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� We assessed EEG wakefulness regulation with the Vigilance Algorithm Leipzig in transdiagnostic patients after a suicide attempt.
� A distinct vigilance pattern was observed in patients, characterized by a steep climb of vigilance during the first 3 minutes.
� Significant correlations of suicidal ideation with the vigilance slope and stage A1 could serve as markers of suicidal behavior.
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Objective: Decades of research have not yet produced statistically reliable predictors of preparatory
behavior eventually leading to suicide attempts or deaths by suicide. As the nature of suicidal behavior
is complex, it is best investigated in a transdiagnostic approach, while assessing objective markers, as
proposed by the Research Domain Criteria (Cuthbert, 2013).
Methods: A 15-min resting-state EEG was recorded in 45 healthy controls, and 49 transdiagnostic in-
patients with a recent (<6 months) suicide attempt. Brain arousal regulation in eyes-closed condition
was assessed with the Vigilance Algorithm Leipzig (VIGALL) (Sander et al., 2015).
Results: A significant incline of median vigilance and vigilance slope was observed in patients within the
first 3-min of the EEG recording. Additionally, a significant positive correlation of self-reported suicidal
ideation with the vigilance slope over 15-min recording time, as well as a significant negative correlation
with EEG vigilance stage A1 during the first 3-min was found.
Conclusions: Transdiagnostic patients with a recent suicide attempt show a distinct vigilance regulation
pattern. Further studies including a control group consisting of patients without life-time suicide
attempts are needed to increase the clinical utility of the findings.
Significance: These findings might serve as potential objective markers of suicidal behavior.
� 2023 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

One substantial challenge in suicide risk assessment is the lack
of objective and reliable predictors. While psychological theories of
suicidal thoughts and behavior (STB) (Joiner, 2005; Klonsky et al.,
2016; 2017; 2018; Mann, 2003; O’Connor, 2011; O’Connor and
Kirtley, 2018; Rudd, 2000; Schotte and Clum, 1982, 1987; Van
Orden et al., 2010; Wenzel and Beck, 2008) provide a solid mech-
anistic framework to understand suicidal behavior, they have not
yet yielded statistically reliable predictors (Bhatt et al., 2018;
Franklin et al., 2017). However, supplementary screening tools to
assist with clinicians’ suicide risk assessments are urgently needed
as a worldwide estimate of 10 to 14 million suicide attempts each
year is reported (WHO, 2019). The difficulties in the prediction of
preparatory actions that eventually lead to a suicide attempt or
death by suicide originate from the complex nature of STB
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(Glenn and Nock, 2014). Often, individuals who suffer from suicidal
ideations do not disclose their intentions to die by suicide
(Bernecker et al., 2019). This constitutes a serious bias for suicide
risk assessment through self-report psychometric instruments.
Consequently, existing clinical suicide risk evaluation tools have
been criticized for their low sensitivity and low positive predictive
value (Kessler et al., 2020; Nock, 2016). A recent study by Randall
et al. (2019) found that the clinician‘s opinion as well as two stan-
dardized suicide assessment questionnaires predicted future suici-
dal behavior with only a low to moderate accuracy. Furthermore,
most individuals who experience suicidal ideation to not ever carry
out actions to end their own life (Klonsky et al., 2017). Finally,
while suicidal behavior primarily occurs in the context of mental
illness, psychiatric diagnoses themselves are criticized to lack
validity. As psychiatric diagnoses are mainly based on psy-
chopathological syndromes with a high overlap between clinical
entities, they are inadequate conceptualizations of underlying
pathophysiological causes (Ghaemi, 2018; Stein and Reed, 2019).
In addition, many patients who display STB are diagnosed with
several comorbidities (Park et al., 2018). To conclude, the previ-
ously discussed difficulties in suicide risk assessment call for reli-
able objective, ideally transdiagnostic predictors, which can be
easily implemented in the clinical practice, such as biomarkers
(Garcia-Gutierrez et al., 2020; Venigalla et al., 2017). Analogously,
a transdiagnostic and phenotype-based approach which aims to
overcome a merely descriptive, symptom-based definition of men-
tal disorders is proposed by the Research Domain Criteria (RDoC)
(Cuthbert and Insel, 2013).

In the context of STB, disturbed arousal regulation is a particu-
larly interesting biomarker. Specifically, in a recent meta-analysis
by Glenn et al. (2018) ‘‘arousal and regulatory systems” were
named as promising biomarkers within the RDoC, with a statisti-
cally significant relationship to suicidality. Furthermore, increased
STB are linked with a heightened arousal on a behavioral level
(Rudd, 2000), and several of the modulatory systems involved in
brain arousal regulations (Brown et al., 2012; Oken et al., 2006;
Sander et al., 2015), such as the serotonergic system (Sudol and
Mann, 2017), and the hypothalamo pituitary adrenal (HPA) axis
(Johnston et al., 2022; O’Connor et al., 2017), have been associated
with suicidal behavior. However, current research on the relation
between arousal regulation and suicide attempts is scare. Hereby,
EEG can provide an easy and objective method to examine brain
activity as well as brain arousal. Notably, eyes-closed resting-
state EEG is clinically feasible to be applied to a vulnerable patient
population.

The resting-state EEG ‘‘vigilance model” (Oken et al., 2006;
Sander et al., 2015) provides a comprehensive framework to
interpret psychiatric symptoms in the context of brain arousal
regulation. The vigilance model understands wakefulness regu-
lation as an autoregulation of behavior, allowing adaptation of
brain arousal to situational requirements. EEG-based vigilance
can be assessed by the application of the Vigilance Algorithm
Leipzig (VIGALL) to resting-state EEG data. Hereby, VIGALL clas-
sifies electrophysiological wakefulness patterns into distinct cat-
egories, which reflect the transition from full awareness to the
onset of sleep. These categories encompass EEG frequency band
measurements, cortical activity distributions assessed with
source localization tools, and eye movements. Hereby, higher
vigilance stages are characterized by dominant alpha-activity
that slowly decreases with declining vigilance. Lower vigilance
stages are defined by the appearance of slow eye movements
(SEM), followed by increased delta- and theta-band activity.
The on-set of sleep is marked by the appearance of typical EEG
sleep pattern, such as K-complexes and sleep spindles. Vigilance
dysregulation is hypothesized to be a pathogenic factor in sev-
eral mental illnesses. While a steadily declining vigilance
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towards sleep-onset is typically observed in healthy subject
under eyes-closed condition, a ‘‘hyperstable vigilance” was
found in depressed patients (Hegerl and Hensch, 2014; Hegerl
et al., 2012; Ip et al., 2021; Olbrich et al., 2012). Hereby, a ‘‘hy-
perstable” vigilance is characteristic by a delayed or missing
decline of wakefulness towards lower vigilance stages, resulting
in an EEG recording almost exclusively dominated by alpha fre-
quency activity. Oppositely, a ‘‘unstable” or ‘‘labile” vigilance,
marked by an almost immediate drop of EEG vigilance from full
wakefulness to lower vigilance stages, and the appearance of EEG
sleep patterns as soon as the eyes are closed, was observed in
patients diagnosed with mania or attention-deficit/hyperactivity
disorder (ADHD) (Berger et al., 2021; Hegerl et al., 2009) as well
as in patients with borderline personality disorder (Hegerl et al.,
2008). The vigilance model framework links arousal regulation
with clinical symptoms on the behavioral level. Studies (Hegerl
and Hensch, 2014; Hegerl et al., 2012) suggest that typical symp-
toms of depression, such as withdrawal, avoidance of sensations,
and difficulties to fall asleep, can be understand as effort to
autoregulate a ‘‘hyperstable” vigilance. Contrastingly, the
experience-seeking behavior in ADHD and mania might be dri-
ven by behavioral attempts to stabilize vigilance regulation
(Hegerl et al., 2009). Furthermore, a recent study by Jawinski
et al. (2021) has connected low EEG arousal to higher scores in
the NEO personality dimensions extraversion, openness to expe-
rience, and the sub-item impulsiveness. Notably, EEG vigilance
has been proposed as a candidate biomarker to inform medical
treatment decisions in psychiatric patients (Hegerl and Hensch,
2017; Ip et al., 2021; Olbrich et al., 2016).

However, the vigilance regulation framework has not yet
been investigated in the context of suicidal behavior. Previous
EEG research on STB is restricted to frequency band analysis
in healthy or depressed individuals, and the reported results
are conflicting. Lower frontal beta and gamma activation as well
as higher occipital alpha power during resting-state condition
has been reported in individuals who suffer from suicide idea-
tion or a history of life-time suicide attempts (Benschop et al.,
2019), but only the results for alpha power were replicated
(Krepel et al., 2021). Further studies connected, in contrast,
higher gamma power (Arikan et al., 2019), or higher frontal
theta power (Lee et al., 2017) with suicidal ideation, while
Dolsen et al. (2017) associated higher alpha power and higher
levels of suicidal ideation in sleep EEG. Importantly, within
the context of wakefulness arousal and sleep, higher alpha acti-
vation is generally associated with higher wakefulness stages,
while theta and delta activity is predominately found during
deeper wakefulness stages. Taken together, the investigation
of vigilance regulation in mental health patients with STB not
only provides further clarification on dominant frequency band
rhythms, but also offers an insight into the dynamic frequency
band changes over time. However, suicidal ideation has been
reported to be a ‘‘weak predictor” of consecutive suicidal acts
(Hawton et al., 2022). So far, a preceding suicide attempt is con-
sidered to have the strongest prediction value of future suicide
attempt (Franklin et al., 2017; WHO, 2019). This implies that
the pathophysiology of STB is best studied in patients after a
recent suicide attempt. Furthermore, as STB is not restricted
to patients diagnosed with depression, a transdiagnostic study
group is needed.

The aim of this paper is to investigate the association between
EEG vigilance and STB to detect possible STB-specific pattern in a
diagnostically heterogeneous sample of in-patients with a recent
(<6 month) suicide attempt, compared to healthy controls without
a life-time history of mental illness or suicide attempts. Based on
the previous literature on resting-state or sleep EEG in patients
with suicidal thoughts and behavior, we expect to find a greater
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number of higher vigilance stages in patients after a suicide
attempt.
2. Materials and methods

2.1. Design and participants

Study data were collected over a period of three years within
the wards and outpatient settings of the Psychiatric University
Hospital Zurich, the largest mental health care provider in Switzer-
land, with a catchment area of approximately 1.2 million people.
49 adult patient (�18 years) with a recent suicide attempt (within
the past six months) consented to study participation. Suicide
attempts were defined as behavior with an intent to die (e.g.,
intoxication with medication and/or drugs, jumping from elevated
grounds or in front of a vehicle, attempts to hang, suffocate or
drown oneself, or the intended use of fire weapons), or as behavior
involving a high risk of eventual death (e.g., intentional speeding
on the highway, repeated drug overdosing), following the defini-
tion of Wolfersdorf and Etzersdorfer (2011). Within the framework
of the overarching study project, all patients were randomized to
receive a short psychotherapeutic intervention, specifically tar-
geted at patients with a recent suicide attempt (ASSIP – Attempted
Suicide Short Intervention Program (Gysin-Maillart et al. (2016)).
Therefore, patients under the influence of acute psychosis, diag-
nosed with dementia or other severe cognitive impairments, and
patients exhibiting chronical non-suicidal self-harming behavior
were not considered eligible. Likewise, patients undergoing current
electroconvulsive therapy and patients who executed suicidal acts
during an episode of acute psychosis or under the influence of
delusional thoughts were not included into the study. In addition
to the psychiatric patients, 45 healthy controls were recruited from
the general public via online advertisement. Before study partici-
pation, the controls were screened for exclusion criteria involving
life-time suicide attempts, history of psychiatric illness, or chronic
medical conditions. Patients’ prescribed medication as well as psy-
chiatric and somatic diagnoses were recorded from the electronic
medical files at the assessment day. All study participants were
provided with extensive details on the study and signed informed
consent before participation. The study was carried out in accor-
dance with the Declaration of Helsinki 2008 and was approved
by the Ethics Commission of the Canton Zürich (Kantonale
Ethikkommission Zürich). The study was registered under the pro-
ject ID: 2019-01616.
2.2. Clinical assessment and diagnostic procedures

All study participants were instructed to fill out the German
version of the Beck scale for suicide ideation (BSS) right before
the recording of the EEG. The BSS is a standardized questionnaire
used to assess the severity of suicidal ideation. Items measuring
past and active suicidal ideation, suicide intentions during the past
seven days, and history of suicide attempts, are rated on a 3-point
scale ranging from 0 to 2. A maximum of 38 points can be reached
(Beck et al., 1979).

The German 21-items version of the Hamilton Depression Rat-
ing Scale (HDRS) (Hamilton, 1960; Strauß and Schumacher, 2004)
was assessed with patients and controls to record the presence
and severity of depressive symptoms on the day of the recording.
The sum scores are interpreted as followed: 0 to 7 points: no
depressive symptoms, 8 to 16 points: mild depressive symptoms,
17 to 23 points: moderate depressive symptoms, and scores over
24 points: severe depressive symptoms (Sharp, 2015).

To confirm the psychiatric diagnoses of the patients, respec-
tively, to screen healthy controls for the presence of current or past
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psychiatric symptoms, the Mini International Neuropsychiatric
Interview, German Version 5.0.0 (Sheehan et al., 1998) was con-
ducted with all study participants. Furthermore, medical and
life–time suicide attempt history was recorded together with
demographic and socioeconomic data.

2.3. EEG recording

Electroencephalographic measurements were obtained using
the eegoTM recording software and the amplifier model EE-225
(ANT Neuro, Hengelo, Netherlands). The 15-min eyes-closed rest-
ing state EEG was recorded with 64 Ag/AgCI electrodes, placed
on a waveguardTM cap (ANT Neuro GmbH, Netherlands) according
to an extended international 10–20 system, at a sampling rate of
4 kHz. Additionally, signals for horizontal and vertical eye move-
ment were recorded by a drop led electrode affixed on the infraor-
bital region of left eye, and two bipolar electrodes attached near
the outer canthus of each eye respectively. Electrode impedances
were kept under 50kO. The EEGs were recorded between 10:00
a.m. and 03:00 p.m. in a dimly lit room, while temperature was
kept constant at around 22 �C. Prior to the recording, the partici-
pants received instructions to keep their eyes closed, relax their
body, and remain still during the time of recording.

2.4. EEG processing and classification of vigilance stages

The eyes-closed resting-state EEG data were pre-processed
using BrainVision Analyzer 2 (BrainVision Analyzer 2, 2019). Out
of the recorded 64 channels, 25 were selected according to the VIG-
ALL 2.1 manual (https://research.uni-leipzig.de/vigall). A FIR band-
pass filter with cut-off frequencies of 0.5 Hz and 70 Hz, as well as a
50 Hz notch filter were applied. Likewise, electrooculogram chan-
nels were filtered with only a low-pass of 70 Hz and a 50 Hz notch
filter to retain slow eye movement. Thereafter, all channels were
re-referenced from CPz channel to average. Subsequently, the
EEG data were segmented into 1-second epochs and visually
screened for artefacts. Technical and muscular artefacts were
marked, but not removed to maintain the full 15-min sample.
Before running the independent component analysis for the cor-
rection of eye-movement artefacts, the EEG data were down-
sampled to 500 Hz. Lastly, the data were visually screened and
sleep elements (sleep-spindles and K-complexes, as defined by
Rodenbeck et al. (2006)) were marked.

In the next step, for each participant, the EEG-vigilance stages
for every 1-sec epoch over the whole 900-sec time series (15*60)
were automatically classified by the Vigilance Algorithm Leipzig
plug-in of the BrainVision Analyzer (VIGALL 2.0, 11, 12), following
the classification rules defined by Bente (1977), Roth (1961), and
Santamaria and Chiappa (1987). Hereby, seven different vigilance
stages were differentiated: Stage 0 marks the highest arousal in a
state of alertness, followed by, in a declining order, relaxed wake-
fulness (stages A1, A2, A3), drowsiness (B1, B2/3) and sleep onset
(stage C) (see Fig. 1). The A stages are defined by alpha dominance
that gradually shifts from occipital regions (A1) to central and tem-
poral (A2), and lastly to mainly frontal (A3) cortical regions with
increasing relaxation. Epochs with no alpha activity are classified
as stage 0 if there is no simultaneous occurrence of horizontal slow
eye movement (SEM) (Santamaria and Chiappa, 1987) or as stage
B1, if the epochs contain low amplitude activity with SEM. With
progressive relaxation delta and theta activity become dominant.
This is classified as stages B2/3. Vigilance stage C is classified based
on the manually marked grapho-elements such as K-complexes
and sleep-spindles (Rechtschaffen and Kales, 1968; Sander et al.,
2015).

For the data analysis, the SEM criterium was set to 75 lV with a
12-s rolling window length to detect any horizontal SEM in the
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recording. Due to the low presences of A2 and A3 stages, they are
combined in the following analysis, similar to Olbrich et al. (2016)
and Ip et al. (2021), resulting in 6 vigilance stages. Each stage was
assigned to a numerically value, stage 0 (6), A1 (5), A2/3 (4), B1 (3),
B2/3 (2) and C (1). For the present study, we calculated the out-
come variables ‘‘median vigilance”, ‘‘median slope” and the per-
centages of different vigilance stages for each minute of the EEG
recording, resulting in 15 1-min blocks. Median vigilance values
indicate the median wakefulness arousal level during rest, while
the median slope addresses vigilance changes over time. A lower
slope index indicates a steeper vigilance decline, or, respectively,
increase. The selected variables have been test-retested and are
considered standard parameters in EEG vigilance analysis (Huang
et al., 2015; Ip et al., 2021; Olbrich et al., 2016).

2.5. Statistical analyses

Three separate repeated measures analyses of variance
(ANOVA) were performed for the VIGALL outcome parameters
median vigilance, median slope, and the percentages of all vigi-
lance stages (0, A1, A2/3, B1, B2/3). Due to the very low presence
of stage C (see Fig. 2), indicating sleep onset, this vigilance stage
was excluded from the analysis. For each VIGALL outcome, record-
ing blocks (15 * 1-min block) were included as a within-subject
factor, while group (patients after a recent suicide attempt vs.
healthy controls) was defined as a between-subject factor. The
design of the analysis plan followed statistical models applied in
Ip et al. (2021) and Olbrich et al. (2012), where a 2–3-min block
was used to assess predictive markers. A 3-min block thus resam-
ples a clinical measure that can be achieved during most in-
hospital EEG recordings. However, the Vigilance Algorithm Leipzig
(Hegerl and Hensch, 2014) also uses a lengthier resting state
recording to increase the validity of the measure. Consequentely,
the 15-minute block corresponds to the standard measurement
proposed in the VIGALL manual.

Therefore, the first 3-min of the recording and the whole 15-
min recording block were performed separately in the ANOVA
model. Subsequently, Bonferroni’s correction was used for multiple
comparisons and post hoc analyses. Degrees of freedom were cor-
rected by Greenhouse-Geisser correction when necessary. Further-
Fig. 1. EEG-vigilance stages. Note. EEG-vigilance stages with their EEG-characteristics a
C = central cortical areas. HEOG = horizontal electrooculogram. Reprinted from the Vigi
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more, to investigate the association between EEG vigilance and
patients’ current suicidal ideation, and depression scores, partial
correlations between the VIGALL outcomes and the patients BSS
sum scores, respectively, the patients HDRS scores, were per-
formed. Age was included as a covariate in all models. Mean med-
ian vigilance (over time, one mean per minute), median slope, and
mean percentages of all vigilance stages were used for the correla-
tional analysis. The significance level was set to p <.05 for median
vigilance and median slope, and to p <.01 for the percentages of
vigilance stages to control for type Ⅰ error, following previous study
(Ip et al., 2021) (Supplementary Material, S.1-S.4). Group differ-
ences in age and psychometric measures were tested using inde-
pendent sample t-test. Group differences in sex were
investigated using Pearson’s chi statistic test. Additional statistical
analyses between mood disorder diagnosis, psychotropic medica-
tion, and vigilance regulation were performed and the details of
each statistical model were given in the Supplementary Material
(S.3-S.6).

3. Results

3.1. Sociodemographic characteristics

The included 49 patients were between 19 and 62 years old,
while the 45 controls covered an age range of 18 to 67 years. The
listed diagnoses were based on the 10th revision of the Interna-
tional Statistical Classification of Diseases and Related Health Prob-
lems (WHO, 2004). At admission, the patients had been diagnosed
with the following psychiatric disorders: F1: mental and behav-
ioral disorders due to psychoactive substance use (37%), F2:
schizophrenia, schizotypal and delusional disorders (8%), F3: mood
disorders (63%), F4: neurotic, stress-related and somatoform disor-
ders (43%), F5: behavioral syndromes associated with physiological
disturbances and physical factors (4%), F6: disorders of adult per-
sonality and behavior (43%), and F9: behavioral and emotional dis-
order with onset usually occurring in childhood and adolescence
(12%). Additionally, 65% of patients had one or several psychiatric
comorbidities. For each patient, all psychiatric diagnoses were
recorded. Patients’ psychotropic medication was extracted from
their electronic medical files. At the day of the EEG recording,
nd the corresponding behavior. F = frontal cortical areas. O = occipital cortical areas.
lance Algorithm Leipzig (VIGALL) Manual, 2017, p. 6.



Fig. 2. Vigilance stages of patients after a recent suicide attempt and healthy controls. Note. The mean percentage and the corresponding error bars (representing ± 1
standard error) between patients after a recent suicide attempt and healthy controls. HC = Healthy controls.
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67% of the patients took antidepressants, 30% neuroleptics, and
17% benzodiazepines or anxiolytics. Further demographic informa-
tion as well as the BSS suicidality scores and HDRS depression
scores are displayed in Table 1.

3.2. Median vigilance

A significant main effect of recording blocks was found for med-
ian vigilance in the 15-min-block (F (14, 1274) = 6.42, p <.001).
When assessing the median vigilance at the first 3-min-block,
there was a significant interaction between the recording blocks
of median vigilance and group (F (2, 182) = 6.61, p =.003). The anal-
yses of simple effects revealed that patients after a recent suicide
attempt had an increasing median vigilance within the first 3-
min-block (p values < 0.001, see Fig. 3). No significant main group
effect was found for median vigilance in the first 3-min-block
(p =.57) nor in the 15-min-block (p =.69). No significant correlation
between median vigilance (averaged across the first 3 min-bloc
k/15 min-block) and BSS was found in patients with current STB
(p values > 0.26). Median vigilance of patients with current STB
was also not significantly correlated with HDRS depression scores
in either of the blocks.

3.3. Median slope

A significant group effect was observed for median slope in the
first 3-min-block (F (1, 91) = 8.36, p =.005, see Fig. 4a), indicating
that patients after a recent suicide attempt had less propensities
for lower vigilance stages compared to healthy controls (0.27 vs
�0.03 stage/min). However, the group effect of median slope was
276
not sustained when the 15-min-block was evaluated (p =.27,
Fig. 4b). In patients, there was a significant positive partial correla-
tion between median slope and BSS in the 15-min-block (r
(43) = 0.30, p =.04, Fig. 5a). Opposingly, no significant partial corre-
lations between median slope and HDRS depression scores were
found in either the 3-min or the 15-min block.

3.4. Percentages at vigilance stage

The results of the ANOVA showed a significant main effect of
recording block at stage A1 (F (14, 1274) = 10.51, p <.001,
Fig. 2b) and B2/3 (F (14, 1274) = 8.79, p <.001, Fig. 2e) in the 15-
min-block, but not in the 3-min-block (p values > 0.21). There were
significant interactions between recording block and group in the
15-min-block (F (14, 1274) = 4.15, p =.002) in stage B2/3. The anal-
ysis of simple effects showed that healthy controls had an increas-
ing prevalence of stage B2/3 after 6 min (p values < 0.017) while
patients had no significant difference of stage B2/3 prevalence dur-
ing the whole recording time (p values > 0.11, Fig. 2). Furthermore,
a significant negative partial correlation between mean percent-
ages of stage A1 and BSS was found for patients with acute STB
in the first 3-min-block (r (43) = �0.37, p = 0.01, Fig. 5b). No such
partial correlations were observed between any of the mean per-
centages of the stages or the HDRS scores.

4. Discussion

The goal of this paper was to investigate the association
between EEG vigilance and STB to detect possible STB-specific
EEG patterns in a diagnostically heterogeneous group of patients



Table 1
Demographic and clinical characteristics.

Patients Controls

Demographics df t / Χ2 p-value
n 49 45
Age, M (SD) 34 (14) 34 (13.7) 91 �0.0193 0.9846
Sex, female (%) 26 (53 %) 26 (58 %) 1 0.0634 0.8011

BSS df t p-value
n 48 45
M (SD) 12.8 (8.71) 0.10 (0.49) 46 9.972 <0.0001***

HDRS df t p-value
n 42 45
M (SD) 19.3 (8.49) 1.3 (1.61) 43 13.518 <0.0001***

Note. n = number, M = mean, SD = standard deviation, df = degrees of freedom, X2 = Pearson’s chi-square test, t = t-test for independent samples. BSS = Beck Scale for Suicide
Ideation, HDRS = Hamilton Depression Rating Scale, *p <.05, **p <.01, ***p <.001.

Fig. 3. Median vigilance of patients after a recent suicide attempt and healthy controls. Note. Median EEG vigilance over the course of 15-min. Error bars represent ± 1
standard error. The rectangular box highlights median vigilance within the first 3-min. HC = Healthy controls.

Fig. 4. Vigilance slope of patients after a recent suicide attempt and healthy controls. Note. Vigilance slope within 3-min (4a) and over the course of 15-min (4b).
HC = Healthy controls. p = p-value.
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after a recent suicide attempt. Concerning median vigilance, the
statistical analysis showed a significant change in the EEG wakeful-
ness arousal level over the span of the whole recording time for
both study groups, indicating a slow but steady decline of vigilance
towards sleep onset. Hence, patients’ median vigilance regulation
did not significantly differ from healthy controls and, notably the
evidence for a hyperstable vigilance typically found in depressed
individuals was not as pronounced as initially hypothesized. While
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previous studies on depressed patients observed a delayed or miss-
ing decline of wakefulness towards lower vigilance stages, this
specific pattern was not found in patients after a recent suicide
attempt. Interestingly, a significant difference between the two
groups was found within the first 3 minutes of the recording. On
average, patients showed a significantly lower median vigilance
at the beginning of the recording session, followed by a steep rise
of vigilance which afterwards reclined at the approximately same



Fig. 5. Associations between VIGALL measures and the Beck Scale for Suicide Ideation (BSS). Note. Association between the Beck Scale for Suicide Ideation (BSS) and the
mean vigilance slope over 15-min (5a), respectively vigilance stages A1 within the first 3-min (5b). The data were adjusted for age. p = p-value.
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rate as the median vigilance in healthy controls. The findings for
the vigilance slope mirror the previously stated results, with a sig-
nificant increase of the vigilance slope for patients during the first
3 minutes. While Fig. 2 depicts fewer low vigilance stages in
patients after a suicide attempt, this difference was not found to
be statistically significant. Lastly, the analysis of the different vigi-
lance stages showed, that patients had a significantly lower
propensity to stage B2/3, the last vigilance stage before sleep on-
set. Oppositely, controls had an increased prevalence of lower vig-
ilance stage B2/3 halfway during recording time at minute 6.

Previous literature on vigilance regulation has associated fewer
low vigilance stages with symptoms of depression. While patients
with heterogeneous diagnostic backgrounds were recruited for the
presented study, their HDRS scores, measured on the assessment
day, demonstrated that all patients experienced depressive symp-
toms to a certain extent (see Table 1). However, no significantly
higher median vigilance was found in patients, and additional sta-
tistical analyses did not find a significant impact of mood disorder
diagnosis, nor psychotropic medication, on vigilance regulation.
One explanation of this outcome may be that the effects of depres-
sion on vigilance regulation may have been diminished by patients
with other vigilance regulation subtypes.

In conclusion, these findings may indicate that the wakefulness
regulation pattern found in this study, particularly the initial steep
increase of vigilance, might be a unique characteristic in patients
after a recent suicide attempt. Interestingly, a similar time-course
of mean vigilance was found in a study investigating EEG
resting-state vigilance in personality traits (Jawinski et al., 2021).
A steep rise of vigilance at the beginning of the EEG recording
was observed in individuals exhibiting lower levels of extraversion
and openness. Specific personality trait, such as neuroticism
(McDaniel et al., 2022; Soltaninejad et al., 2014), introversion
(Wenzel and Beck, 2008), aggression and impulsivity (Mann
et al., 1999), have long been proposed as risk factors of STB. There-
fore, the steep rise of vigilance might reflect a relationship between
STB and introversion or lower levels of openness in patients after a
recent suicide attempt.

In addition to the initial steep rise of vigilance, a significant pos-
itive correlation was found between self-reported STB on the day
of the recording and the vigilance slope over the whole recording
duration, as well as a negative correlation with percentage of A1
stages during the first 3 minutes (Fig. 4). This indicated that higher
levels of suicidal ideation are related with a higher slope index,
suggesting a slower decline of vigilance in patients. Likewise,
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higher suicidal ideation scores are associated with less A1 stages
at the beginning of the recording. Both of these parameters could
be possible markers of suicidal behavior. Especially, since vigilance
regulation has been reported to be inter-individually stable with
trait-character, although it can be modulated by state factors
(e.g., lack of sleep, nicotine, or caffeine intake) (Hegerl et al.,
2008). Within the context of RDoC, transdiagnostic EEG vigilance
markers could help to stratify patients in subgroups, and to inform
clinical suicide risk management by providing an advanced under-
standing of the underlying pathophysiology of STB (Olbrich and
Conradi, 2016; Rakus et al., 2021). EEG vigilance as a trait marker
of STB might facilitate the detection of predispositions and there-
fore allow early pharmacological or psychotherapeutic interven-
tions (Lema et al., 2018).

However, further studies are needed, also including a control
group of transdiagnostic psychiatric patients without life-time sui-
cide attempts, to stratify subgroups in mental health disorders and
analyze the clinical usefulness of these markers. Only when the
reported patterns distinguish between patients with history of
STB versus patients without history of STB, these markers have a
specific clinical value. Further limitations concern the inclusion
of medicated patients. Currently, within the overarching study pro-
ject, a variety of additional data is collected, allowing the investiga-
tion of possible diagnostic and predictive electrophysiological (e.g.,
heartrate variability, Rüesch et al. (2022)), clinical, socioeconomic,
and neuropsychological predictors of STB.

5. Conclusions

An initial steep rise of vigilance within the first 3 minutes of a
resting-state EEG recording could be an indication of a STB-
specific wakefulness regulation pattern in patients after a recent
suicide attempt. The positive correlation of self-reported suicidal
ideation with the vigilance slope, as well as the negative correla-
tion with A1 vigilance stages within the first 3 minutes, indicate
that EEG wakefulness regulation might serve as a potential marker
of suicidal behavior. To consolidate the clinical value of these find-
ings, further studies are needed, including a control group of neu-
ropsychiatric patients without suicidal thoughts and behavior.
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