al., 2023; Roh et al., 2020).

Meanwhile, functional connectivity (FC) is used to assess
synergistic activity between different regions of the brain. Studies
have shown that the pattern of functional connectivity in the
brain of depressive patients is often different from that of
healthy individuals (Chen et al., 2024), especially between brain
regions involved in emotional and cognitive processing (Zeng
et al, 2024), which may reflect abnormal information transfer
processes between different brain regions. Therefore, exploring
these EEG features can not only elucidate the neural mechanisms
of suicidal ideation in depression, but also help to identify objective
biomarkers for diagnosis or assessment, as well as provide a new
research basis for early intervention and individualized treatment.

2 Material and methods
2.1 Subjects

This study included 39 patients with depression from the
outpatient and inpatient departments of Anhui Mental Health
Center. All patients were co-diagnosed by at least two senior
psychiatrists. Inclusion criteria: (1) aged between 18 and 65
years old and habitually right-handed; (2) meeting the diagnostic
criteria for depression in the Diagnostic and Statistical Manual
of Mental Disorders, Fifth Edition (DSM-5); (3) being able to
understand and complete the assessment scale. Exclusion criteria:
(1) past or present other psychiatric disorders such as bipolar
affective disorder, autism, schizophrenia, substance abuse, etc.;
(2) past or present serious physical or neurological illnesses such
as malignant tumors, epilepsy, etc; (3) pregnant or lactating
women; (4) physical therapy with Electroconvulsive Therapy
(ECT), repetitive Transcranial Magnetic Stimulation (rTMS), or
transcranial Electrical Stimulation (tES) within the past 6 months.

In addition, 20 right-handed healthy controls (HC) matched to
the patient’s age, gender, and years of education and with HAMD
score < 7 were included. The study followed the principles of
the Declaration of Helsinki and was approved by the Research
Ethics Committee of Anhui Medical University (approval number:
20160236). All participants were fully informed of the purpose and
procedures of the study and voluntarily signed an informed consent
form before participating in the study.

2.2 Clinical assessments

The demographic data collected for all participants included
gender, age, and years of education. Epidemiological data for all
patients with depression included the first episode/recurrence
status, total duration of illness, current episode duration, presence
of psychotic symptoms, and family history of mental illness.
All participants underwent the following mood and cognitive
assessments: HAMD: used to assess the severity of depressive
symptoms (Hamilton, 1960). Patients with a score > 2 on the
third suicidal item were included in the suicidal ideation group
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TABLE 1 Demographic and clinical information of depressive patients with or without suicidal ideation, and healthy controls.

DSI DNSI HC Statistics P
Sample size 21 18 20 NA NA
Gender (male/female) 5/16 8/12 10/10 X% =3.28%d 0.194
Age (years) 31(24,51) 33.5(28.3,43.2) 26 (22.7,50.5) H =0.38"4 0.686
Years of education (years) 12 (8, 16) 11.5 (8, 14) 16 (11.8,17) H =240 0.100
Episode (first episode/recurrent) 12/9 8/10 NA X2 =0.22% 0.639
Total duration of illness (months) 36 (24, 84) 36 (27, 105) NA 7 =—0.47°¢ 0.639
Current episode duration (months) 5(2,12) 2.5(2,4.75) NA 7 = 1.69%¢ 0.091
Psychiatric symptoms (present/absent) 0/21 2/16 NA x? =071 0.401
Family history (present/absent) 2/19 1/17 NA X% = 0.00%¢ 1.000
Medication
SSRIs 14 11 NA NA NA
SNRIs 8 5 NA NA NA
SARIs 0 0 NA NA NA
NaSSAs 2 4 NA NA NA
TCAs 4 2 NA NA NA
TeCAs 0 0 NA NA NA
APs 10 5 NA NA NA
ACs 9 5 NA NA NA
NBH 9 6 NA NA NA
Novel antidepressants 1 0 NA NA NA

#Chi-square test; *Kruskal-Wallis test; “Mann-Whitney test; ‘Comparison among three groups; ¢Comparison between two groups. DSI, depression with suicidal ideation; DNSI, depression
without suicidal ideation; HC, healthy control; NA, not applicable/no data; SSRIs, selective serotonin reuptake inhibitors; SNRIs, serotonin-norepinephrine reuptake inhibitors; SARIs, serotonin
antagonists and reuptake inhibitors; NaSSAs, noradrenergic and specific serotonergic antidepressants; TCAs, tricyclic antidepressants; TeCAs, tetracyclic antidepressants; APs, antipsychotics;

ACs, anticonvulsants (mainly including valproates and benzodiazepines, used for mood stabilization or treating insomnia); NBHs, non-benzodiazepine hypnotics; novel antidepressants,

including agomelatine, vortioxetine, and others.

(DSI; n = 21), and those with a score < 2 were categorized
into the no suicidal ideation group (DNSI; n = 18). In the
DSI group, although participants had suicidal ideation, none
had resulted in serious consequences; all cases were promptly
rescued, with no coma or severe outcomes, and T1-weighted MRI
scans also showed no abnormalities. Hamilton Anxiety Rating
Scale (HAMA): used to rate the severity of anxiety symptoms
(Hamilton, 1959); C-SSRS: used to assess the severity of suicidal
ideation and behavior (Posner et al., 2011); BSS: used to assess the
severity of suicidal ideation (Beck et al., 1979); Montreal Cognitive
Assessment (MoCA): used to assess cognitive functioning
(Nasreddine et al., 2005).

2.3 Resting-state EEG data collection

Resting-state EEG data were collected using an EGI system
(Electrical Geodesic Inc., OR, USA) with a 64-channel Ag/AgCl
electrode cap, positioned according to the international 10-10
system. The reference electrode was placed at Cz, with a sampling
rate of 1,000 Hz. During data collection, electrode impedance was
kept below 30 k$2. Participants sat relaxed, awake, and with eyes
closed in a dimly lit, soundproof room for ~5 min.
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2.4 Resting-state EEG data analysis

2.4.1 EEG data preprocessing

Resting-state EEG data were preprocessed using the
EEGLAB2022.1 toolbox in MATLAB 2023b (Delorme and Makeig,
2004). The preprocessing steps included: (1) removing irrelevant
electrodes like electrooculography (EOG), leaving 60 electrodes; (2)
performing a 1-50 Hz bandpass filter and a 48-52 Hz notch filter
to remove powerline interference; (3) downsampling to 500 Hz; (4)
interpolating bad channels and removing obvious artifacts (such as
poor contact; Perrin et al., 1989); (5) re-referencing to the average
reference; (6) using independent component analysis (ICA) to
correct for artifacts from blinks, eye movements, muscle activity,
and cardiac signals (Anemiiller et al., 2003); (7) segmenting the
data into 2-s epochs. Mean =+ standard deviation of the number
of epochs (DSI: 157.57 £ 39.83, DNSL: 160.17 £ 24.32, HC:
167.45 + 23.73).

2.4.2 PSD analysis

PSD was calculated for the preprocessed EEG data using
the Welch method (Welch, 1967). For each 2-s segment, a 2-s
Hamming window with 50% (1-s) overlap was used. The PSD
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TABLE 2 Clinical assessment data of depressive patients with or without suicidal ideation, and healthy controls.

Statistics Post-hoc test
Comparison  Statistic P Cohen'sd
value
HAMD 20 (18, 13.5(10.3, 0 (0, H = 45.33" <0.001%** | 0.45 DSI-DNSI 7 =245> 0.043* 1.26
26) 16.5) 1.25)
DSI-HC 7 =6.68" <0.001"* 6.11
DNSI-HC Z=400" | <0.001%* 321
HAMD-wSI 17 (16, 135 0 (0, H = 42.62* <0.001%** | 0.43 DSI-DNSI Z=181" 0.210 0.76
22) (10.25, 1.25)
16.5) DSI-HC Z=638" | <0.001%* 5.62
DNSI-HC Z=434> | <0001+ 321
HAMA 19 (18, 125(825 | 1(0,2) H = 42.52* <0.001%** | 0.43 DSI-DNSI 7 =183" 0.2028 1.02
23) 19.5)
DSI-HC 7 =638" <0.001*** 5.09
DNSI-HC Z=433" | <0.001%* 2.59
C-SSRS- 1111, 0(0,0) 0(0,0) NA NA NA NA NA NA NA
suicidal 15)
ideation
intensity
BSS-suicidal 4.00 (2, 0(0,0) 0(0,0) NA NA NA NA NA NA NA
ideation 6)
BSS-suicide 6 (3,10) 0(0,0) 0(0,0) NA NA NA NA NA NA NA
risk
MoCA 25 (24, 26(24,29) | 27(26, H=9.04 0.011 0.14 DSI-HC Z=3.01° 0.008** 1.02
26) 28)

aKruskal-Wallis test; "Post-hoc test—Dunn’s test; * p < 0.05 " p < 0.01; **p < 0.001. DSI, depression with suicidal ideation; DNSI, depression without suicidal ideation; HC, healthy control;
HAMD, Hamilton depression rating scale; HAMA, Hamilton anxiety rating scale; HAMD-wSI, Hamilton depression rating scale—without suicide item; C-SSRS, Columbia-suicide severity

rating scale; BSS, Beck scale for suicide ideation; MoCA, Montreal cognitive assessment; NA, not applicable/no data.

results for each segment were averaged, and then averaged across
different frequency bands and brain regions to obtain the mean
PSD (in dB) for each brain region and frequency band. The
frequency bands were defined as § (1-4Hz), 0 (4-8Hz), o (8-
13Hz), B (13-30Hz), and y (30-50 Hz). The 60 channels were
divided into frontal, central, temporal, occipital, and parietal
regions (Deng et al., 2024; Supplementary material 1).

2.4.3 FAA analysis

Based on previous studies (Reznik and Allen, 2018; Gold et al.,
2013; Roh et al., 2020), common channel pairs Fpl and Fp2, F3
and F4, and F7 and F8 were selected for FAA calculation. The PSD
for each channel was calculated using the Welch method, and the
logarithmic difference between the left and right channel PSDs was
computed as shown in Formula 1:

FAA = log(Pleft)-log(Pright) (1)

where Pleft and Pright represent the PSD of the left and right
brain channels, respectively.

2.4.4 FC analysis

FC analysis of resting-state EEG was performed using the
EEGLAB2022.1 toolbox (Delorme and Makeig, 2004) and the
CSD 1.1 toolbox (Kayser and Tenke, 2006). First, the current
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source density (CSD) for all electrodes was calculated from the
preprocessed EEG data. Then, the weighted phase lag index
(WPLI) was computed to measure FC (Vinck et al, 2011). The
wPLI quantifies the phase difference between two time series,
weighted to reduce the influence of noise, and is not affected
by volume conduction effects. Finally, the average wPLI across
relevant frequency bands and brain regions was calculated to obtain
the FC for different brain regions and frequency bands, using
the same frequency bands and brain region divisions as in the
PSD analysis.

2.5 Statistical analysis

Statistical analyses were conducted using R Studio 4.1.2 (R
Studio Inc., Boston, MA). For categorical variables such as
gender and first episode/recurrence status, the Chi-square test was
employed. For continuous variables such as the total duration
of illness, independent samples t-tests (for normally distributed
data) or Mann-Whitney tests (for non-normally distributed data)
were used to compare differences between the DSI and DNSI
groups. One-way ANOVA (for normally distributed data) or
Kruskal-Wallis tests (for non-normally distributed data) were
utilized to compare age, years of education, scale scores, and
EEG data among the DSI, DNSI, and HC groups. If the
results of one-way ANOVA or Kruskal-Wallis tests indicated
significant differences, post-hoc analyses were performed using
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FIGURE 1
Topographical maps of EEG power spectrum density for three groups. DSI, patients with depression and suicidal ideation; DNSI, patients with
depression without suicidal ideation; HC, healthy control.

LSD and Dunn’s tests for pairwise comparisons, with Bonferroni A significance level of two-tailed p < 0.05 was set for all tests.
correction applied. Additionally, within the DSI group, the relationship between
In EEG analyses, gender and age were included as covariates,  suicide ideation scores (C-SSRS and BSS) and the EEG metrics was
and the False Discovery Rate (FDR) was employed to correct  examined using Spearman’s correlation analysis, with gender and
for multiple comparisons between EEG metrics (PSD and FC).  age as covariates, and a significance level of two-tailed p < 0.05.
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FIGURE 2

Results of EEG frontal alpha asymmetry. **p < 0.01. FAA, frontal
alpha asymmetry; DSI, depression with suicidal ideation; DNSI,
depression without suicidal ideation; HC, healthy control.

3 Results

3.1 Demographic and clinical assessment
of subjects

The study population consisted of 21 DSI, 18 DNSI, and 20
HC. The demographic and clinical information of all subjects is
shown in Table 1. There were no significant differences between the
three groups in terms of gender, age and years of education (p >
0.05). In addition, there were no significant differences between the
DSI and DNSI groups in terms of first—episode/relapse status, total
duration of illness, current duration of illness, presence of psychotic
symptoms or family history of psychosis (p > 0.05).

Significant differences in HAMD, HAMA, and MoCA scores
were found between the three groups (p < 0.05). Post-hoc test
showed that there was a significant difference between the DSI
and DNSI group on HAMD scores (p < 0.05), but no statistical
significance after removing HAMD suicidal item score. On all these
indices, there was a significant difference between the DSI group
and the HC group (p < 0.05). There was a significant difference
between the DNSI group and the HC group in HAMD, HAMA (p
< 0.05; Table 2).

3.2 EEG PSD analysis results

This study found significant differences in the PSD among
the DSI, DNSI, and HC groups in the frontal lobe across delta,
theta, alpha, beta, and gamma frequency bands; in the central
region across delta, theta, and alpha frequency bands; and in the
temporal, parietal, and occipital lobes exclusively in the alpha
frequency band (p < 0.05, FDR corrected). Post-hoc analysis
revealed that the PSD values in the DSI group were higher than
those in the HC group for the bands. Specifically, the DSI group
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exhibited significantly higher alpha band PSD across all brain
regions compared to the DNSI group. Additionally, the DNSI
group showed higher delta and gamma band PSD in the frontal
lobe compared to the HC group (p < 0.05, Bonferroni corrected;
Figure 1, Supplementary material 2).

3.3 EEG FAA analysis results

This study found significant differences in frontal asymmetry
in the alpha frequency band (FAA) among the DSI, DNSI, and HC
groups for FAA-Fpl/Fp2 (F = 5.76, p = 0.005, pFDR = 0.016, nf) =
0.17), while no significant differences were observed for FAA-F3/F4
and FAA-F7/F8 among the three groups (p > 0.05, FDR corrected).
Post-hoc analysis revealed that FAA-Fp1/Fp2 in the DSI group was
significantly lower than that in the DNSI group (¢t = —3.36, p =
0.004, Cohen’s d = 1.04), with no significant differences observed
between DSI and HC groups or between DNSI and HC groups
(Figure 2).

3.4 EEG FC analysis results

This study found significant differences in FC in the alpha
frequency band between frontal-central regions (F = 3.44, p =
0.039, pFDR = 0.838, nf) = 0.11) and parietal-central regions (F =
3.95, p = 0.025, pFDR = 0.838, 712 = 0.13) among the DSI, DNSI,
and HC groups (Figures 3, 4). Post-hoc analysis revealed that only
the DSI group showed significantly higher FC compared to the HC
group in these connections (frontal-central: t = 2.62, p = 0.034,
Cohen’s d = 0.86; parietal-central: t = 2.81, p = 0.021, Cohen’s d =
0.88). There were no significant differences between DSI and DNSI
groups or between DNSI and HC groups (Figure 3).

3.5 Correlation analysis results

The correlation analysis revealed significant positive
correlations within the DSI group between the alpha-band
FC of the frontal lobe to the central region and the degree of
suicidal ideation measured by C-SSRS (rho = 0.508, p = 0.038) as
well as the intensity of suicidal ideation measured by C-SSRS (rho

= 0.544, p = 0.024; Figure 4).

4 Discussion

This study examined the EEG characteristics in depressive
patients with suicidal ideation, including power spectral density,
frontal alpha asymmetry, and functional connectivity and
incorporating neuropsychological assessments. The findings
revealed significant abnormalities in alpha activity across specific
brain regions in depressive patients with suicidal ideation.

This study found significant differences in HAMD scores
between DSI and DNSI, and there was no significant difference
in HAMD-without Suicide Item (HAMD-wSI), indicating that
the two groups of patients may have similar degrees of other
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Results of EEG functional connectivity analysis. (A) Functional connectivity maps of each brain region in each band among the three groups and
F-value maps for comparison among the three groups; (B) Left: statistical maps of frontal-central functional connectivity in the alpha frequency band
among the three groups; right: statistical maps of central-parietal functional connectivity in the alpha band among the three groups. *p < 0.05. DSI,
patients with depression with suicidal ideation; DNSI, patients with depression without suicidal ideation; HC, healthy control.
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Results of correlation analysis.

depressive symptoms except suicidal ideation. This suggests that
suicidal ideation may play an important role in the evaluation
of clinical severity of depression, and the study of depression
with suicidal ideation plays an important role in the risk
stratification of depression. In addition to emotional symptoms,
this study also found that the overall cognitive function of
SI patients was worse than that of HC, while there was no
significant difference between NSI patients and HC, which was
consistent with previous studies on the high correlation between
suicidal ideation and cognitive impairment (Barzilay et al., 2019;
Pu et al, 2017), and longitudinal studies also found that the
improvement of verbal memory was related to the decline
of suicide scores. Independent of improvement in depressive
symptoms (Pu et al., 2017), this suggests a strong link between
cognitive function and suicidal ideation, possibly due to increased
neurological atrophy caused by reduced expression of Brain-
Derived Neurotrophic Factor (BDNF) in SI patients. And inhibits
neurogenesis in the prefrontal cortex-limbic brain region, which
regulates parts of cognitive function such as executive function
and memory (Gorlyn et al, 2015; Duman and Monteggia,
2006).

The study found a significant increase in alpha-band PSD in
DSI compared to DNSI based on EEG analysis. Similar results
have been found in previous studies, and a cross-sectional EEG
study found a significant increase in alpha-band power in the
occipital region in patients with DSI compared to DNSI (Benschop
et al,, 2019). In addition, a sleep EEG study found increased
alpha-band power in depressed patients with high suicidal ideation
compared to those with low suicidal ideation (Dolsen et al., 2017).
There was also an intervention study that found a decrease in
suicidal ideation and alpha band power in DSI after ketamine
treatment. The alpha band is involved in emotion regulation.
Impairment of the occipital alpha network has been found to
be associated with impaired processing of emotional stimuli
(Chao et al., 2022; Godsil et al., 2013). Abnormal coordination
between delta activity in the frontal lobe and alpha activity in
the occipital region may lead to pleasure deficit and rumination
symptoms (Godsil et al., 2013), both of which are closely related
to suicidal ideation.

The study further found that FAA was significantly lower
in DSI than in DNSIL The lower FAA indicated a relative
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enhancement of alpha-band power in the left frontal region,
suggesting reduced cortical activity in the left frontal lobe (Bruder
et al., 2017). Reduced cortical activity in the left ventral lateral
prefrontal lobe has been associated with decreased pleasure, which
can further contribute to symptoms of pleasure deficit (Gollan
et al, 2014; Meerwijk et al, 2013). Abnormal activity in the
left dorsolateral prefrontal cortex may inhibit positive stimuli
while hindering inhibition of negative stimuli, thus promoting
a tendency to ruminate (Trew, 2011; Meerwijk et al., 2013).
Defective functioning of the left orbitofrontal cortex has been
associated with impulsivity (Disner et al., 2011; Best et al., 2002),
all of which further increases suicidal ideation and suicide risk
(Treadway and Zald, 2011; Smith et al.,, 2006; Dougherty et al.,
2004). Similar results have been found in previous studies; it was
found that suicidal depressed adolescents had significantly higher
power in the left alpha band than in the right (Graae et al,
1996). In summary, these findings suggest that the alpha band
plays a crucial role in the neural mechanisms of depression with
suicidal ideation.

In addition, this study found a significant increase in functional
connectivity within the alpha band between the frontal-central
and parietal-central regions in DSI patients. The frontal lobe plays
a crucial role in emotion regulation and higher-order cognitive
functions (Catani, 2019). The central region is involved in the
integration of sensory and motor functions (Raza et al.,, 2015;
Yuan et al,, 2023). The enhanced functional connectivity suggests
tighter information transfer between the frontal and central
regions, potentially indicating that DSI patients require more
resources to manage emotions. The parietal lobe is responsible
for spatial perception and attention regulation (Bisley and
Goldberg, 2010), and depressed patients are often more sensitive
to negative information in their environment (Reinen et al,
2021). In patients with depression and suicidal ideation, increased
parietal-central connectivity may reflect heightened sensitivity to
external stimuli.

Moreover, further analyses showed that alpha-band FC between
the frontal lobe and the central region was significantly correlated
with the degree and intensity of suicidal ideation, suggesting that
the neural activity in this region may have an important role in
the assessment of suicidal risk. Such connectivity changes may
reflect the complex neural mechanisms involved in the generation
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and maintenance of suicidal ideation, suggesting that we should
consider these neurobiological indicators in the development of
intervention strategies.

5 Limitations

This study also has several limitations. First, the sample size
of this study is relatively small. Future studies will aim to expand
the sample size to enhance the robustness of the findings. Second,
this study only analyzed EEG data in the closed-eye resting state.
Future studies may incorporate EEG in the eyes-open resting state
to fully explore the neural mechanisms of depression with suicidal
ideation. Finally, considering that patients with suicidal ideation
usually require medication, future studies will include those who
have been on a stable medication regimen for a certain period
of time.

6 Conclusion

In summary, this study found through resting-state EEG
frequency spectrum analysis that DSI exhibited significantly
increased alpha band PSD and FC abnormalities, along with
significantly decreased FAA. These results indicate the crucial
role of the alpha band in the symptoms of suicidal ideation
in depression, providing valuable insights for future non-
invasive physical interventions aimed at regulating suicidal
ideation symptoms.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the
ethics committee of Anhui Medical University. The studies
were conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in
this article.

Author contributions

YZ: Investigation, Visualization, Writing - original draft,
Writing - review & editing. YG: Formal analysis, Methodology,
Visualization, Writing - original draft. DW: Investigation, Writing
- original draft. JZ: Investigation, Writing - original draft. SZ:
Investigation, Writing — original draft. WX: Investigation, Writing
- original draft. KW: Resources, Writing - original draft. YT:
Conceptualization, Funding acquisition, Resources, Supervision,
Writing - review & editing.

Frontiersin Human Neuroscience

09

10.3389/fnhum.2025.1582330

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This study was
financially supported by the National Natural Science Foundation
of China (No. 32071054) and Anhui province translational
medicine key project (2021zhyx-B10).

Acknowledgments

I would like to extend my deepest gratitude to all those
who contributed to the completion of this research. Firstly, I
am profoundly grateful to my supervisor, Yanghua Tian, for
their expert guidance, insightful advice, and unwavering support
throughout the study. Their encouragement and feedback were
instrumental in shaping this work. I would also like to thank
my colleagues and team members from Anhui Province Key
Laboratory of Cognition and Neuropsychiatric Disorders whose
collaboration, assistance in data collection, and valuable discussions
enriched the quality of this research. Special thanks are due to the
participants of this study and the staff at Anhui Mental Health
Center for their cooperation and invaluable contributions, which
provided the foundation for this research.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Gen AI was used in the creation
of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2025.1582330/full#supplementary-material

SUPPLEMENTARY MATERIAL 1
EEG channel brain region division diagram.

SUPPLEMENTARY MATERIAL 2
Results of EEG power spectrum density analysis.

frontiersin.org


https://doi.org/10.3389/fnhum.2025.1582330
https://www.frontiersin.org/articles/10.3389/fnhum.2025.1582330/full#supplementary-material
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org

Zhao et al.

References

Acharya, U. R,, Vinitha Sree, S., Swapna, G., Martis, R. J., and Suri, J. S. (2013).
Automated EEG analysis of epilepsy: a review. Knowl. Based Syst. 45, 147-165.
doi: 10.1016/j.knosys.2013.02.014

Anemiiller, J., Sejnowski, T. J., and Makeig, S. (2003). Complex independent
component analysis of frequency-domain electroencephalographic data. Neural Netw.
16, 1311-1323. doi: 10.1016/j.neunet.2003.08.003

Barzilay, R., Calkins, M. E., Moore, T. M., Boyd, R. C,, Jones, J. D., Benton, T. D.,
et al. (2019). Neurocognitive functioning in community youth with suicidal ideation:
gender and pubertal effects. Br. J. Psychiatry 215, 552-558. doi: 10.1192/bjp.2019.55

Beck, A. T., Kovacs, M., and Weissman, A. (1979). Assessment of suicidal
intention: the scale for suicide ideation. J. Consult. Clin. Psychol. 47, 343-352.
doi: 10.1037/0022-006X.47.2.343

Benschop, L., Baeken, C., Vanderhasselt, M. A., Van De Steen, F., Van Heeringen,
K., Arns, M., et al. (2019). Electroencephalogram resting state frequency power
characteristics of suicidal behavior in female patients with major depressive disorder. J.
Clin. Psychiatry 80:5459. doi: 10.4088/JCP.18m12661

Best, M., Williams, J. M., and Coccaro, E. F. (2002). Evidence for a dysfunctional
prefrontal circuit in patients with an impulsive aggressive disorder. Proc. Natl. Acad.
Sci. U.S.A. 99, 8448-8453. doi: 10.1073/pnas.112604099

Bisley, J. W, and Goldberg, M. E. (2010).
and priority in the parietal lobe. Annu. Rev.
doi: 10.1146/annurev-neuro-060909-152823

Bruder, G. E., Stewart, J. W., and Mcgrath, P. J. (2017). Right brain, left
brain in depressive disorders: clinical and theoretical implications of behavioral,
electrophysiological and neuroimaging findings. Neurosci. Biobehav. Rev. 78, 178-191.
doi: 10.1016/j.neubiorev.2017.04.021

Catani M. (2019). The anatomy of the human frontal lobe. Handb Clin Neurol. 163,
95-122. doi: 10.1016/B978-0-12-804281-6.00006-9

Chao, Z. C., Dillon, D. G., Liu, Y. H., Barrick, E. M., and Wu, C. T. (2022). Altered
coordination between frontal delta and parietal alpha networks underlies anhedonia
and depressive rumination in major depressive disorder. J. Psychiatry Neurosci. 47,
E367-¢378. doi: 10.1503/jpn.220046

Chen, H., Lei, Y., Li, R,, Xia, X,, Cui, N,, Chen, X, et al. (2024). Resting-state
EEG dynamic functional connectivity distinguishes non-psychotic major depression,
psychotic major depression and schizophrenia. Mol. Psychiatry 29, 1088-1098.
doi: 10.1038/541380-023-02395-3

Cohen, M. X. (2017). Where does EEG come from and what does it mean? Trends
Neurosci. 40, 208-218. doi: 10.1016/j.tins.2017.02.004

Attention, intention,
Neurosci. 33, 1-21.

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis. J. Neurosci.
Methods 134, 9-21. doi: 10.1016/j.jneumeth.2003.10.009

Deng, J., Sun, B., Kavcic, V., Liu, M., Giordani, B., Li, T., et al. (2024). Novel
methodology for detection and prediction of mild cognitive impairment using resting-
state EEG. Alzheimers. Dement. 20, 145-158. doi: 10.1002/alz.13411

Disner, S. G., Beevers, C. G., Haigh, E. A, and Beck, A. T. (2011). Neural
mechanisms of the cognitive model of depression. Nat. Rev. Neurosci. 12, 467-477.
doi: 10.1038/nrn3027

Dolsen, E. A., Cheng, P., Arnedt, J. T., Swanson, L., Casement, M. D., Kim,
H. S, et al. (2017). Neurophysiological correlates of suicidal ideation in major
depressive disorder: Hyperarousal during sleep. J. Affect. Disord. 212, 160-166.
doi: 10.1016/.jad.2017.01.025

Dong, M., Wang, S. B, Li, Y, Xu, D. D, Ungvari, G. S, Ng, C. H,
et al. (2018). Prevalence of suicidal behaviors in patients with major depressive
disorder in China: a comprehensive meta-analysis. J. Affect. Disord. 225, 32-39.
doi: 10.1016/j.jad.2017.07.043

Dougherty, D. M. Mathias, C. W., Marsh, D. M., Papageorgiou,
T. D. Swann, A. C, Moeller, F. G, et al (2004). Laboratory
measured  behavioral impulsivity relates to suicide attempt history.
Suicide  Life  Threat. Behav. 34, 374-385. doi: 10.1521/suli.34.4.374.

53738

Dubol, M., Trichard, C., Leroy, C., Sandu, A. L., Rahim, M., Granger, B.,
et al. (2018). Dopamine transporter and reward anticipation in a dimensional
perspective: a multimodal brain imaging study. Neuropsychopharmacology 43,
820-827. doi: 10.1038/npp.2017.183

Duman, R. S., and Monteggia, L. M. (2006). A neurotrophic model for stress-
related mood disorders. Biol. Psychiatry 59, 1116-1127. doi: 10.1016/j.biopsych.2006.
02.013

Godsil, B. P.,, Kiss, J. P, Spedding, M. and Jay, T. M. (2013). The
hippocampal-prefrontal pathway: the weak link in psychiatric disorders?
Eur.  Neuropsychopharmacol. 23, 1165-1181. doi: 10.1016/j.euroneuro.2012.
10.018

Frontiersin Human Neuroscience

10.3389/fnhum.2025.1582330

Gold, C. Fachner, J., and Erkkild, J. (2013). Validity and reliability of
electroencephalographic frontal alpha asymmetry and frontal midline theta as
biomarkers for depression. Scand. J. Psychol. 54, 118-126. doi: 10.1111/sjop.12022

Gollan, J. K., Hoxha, D., Chihade, D., Pflieger, M. E., Rosebrock, L.,
Cacioppo, J., et al. (2014). Frontal alpha EEG asymmetry before and after
behavioral activation treatment for depression. Biol Psychol. 99, 198-208.
doi: 10.1016/j.biopsycho.2014.03.003

Gordillo, D., Da Cruz, J. R., Chkonia, E., Lin, W. H., Favrod, O., Brand, A.,
et al. (2023). The EEG multiverse of schizophrenia. Cereb. Cortex 33, 3816-3826.
doi: 10.1093/cercor/bhac309

Gorlyn, M., Keilp, J., Burke, A., Oquendo, M., Mann, J. J., Grunebaum, M.,
et al. (2015). Treatment-related improvement in neuropsychological functioning in
suicidal depressed patients: paroxetine vs. bupropion. Psychiatry Res. 225, 407-412.
doi: 10.1016/j.psychres.2014.12.004

Graae, F., Tenke, C., Bruder, G., Rotheram, M. J., Piacentini, J., Castro-Blanco,
D., et al. (1996). Abnormality of EEG alpha asymmetry in female adolescent suicide
attempters. Biol. Psychiatry 40, 706-713. doi: 10.1016/0006-3223(95)00493-9

Grin-Yatsenko, V. A., Baas, I, Ponomarev, V. A. and Kropotov, J. D.
(2010). Independent component approach to the analysis of EEG recordings
at early stages of depressive disorders. Clin. Neurophysiol. 121, 281-289.
doi: 10.1016/j.clinph.2009.11.015

Hamilton, M. (1959). The assessment of anxiety states by rating. Br. J. Med. Psychol.
32, 50-55. doi: 10.1111/j.2044-8341.1959.tb00467.x

Hamilton, M. (1960). A rating scale for depression. . Neurol. Neurosurg. Psychiatry
23, 56-62. doi: 10.1136/jnnp.23.1.56

Hata, M., Kazui, H., Tanaka, T., Ishii, R., Canuet, L., Pascual-Marqui, R. D.,
et al. (2016). Functional connectivity assessed by resting state EEG correlates with
cognitive decline of Alzheimer’s disease - an eLORETA study. Clin. Neurophysiol. 127,
1269-1278. doi: 10.1016/j.clinph.2015.10.030

Jaworska, N., Blier, P., Fusee, W., and Knott, V. (2012). o Power, a asymmetry and
anterior cingulate cortex activity in depressed males and females. J. Psychiatr. Res. 46,
1483-1491. doi: 10.1016/j.jpsychires.2012.08.003

Kayser, J., and Tenke, C. E. (2006). Principal components analysis of Laplacian
waveforms as a generic method for identifying ERP generator patterns: I
Evaluation with auditory oddball tasks. Clin. Neurophysiol. 117, 348-368.
doi: 10.1016/j.clinph.2005.08.034

Klonsky, E. D., and May, A. (2015). The three-step theory (3ST): a new theory of
suicide rooted in the “ideation-to-action” framework. Int. J. Cogn. Ther. 8, 114-129.
doi: 10.1521/ijct.2015.8.2.114

Klonsky, E. D., and May, A. M. (2014). Differentiating suicide attempters from
suicide ideators: a critical frontier for suicidology research. Suicide Life Threat. Behav.
44, 1-5. doi: 10.1111/sltb.12068

Meerwijk, E. L., Ford, J. M., and Weiss, S. J. (2013). Brain regions associated with
psychological pain: implications for a neural network and its relationship to physical
pain. Brain Imaging Behav. 7, 1-14. doi: 10.1007/s11682-012-9179-y

Mennella, R., Patron, E., and Palomba, D. (2017). Frontal alpha asymmetry
neurofeedback for the reduction of negative affect and anxiety. Behav. Res. Ther. 92,
32-40. doi: 10.1016/j.brat.2017.02.002

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead,
V., Collin, I, et al. (2005). The Montreal Cognitive Assessment, MoCA: a brief
screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695-699.
doi: 10.1111/§.1532-5415.2005.53221.x

Ozgoban, M. A., and Tan, O. (2024). Electroencephalographic markers in Major
Depressive Disorder: insights from absolute, relative power, and asymmetry analyses.
Front. Psychiatry 15:1480228. doi: 10.3389/fpsyt.2024.1480228

Perrin, F., Pernier, J., Bertrand, O., and Echallier, J. F. (1989). Spherical splines for
scalp potential and current density mapping. Electroencephalogr. Clin. Neurophysiol.
72,184-187. doi: 10.1016/0013-4694(89)90180-6

Posner, K., Brown, G. K,, Stanley, B., Brent, D. A, Yershova, K. V., Oquendo, M. A.,
et al. (2011). The Columbia-Suicide Severity Rating Scale: initial validity and internal
consistency findings from three multisite studies with adolescents and adults. Am. J.
Psychiatry 168, 1266-1277. doi: 10.1176/appi.ajp.2011.10111704

Pu, S., Setoyama, S., and Noda, T. (2017). Association between cognitive deficits
and suicidal ideation in patients with major depressive disorder. Sci. Rep. 7, 11637.
doi: 10.1038/s41598-017-12142-8

Raza, A., Bossuyt, V., and Godwin, T. (2015). Neuroanatomy, Postcentral Gyrus.
StatPearls [Internet] Publishing.

Reinen, J. M., Whitton, A. E., Pizzagalli, D. A., Slifstein, M., Abi-Dargham,
A., Mcgrath, P. ], et al. (2021). Differential reinforcement learning responses to
positive and negative information in unmedicated individuals with depression. Eur.
Neuropsychopharmacol. 53, 89-100. doi: 10.1016/j.euroneuro.2021.08.002

frontiersin.org


https://doi.org/10.3389/fnhum.2025.1582330
https://doi.org/10.1016/j.knosys.2013.02.014
https://doi.org/10.1016/j.neunet.2003.08.003
https://doi.org/10.1192/bjp.2019.55
https://doi.org/10.1037/0022-006X.47.2.343
https://doi.org/10.4088/JCP.18m12661
https://doi.org/10.1073/pnas.112604099
https://doi.org/10.1146/annurev-neuro-060909-152823
https://doi.org/10.1016/j.neubiorev.2017.04.021
https://doi.org/10.1016/B978-0-12-804281-6.00006-9
https://doi.org/10.1503/jpn.220046
https://doi.org/10.1038/s41380-023-02395-3
https://doi.org/10.1016/j.tins.2017.02.004
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1002/alz.13411
https://doi.org/10.1038/nrn3027
https://doi.org/10.1016/j.jad.2017.01.025
https://doi.org/10.1016/j.jad.2017.07.043
https://doi.org/10.1521/suli.34.4.374.53738
https://doi.org/10.1038/npp.2017.183
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1016/j.euroneuro.2012.10.018
https://doi.org/10.1111/sjop.12022
https://doi.org/10.1016/j.biopsycho.2014.03.003
https://doi.org/10.1093/cercor/bhac309
https://doi.org/10.1016/j.psychres.2014.12.004
https://doi.org/10.1016/0006-3223(95)00493-9
https://doi.org/10.1016/j.clinph.2009.11.015
https://doi.org/10.1111/j.2044-8341.1959.tb00467.x
https://doi.org/10.1136/jnnp.23.1.56
https://doi.org/10.1016/j.clinph.2015.10.030
https://doi.org/10.1016/j.jpsychires.2012.08.003
https://doi.org/10.1016/j.clinph.2005.08.034
https://doi.org/10.1521/ijct.2015.8.2.114
https://doi.org/10.1111/sltb.12068
https://doi.org/10.1007/s11682-012-9179-y
https://doi.org/10.1016/j.brat.2017.02.002
https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.3389/fpsyt.2024.1480228
https://doi.org/10.1016/0013-4694(89)90180-6
https://doi.org/10.1176/appi.ajp.2011.10111704
https://doi.org/10.1038/s41598-017-12142-8
https://doi.org/10.1016/j.euroneuro.2021.08.002
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org

Zhao et al.

Reznik, S. J., and Allen, J. J. B. (2018). Frontal asymmetry as a mediator
and moderator of emotion: an updated review. Psychophysiology 55:€12965.
doi: 10.1111/psyp.12965

Roh, S. C, Kim, J. S., Kim, S., Kim, Y., and Lee, S. H. (2020). Frontal alpha
asymmetry moderated by suicidal ideation in patients with major depressive disorder:
a comparison with healthy individuals. Clin. Psychopharmacol. Neurosci. 18, 58-66.
doi: 10.9758/cpn.2020.18.1.58

Sharpley, C. F., Bitsika, V., Shadli, S. M., Jesulola, E., and Agnew, L. L. (2023).
EEG frontal lobe asymmetry as a function of sex, depression severity, and depression
subtype. Behav. Brain Res. 443:114354. doi: 10.1016/j.bbr.2023.114354

Smith, J. M., Alloy, L. B., and Abramson, L. Y. (2006). Cognitive vulnerability
to depression, rumination, hopelessness, and suicidal ideation: multiple
pathways to self-injurious thinking. Suicide Life Threat. Behav. 36, 443-454.
doi: 10.1521/suli.2006.36.4.443

Sokero, T. P., Melartin, T. K., Rytsild, H. J., Leskeld, U. S., Lesteli-Mielonen,
P. S, Isometsi, E. T. et al. (2003). Suicidal ideation and attempts among
psychiatric patients with major depressive disorder. J. Clin. Psychiatry 64, 1094-1100.
doi: 10.4088/JCP.v64n0916

Treadway, M. T., and Zald, D. H. (2011). Reconsidering anhedonia in depression:
lessons from translational neuroscience. Neurosci. Biobehav. Rev. 35, 537-555.
doi: 10.1016/j.neubiorev.2010.06.006

Trew, J. L. (2011). Exploring the roles of approach and avoidance in depression: an
integrative model. Clin. Psychol. Rev. 31, 1156-1168. doi: 10.1016/j.cpr.2011.07.007

Frontiersin Human Neuroscience

11

10.3389/fnhum.2025.1582330

Vinck, M., Oostenveld, R., Van Wingerden, M., Battaglia, F., and Pennartz, C. M.
(2011). An improved index of phase-synchronization for electrophysiological data
in the presence of volume-conduction, noise and sample-size bias. Neuroimage 55,
1548-1565. doi: 10.1016/j.neuroimage.2011.01.055

Welch, P. (1967). The use of fast Fourier transform for the estimation of power
spectra: A method based on time averaging over short, modified periodograms. IEEE
Trans. Audio Electroacoustics 15, 70-73. doi: 10.1109/TAU.1967.1161901

Yuan, M., Du, N,, and Song, Z. (2023). Primary motor area-related injury of
anterior central gyrus in Parkinson’s disease with dyskinesia: a study based on MRS
and Q-space. Neurosci. Lett. 805:137224. doi: 10.1016/j.neulet.2023.137224

Zeng, Y., Lao, ., Wu, Z,, Lin, G., Wang, Q., Yang, M., et al. (2024). Altered resting-
state brain oscillation and the associated cognitive impairments in late-life depression
with different depressive severity: an EEG power spectrum and functional connectivity
study. J. Affect. Disord. 348, 124-134. doi: 10.1016/j.jad.2023.10.157

Zhang, R., Wei, S., Chang, M., Jiang, X., Tang, Y., Wang, F., et al. (2020).
Dorsolateral and ventrolateral prefrontal cortex structural changes relative to
suicidal ideation in patients with depression. Acta Neuropsychiatr. 32, 84-91.
doi: 10.1017/neu.2019.45

Zhou, X. D,, Li, L., Yan, Z., and Hesketh, T. (2013). High sex ratio as a correlate of
depression in Chinese men. J. Affect. Disord. 144, 79-86. doi: 10.1016/j.jad.2012.06.009

Zhu, Y., Wang, X., Mathiak, K., Toiviainen, P., Ristaniemi, T., Xu, ., et al. (2021).
Altered EEG oscillatory brain networks during music-listening in major depression.
Int. . Neural Syst. 31:2150001. doi: 10.1142/S0129065721500015

frontiersin.org


https://doi.org/10.3389/fnhum.2025.1582330
https://doi.org/10.1111/psyp.12965
https://doi.org/10.9758/cpn.2020.18.1.58
https://doi.org/10.1016/j.bbr.2023.114354
https://doi.org/10.1521/suli.2006.36.4.443
https://doi.org/10.4088/JCP.v64n0916
https://doi.org/10.1016/j.neubiorev.2010.06.006
https://doi.org/10.1016/j.cpr.2011.07.007
https://doi.org/10.1016/j.neuroimage.2011.01.055
https://doi.org/10.1109/TAU.1967.1161901
https://doi.org/10.1016/j.neulet.2023.137224
https://doi.org/10.1016/j.jad.2023.10.157
https://doi.org/10.1017/neu.2019.45
https://doi.org/10.1016/j.jad.2012.06.009
https://doi.org/10.1142/S0129065721500015
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org

	Alpha oscillatory dysregulation: mapping EEG oscillatory in suicidal depression
	Highlights
	1 Introduction
	2 Material and methods
	2.1 Subjects
	2.2 Clinical assessments
	2.3 Resting-state EEG data collection
	2.4 Resting-state EEG data analysis
	2.4.1 EEG data preprocessing
	2.4.2 PSD analysis
	2.4.3 FAA analysis
	2.4.4 FC analysis

	2.5 Statistical analysis

	3 Results
	3.1 Demographic and clinical assessment of subjects
	3.2 EEG PSD analysis results
	3.3 EEG FAA analysis results
	3.4 EEG FC analysis results
	3.5 Correlation analysis results

	4 Discussion
	5 Limitations
	6 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References




