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Focus on Suicide

Electroencephalogram Resting State Frequency  
Power Characteristics of Suicidal Behavior  
in Female Patients With Major Depressive Disorder
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Frederik Van de Steen, PhDe; Kees Van Heeringen, MD, PhDa; and Martijn Arns, PhDf,g,h

ABSTRACT
Background: Difficulties in predicting suicidal behavior hamper effective 
suicide prevention. Therefore, there is a great need for reliable biomarkers, and 
neuroimaging may help to identify such markers.

Methods: Electroencephalography (EEG) was used to investigate resting state spatial-
frequency power characteristics of female patients with major depressive disorder 
(MDD); 19 were recent suicide attempters (within the previous 30 days), 36 were 
suicide ideators, and 23 were nonsuicidal. Patients were enrolled at neuroCare Clinic 
Nijmegen (Nijmegen, the Netherlands) between May 2007 and November 2016, 
and the primary diagnosis of nonpsychotic MDD was confirmed using the Mini-
International Neuropsychiatric Interview, DSM-IV criteria, and a score of ≥ 14 on the 
21-item Beck Depression Inventory. Nonparametric, cluster-based permutation tests 
were applied to detect robust power differences between the study groups on the 
EEG broadband signal (2–100 Hz). Furthermore, a nonadaptive distributed source 
imaging method (eLORETA) was utilized to examine if these suicide-based frequency 
characteristics are localized in brain areas previously reported in the neuroimaging 
literature.

Results: When compared to nonsuicidal depressed patients, attempters and 
ideators displayed both decreased beta and low gamma activity in the frontal 
regions. Moreover, ideators had increased alpha activity over the posterior regions 
and increased high beta, low gamma activity over the left occipital region when 
compared to psychiatric controls. Attempters had reduced beta and low gamma 
activity over the right temporal region when compared to ideators. In addition, 
eLORETA localized attempter and ideator reduced frontal activity within the orbito-, 
medial-, middle-, superior-, and inferior-frontal areas and the anterior cingulate 
cortex. In attempters, reduced right temporal activity was localized within the right 
inferior-, middle-, and superior-temporal cortices and the fusiform gyrus.

Conclusions: Frequency power characteristics of attempters and ideators are 
consistent with findings from the neuroimaging literature concerning suicide, 
implying EEG resting state assessment could become a potential biomarker to 
predict suicide risk.
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Suicide accounts for approximately 
840,000 deaths per year worldwide,1 

while suicide attempts exceed those 
numbers by a factor of 10 to 20.2 Despite 
the high incidence and the severe 
consequences on the afflicted individuals 
and their surroundings, accurately assessing 
suicide risk is still a challenging endeavor. 
Although research has identified reliable 
long-term risk factors for suicidal behavior, 
the short-term predictive power of these 
risk factors proves to be inadequate.3 
Moreover, due to feelings of shame and/or 
fear, individuals who are at risk of suicidal 
behavior often disguise their wish to die 
from clinicians or family members.4,5 
Considering the unpredictable and grievous 
nature of suicidal behavior, along with the 
present limitations regarding suicide risk 
assessment, developing reliable biomarkers 
of acute suicidality may be of essence.

A reliable biomarker should provide 
an objective measurement that includes 
information about the underlying 
physiologic or pathologic processes.6 
Such a measurement could then be used 
for diagnostics or treatment outcome. 
Recently, research has emerged trying to 
identify neural correlates of suicide risk 
to establish effective suicide prevention 
procedures.7,8 The bulk of these studies rely 
on functional magnetic resonance imaging 
(fMRI), single-photon emission computed 
tomography (SPE[C]T), or positron 
emission tomography (PET) imaging 
methods to search for structural and/or 
functional characteristics of individuals 
with a high vulnerability for suicidal 
behavior. For example, in a promising 
study using machine-learning algorithms 
on subjects’ distinct neural fMRI signatures 
when exposed to death- and life-related 
concepts, Just and colleagues9 demonstrated 
that suicidal ideation could be accurately 
predicted (91%). Furthermore, this classifier 
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Clinical Points

■■ Although substantial efforts have been made in the 
search for markers of suicidality, accurately assessing 
acute suicide risk is still a challenging endeavor.

■■ The electroencephalogram is an insufficiently researched 
but potentially powerful ally in suicide prevention efforts.

also could successfully differentiate between ideators (ie, 
major depressive disorder [MDD] patients with suicidal 
thoughts) who had and had not attempted suicide (94%).

Notwithstanding, (f)MRI, SPE(C)T, and PET scanners are 
not routinely employed in most psychiatric facilities since 
they are expensive, time consuming, frequently unavailable, 
or altogether lacking. In contrast, the electroencephalogram 
(EEG) is a relatively cost-effective, accessible, and time-
efficient brain-imaging tool that has been applied for both 
diagnostics and treatment of neuropsychiatric disorders.10 
Nevertheless, research investigating the potential of EEG 
for suicide risk assessment is surprisingly scarce and 
predominantly based on depression-related markers such 
as alpha asymmetry11,12 and frontal theta power.13–15 In a 
recent meta-analysis, the reliability of alpha asymmetry as 
a biomarker for psychiatric disorders was investigated but 
showed limited diagnostic value.16 Likewise, the few studies 
investigating frontal theta power as a potential candidate 
for suicide risk assessment reported contradictory results.15 
Therefore, there is a need to identify electrophysiologic 
characteristics unique for suicidal behavior, unconstrained 
by depression-related findings.

To address these concerns, the current study contrasted 
broadband (2–100 Hz) resting state EEG in patients with 
MDD, including recent suicide attempters, suicide ideators, 
and MDD patients with a low suicide risk. Advanced EEG 
analyses increase the reliability of the results by means of 
stringent multiple comparisons controlled permutation 
testing,17 whereas (non-)adaptive distributed source imaging 
methods such as eLORETA18 can increase confidence in the 
validity of the findings through the convergence of spatially 
localized frequency power differences with the neuroimaging 
literature concerning suicide risk. In summary, the aim 
of this data-driven EEG study was to investigate whether 
MDD patients with either a recent suicide attempt or 
suicidal ideation have unique spatial-frequency power 
characteristics when compared to MDD patients without 
suicidal ideation or behavior. Data-driven approaches may 
reveal topographical EEG characteristics unique to suicide 
attempters and/or ideators and establish a benchmark for 
future electrophysiologic research concerning suicide.

METHODS

Participants
Patient recruitment and sample size, assessment of 

depression and suicide risk, and inclusion and exclusion 
criteria are outlined in Supplementary Appendix 1. In 

brief, the study sample consisted of 78 female patients with 
major depressive disorder (MDD): 19 were recent suicide 
attempters (within the previous 30 days), 36 were suicide 
ideators, and 23 were nonsuicidal. Patients were enrolled at 
neuroCare Clinic Nijmegen (Nijmegen, the Netherlands) 
between May 2007 and November 2016, and the primary 
diagnosis of nonpsychotic MDD was confirmed using the 
Mini-International Neuropsychiatric Interview (MINI), 
DSM-IV criteria, and a score of ≥ 14 on the 21-item Beck 
Depression Inventory (BDI). All participants signed an 
informed consent form and agreed upon the data being used 
for research purposes.

EEG Procedure and Preprocessing
The details of the EEG procedure and preprocessing steps 

are outlined in Supplementary Appendix 1.

Preliminary Analysis
A preliminary analysis was performed using R (version 

3.5, R Foundation for Statistical Computing; Vienna, Austria; 
2018) to investigate if the 3 groups (ie, MDD attempters, 
MDD ideators, and MDD controls) were significantly 
different with respect to age, BDI scores, and comorbid 
MINI diagnosis. Bartlett test of homogeneity of variances 
indicated that the variances were not significantly different 
for both the variables age and BDI scores. Thus, a standard 
multivariate analysis was applied to examine the effect of 
study group on age and BDI scores. A cross-table χ2 analysis 
was also performed to inspect if MINI diagnosis differed 
significantly between the study groups.

EEG Analysis
The primary EEG analysis was performed in 

MATLAB (Version R2016b, The MathWorks, Inc, Natick, 
Massachusetts) using functions from the EEGlab Toolbox19 
and the Signal Processing Toolbox. Current source density 
(CSD) was applied to all of the data using the spherical 
spline approach described by Perrin and colleagues.20 CSD 
(ie, Surface Laplacian) is a spatial filter that attenuates signal 
noise resulting from volume conduction and deep-source 
contaminants. As a result, topographical distributions of 
electro-cortical dynamics are more accurately depicted 
facilitating localization.21 Frequency decomposition was 
achieved through complex Morlet wavelet convolution. 
The wavelets’ frequency spectrum was logarithmically 
distributed in 40 increments ranging from 2–100 Hz. The 
number of wavelet cycles was adjusted as a function of 

Table 1. Patient Characteristics

Attempters Ideators
Psychiatric 

Controls
Variable Mean SD Mean SD Mean SD
Age, y (P = .11) 37.26 10.85 45.00 13.31 44.13 13.50
BDI score (P < .001) 42.16 10.05 31.28 9.30 28.61 9.00
MINI diagnosis (P = .432)
Abbreviations: BDI = Beck Depression Inventory, MINI = Mini-International 

Neuropsychiatric Interview.
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A

B

C

Figure 2. eLORETA Source Localization of Study Group Peak Power Differencesa

aThis figure illustrates significant (P < .05) localized power differences (voxels) for each group contrast when looking at peak significant frequency bands. Row 
A shows hypo (blue) frontal beta II activity of attempters when compared to psychiatric controls, row B shows hypo frontal beta II activity of ideators when 
compared to psychiatric controls, and row C shows right hypo temporal gamma I activity of attempters when compared to ideators.

Abbreviations: A = anterior, I = inferior, L = left, P = posterior, R = right, S = superior.

frequency (ie, 3 cycles for the lowest frequency and 10 cycles 
for the highest frequency). The fast-Fourier transform of 
the CSD-filtered data was convolved with the wavelets to 
extract each participant’s power spectra. Power extraction 
was applied only on eyes closed data since it controls for the 
confounding effects of visual scenes.22

Cluster-based permutation testing was applied for 
statistical evaluation considering the necessity to control 
for the familywise error rate. A detailed explanation of 
the method has been published elsewhere.17 A concise 
description of the cluster-based permutation method can 
be found in Supplementary Appendix 1.

Most EEG studies perform cluster-based thresholding on 
time-frequency maps. However, since the current study uses 
resting state data and since we were interested in localizing 
power differences on topographical maps, the data were 
collapsed over the time dimension. Therefore, the cluster-
based thresholding was applied on the spatial (ie, electrode 
grid) frequency dimension. This was accomplished through 
extracting the 2D grid of interpolated electrode values from 
EEGlab’s topoplot.m function for every frequency bin. 
This resulted in a cylinder of data, comprising 40 (ie, the 

number of frequency bins) stacked slices, in which each 
slice represents a cluster-thresholded and frequency-specific 
topographical plot. For a concise overview and practical 
implementations of cluster-based thresholding and other 
EEG analyses, see Cohen.23

In addition, a post hoc analysis of covariance (ANCOVA) 
was performed in R (version 3.5) to investigate if the results 
of the cluster based permutation analysis were driven by BDI 
scores. This was achieved by extracting the peak significant 
pixel for every contrast from the cluster based analysis. The 
location of this peak significant pixel was then used as an 
index within the 3D data matrix (grid 1 × grid 2 × frequency) 
to extract a power value for each subject. The extracted 
power values were then used as the dependent variable 
within an ANCOVA with study group as the independent 
variable and BDI scores as a covariate. Additionally, Cohen’s 
d was calculated on the extracted power values to give an 
estimation of the effect size of the findings.

eLORETA Analysis
The details of the eLORETA analysis are outlined in 

Supplementary Appendix 1.
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RESULTS

Effect of Study Group on Age, BDI Scores,  
and MINI Diagnosis

The multivariate test revealed no significant difference 
between the study groups with regard to age (F2,75 = 2.63, 
P = .11) (Table 1). A significant difference was found 
between the study groups in BDI scores (F2,75 = 9.80, 
P < .001). A subsequent Bonferroni-corrected post hoc test 
revealed that the attempter group (mean = 42.16, SD = 10.05) 
had significantly higher BDI scores than the ideator group 
(mean = 31.28, SD = 9.30, P < .001) and the low-risk group 
(mean = 28.61, SD = 9.00, P < .001). The ideator group and 
the low-risk group did not differ significantly for BDI scores 
(P = .8). The χ2 analysis revealed no significant differences 
between the study groups regarding MINI diagnosis (χ2

12 
[N = 78] = 12.18, P = .432). These results can be found in 
Supplementary Appendix 1.

Spatial-Frequency Cluster Analysis
The spatial-frequency cluster multiple comparisons 

correction (MCC) analysis was applied as a 2-tailed test. 
The analysis revealed significant hypoactivity at the frontal 
electrodes for the attempters when compared to the low-risk 
controls. The hypoactivity appeared around 15 Hz in the 

Table 2. Significant Beta II (20–25 Hz) eLORETA Voxels 
(P < .05) With Peak MNI Coordinates for Each Brain Region: 
Attempters vs Low-Risk Controls

MNI Coordinates
Structure BA N Voxels X Y Z
Frontal lobe
Rectal gyrus 11 43 −10 25 −30
Orbital gyrus 47 47 −15 30 −30

11 17
Medial frontal gyrus 25 17 5 25 −20

32 1
9 3

11 13
10 5

Inferior frontal gyrus 47 56 −15 30 −25
11 19
10 4
46 1

Subcallosal gyrus 11 2 −10 25 −15
25 3
47 1

Middle frontal gyrus 11 36 −20 25 −15
10 36
47 5

9 8
46 2

Superior frontal gyrus 11 17 −20 40 −20
10 16

9 2
Limbic lobe
Anterior cingulate 32 17 −20 45 10

24 1
Uncus 38 3 20 10 −40
Temporal lobe
Superior temporal gyrus 38 9 −25 20 −35
Abbreviations: BA = Brodmann area, MNI = Montreal Neurological Institute.

Table 3. Significant Beta III (25–30 Hz) eLORETA Voxels 
(P < .05) With Peak MNI Coordinates for Each Brain Region: 
Ideators vs Low-Risk Controls

MNI Coordinates
Structure BA N Voxels X Y Z
Frontal lobe
Medial frontal gyrus 32 2 −20 40 15

9 9
10 51
11 28
25 6

Middle frontal gyrus 10 49 −30 45 25
9 28

11 39
46 13
47 7

8 3
Superior frontal gyrus 10 59 −25 45 25

9 15
11 54

Limbic lobe
Anterior cingulate 32 40 −20 45 10

10 3
24 3

Frontal lobe
Sub-gyral 10 1 −40 45 0

9 1
Orbital gyrus 11 18 −15 45 −25

47 7
Inferior frontal gyrus 10 4 −40 55 5

47 53
11 13
46 7
45 9

9 2
13 1

Rectal gyrus 11 26 −10 45 −25
Subcallosal gyrus 11 2 −10 25 −15
Precentral gyrus 9 2 −40 25 40
Temporal lobe
Superior temporal gyrus 38 1 −25 20 −35
Abbreviations: BA = Brodmann area, MNI = Montreal Neurological Institute.

Table 4. Significant Gamma I (31–49 Hz) eLORETA Voxels 
(P < .05) With Peak MNI Coordinates for Each Brain Region: 
Attempters vs Ideators

MNI Coordinates
Structure BA N Voxels X Y Z
Temporal lobe
Inferior temporal gyrus 20 14 55 −25 −25
Fusiform gyrus 20 12 55 −30 −25
Middle temporal gyrus 21 23 55 −25 −15

22 3
20 1

Superior temporal gyrus 22 4 50 −35 0
21 2

Limbic lobe
Parahippocampal gyrus 20 1 40 −25 −20

36 1
Temporal lobe
Sub-gyral 20 1 40 −20 −25
Abbreviations: BA = Brodmann area, MNI = Montreal Neurological Institute.



Yo
u 

ar
e 

pr
oh

ib
it

ed
 fr

om
 m

ak
in

g 
th

is
 P

D
F 

pu
bl

ic
ly

 a
va

ila
bl

e.

For reprints or permissions, contact permissions@psychiatrist.com. ♦ © 2019 Copyright Physicians Postgraduate Press, Inc.

It is illegal to post this copyrighted PDF on any website.

e6     J Clin Psychiatry 80:6, November/December 2019

Benschop et al

140

120

100

80

60

40

20

0
  10 20 30 40 50 60 70 80 90 100

Attempters
Ideators
MDD controls

Frequency (Hz)

(R
aw

 P
ow

er
 V

al
ue

s)
 e

 +
 5

Figure 3. Frontal EEG Power for Each Study Groupa

aEEG power was aggregated over frontal electrodes (Fp1, Fp2, F3, and 
F4) for each study group. The figure illustrates how attempter, ideator, 
and low-risk control power values are similar for the lower frequency 
spectrum (1–15 Hz) but that at the higher frequency spectrum (15–60 
Hz) attempters and ideators demonstrate overall frontal EEG power when 
compared to low-risk controls.

Abbreviations: EEG = electroencephalogram, MDD = major depressive 
disorder.

right frontal area, reaching a bilateral spatial peak around 
26 Hz until it retracted to the right frontal area up to around 
53 Hz (Figure 1A [animations depicting these analyses can 
be viewed as Supplementary Figures 1–3 at Psychiatrist.
com]). When the ideators were contrasted with the low-risk 
controls, significant bilateral posterior hyperactivity was 
observed for the ideators in the 9–13 Hz frequency range. 
Significant frontal hypoactivity was also observed for the 
ideators. This frontal hypoactivity appeared around 18.5 
Hz in the right frontal area and became bilateral around 
21 Hz until it retracted to the left frontal area up to around 
68 Hz. Significant left occipital hyperactivity was observed 
as well for the ideators, starting at around 26 Hz until it 
dissipated at around 60 Hz (Figure 1B). The final spatial-
frequency cluster MCC analysis contrasted attempters 
with ideators. Significant right temporal hypoactivity was 
detected for attempters when compared to the ideators. The 
right temporal hypoactivity emerged around 16.5 Hz, was 
maximally distributed at 33 Hz, and dissipated at around 53 
Hz (Figure 1C).

Post Hoc ANCOVA Analysis and Effect Size
Since attempters had significantly higher BDI scores than 

ideators and low-risk controls, an ANCOVA was performed 
on the extracted power values with BDI as a covariate. The 
ANCOVA revealed a significant difference on EEG power 
between attempters and low-risk controls (F1,38 = 7.19, 
P = .011). A subsequent Cohen’s d calculation estimated a 
large effect size (d = 0.85). In addition, the ANCOVA also 
revealed a significant difference on EEG power between 
attempters and ideators (F1,51 = 4.55, P = .038). Cohen’s d 
estimated a medium effect size (d = 0.61). Lastly, when 
looking at ideators with respect to low-risk controls, Cohen’s 
d estimated a medium effect size (d = 0.75).

eLORETA Analysis
When contrasting attempters with low-risk controls, 

the spatial-frequency cluster MCC analysis revealed only 
hypoactivity. Therefore, a 1-tailed test was applied in 
eLORETA. The eLORETA analysis localized significant 
differences for the following frequency bands: beta (P = .034), 
beta I (P = .038), beta II (P = .027), beta III (P = .041), and 
gamma I (P = .036). When looking at the frequency band 
with the highest level of significance (beta II), eLORETA 
localized attempter hypoactivity within the rectal gyrus 
(bilateral), orbital gyrus (bilateral), medial frontal gyrus 
(bilateral), inferior frontal gyrus (bilateral), subcallosal 
gyrus (bilateral), anterior cingulate gyrus (bilateral), middle 
frontal gyrus (left hemisphere), and superior frontal gyrus 
(left hemisphere).

Since the spatial-frequency cluster MCC analysis revealed 
both hypo- and hyperactivity when contrasting ideators with 
low-risk controls, a 2-tailed test was applied in eLORETA. 
The eLORETA analysis localized significant differences for 
the following frequency bands: sensorimotor rhythm (SMR) 
(P = .01), beta (P = .004), beta I (P = .006), beta II (P = .005), 
beta III (P = .003), and gamma I (P = .011). When looking 

at the frequency band with the highest level of significance 
(beta III), eLORETA localized ideator hypoactivity within 
the medial frontal gyrus (bilateral), anterior cingulate gyrus 
(bilateral), middle frontal gyrus (bilateral), superior frontal 
gyrus (bilateral), inferior frontal gyrus (left hemisphere), 
orbital gyrus (bilateral), subgyral (left hemisphere), rectal 
gyrus (bilateral), and insula (left hemisphere). eLORETA 
did not detect any posterior hyperactivity in the alpha band 
or occipital hyperactivity in the beta and low gamma band.

When contrasting attempters with ideators, the spatial-
frequency cluster MCC analysis revealed only hypoactivity. 
As a result, a 1-tailed test was applied in eLORETA. The 
eLORETA analysis localized (marginally) significant 
differences for the following frequency bands: beta III 
(P = .082) and gamma I (P = .043). When looking at the 
frequency band with the highest level of significance 
(gamma I), eLORETA localized attempter hypoactivity 
within the inferior temporal gyrus (right hemisphere), 
fusiform gyrus (right hemisphere), middle temporal gyrus 
(right hemisphere), and superior temporal gyrus (right 
hemisphere). Figure 2 provides a visual overview of the 
eLORETA analysis results. The peak MNI coordinates for 
each brain region can be viewed in Tables 2–4.

DISCUSSION

Our results show that both attempters and ideators 
have less resting state beta and low gamma activation 
when compared with low-risk MDD patients, specifically 
in the frontal regions of the brain. eLORETA localizes 
these frequency power differences for both attempters and 
ideators within the orbito-, medial-, middle-, superior-, 
and inferior-frontal areas and the anterior cingulate cortex. 
These findings are in agreement with a coordinate-based 
meta-analysis of structural and functional (f)MRI studies, 
in which reduced gray-matter volumes of the rectal gyrus 
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and increased reactivity of the anterior cingulate cortex 
have been observed.7 Additionally, a review concerning the 
neurobiology of suicide described lower gray-matter volume 
of dorsolateral prefrontal cortex (DLPFC), orbitofrontal 
cortex, and anterior cingulate cortex in suicide attempters 
when compared to psychiatric controls.8 Moreover, a recent 
neuromodulation study found that accelerated intermittent 
theta burst stimulation treatment for MDD on the left DLPFC 
leads to strengthened functional connectivity between 
the subgenual anterior cingulate cortex and the medial 
orbitofrontal cortex in treatment responders, which in turn 
corresponded with a decrease in feelings of hopelessness, 
a major risk factor for suicide.24 The cluster-based MCC 
analysis also revealed alpha hyperactivity and beta to low 
gamma hyperactivity for ideators when compared with low-
risk controls. However, eLORETA analysis did not detect this 
hyperactivation, perhaps due to eLORETA’s statistical test 
being less sensitive (eLORETA’s Statistical nonParametric 
Mapping does not take cluster mass into account). Our 
study also contrasted attempters with ideators, revealing 
less right temporal beta and low gamma activation for 
attempters when compared to ideators. eLORETA localizes 
these frequency power differences within the right inferior-, 
middle-, and superior-temporal cortex and the fusiform 
gyrus. These findings corroborate those from MRI studies 
that investigated structural brain characteristics in a suicide 
attempter population.8,25 For instance, Pan and colleagues25 
observed gray-matter volume reduction in the right superior 
temporal gyrus in a population of adolescents with a history 
of suicide attempt.

The preliminary analysis revealed a significant difference 
in BDI scores between the attempter group and the ideator 
and low-risk control groups. One could argue that the 
frequency characteristics that were found for the attempter 
group were driven by this difference in BDI scores. This 
seems unlikely, since the ideator group’s hypofrontal 
beta frequency characteristics are similar to those of the 
attempter group. The results of the post hoc ANCOVA 
support this notion since power differences remained 
significantly different when contrasting attempters with low-
risk controls and ideators while BDI scores are controlled 
for. Nevertheless, a final analysis was performed in which 
the MDD patients were ranked on BDI scores from high 
to low. Based on these ranked BDI scores, 3 groups were 
constructed who were size-matched with the suicide groups 
(high BDI group with n = 19, medium BDI with n = 36, and 
low BDI with n = 23). The cluster-based MCC analysis 
was then performed on these 3 distinct BDI groups. No 
significant clusters were detected by the analysis, implying 
again that the EEG frequency characteristics are not driven 
by BDI scores.

It seems that suicide attempters and ideators have a 
general reduced frontal beta and low gamma band activity 
when compared to low-risk controls. Nonetheless, there is 
the possibility that suicide attempters and ideators have an 
overall predominance for lower over higher frequencies when 
compared to low-risk controls. To resolve this ambiguity, 

raw power values were aggregated over frontal electrodes 
(Fp1, Fp2, F3, and F4) for each study group. Figure 3 shows 
that power values are similar for attempters, ideators, and 
low-risk controls at the lower frequency spectrum but that 
attempters and ideators demonstrate overall lower frontal 
EEG power around 15–60 Hz compared to low-risk controls; 
confirming the initial findings of the spatial-frequency 
analysis.

Limitations of the current study include the reliance 
on post hoc data, using a sample that consists of female 
participants exclusively, using low-density EEG for source 
localization, and being restricted to use of the MINI 
questionnaire for suicide risk assessment. Although EEG 
source localization accuracy increases in function of the 
number of electrodes being used,26 the current study’s 
localizations seem to be congruent with the regions reported 
by functional and structural MRI studies of suicidal patients. 
Because of the reliance on post hoc data, only the MINI 
questionnaire was administered for suicide risk assessment. 
As a result, the study’s design was limited due to the basic 
format of the MINI suicide assessment subscale. It would have 
been interesting to examine if there are unique frequency 
characteristics, not only for attempters and ideators but 
also for individuals with concrete suicidal plans or intent. 
Nonetheless, the MINI questionnaire has been reported to 
have high predictive validity concerning suicidal behavior.27 
Another limitation due to the reliance on post hoc data is the 
absence of measures such as impulsivity, psychological pain, 
and feelings of hopelessness. Impulsivity, psychological pain, 
and feelings of hopelessness are psychological constructs 
that are implicated with suicidal behaviors.8,28–30 With 
respect to the design of the current study, it is unclear how 
these constructs influence the results. A final limitation 
concerns the pharmacologic makeup of the study sample. 
The original study did not implement a washout period or 
a preselection of pharmacologic medications. Consequently, 
it is possible that the pharmacologic treatment makeup 
could have been different across study groups. Therefore, 
future research, not limited to the female sex, should try 
to replicate the findings of the current study while holding 
these limitations in mind. High density EEG systems would 
allow us to more accurately pinpoint the location of these 
frequency characteristics, revealing possible treatment 
sites for neuromodulation methods such as repetitive 
transcranial magnetic stimulation, transcranial direct-
current stimulation, or EEG neurofeedback. Moreover, 
researchers should attempt to apply machine-learning 
algorithms on EEG data, analogous to the study of Just and 
colleagues.9 If proven to be successful, this approach would 
be the first step into developing a reliable and practical 
biomarker for suicide risk in the clinical setting.

In conclusion, the present study offers a novel perspective 
on suicide risk assessment by means of EEG frequency 
power characteristics. The findings could be considered as 
a benchmark for future electrophysiologic studies and may 
contribute toward developing a cost-effective, time-efficient, 
accessible, and reliable biomarker of suicidality.
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Appendix 1 

Participants 

The study sample is comprised of a naturalistic open-label study, in which aspects unrelated to suicide 

have been published elsewhere1. The original sample consisted out of MDD patients who applied for 

rTMS treatment and were enrolled at three different sites between May 2007 and November 2016: 

neuroCare Clinic Nijmegen, neuroCare Clinic The Hague and Psychologen Praktijk Timmers 

Oosterhout. The current study constitutes a subsample of the original naturalistic open-label study: the 

MDD patients which were enrolled at neuroCare Clinic Nijmegen (N = 196). All participants signed 

an informed consent and agreed upon the data being used for research purposes. The primary 

diagnosis of non-psychotic MDD was confirmed using the Mini-International Neuropsychiatric 

Interview (MINI-Plus)2, DSM-IV criteria and a score of ≥ 14 on the 21-item Beck Depression 

Inventory (BDI)3. 

In addition, suicide risk was assessed using the MINI questionnaire. Considering the suicide 

related items derived from the MINI questionnaire, we defined three distinct groups based upon 

suicide risk: a) MDD who attempted suicide within the previous 30 days (i.e. attempters), b) MDD 

with only SI (i.e. ideators) and c) MDD without SI and/or a history of suicide attempts (i.e. psychiatric 

controls). Since the present study’s concern is in acute suicide risk, MDD patients with a suicide 

attempt outside the 1-month interval and with no reported ideation were excluded from the analysis. 

Forty participants were excluded from the dataset due to missing suicide-related data (N = 36) or not 

meeting the inclusion criteria (i.e. suicide attempt outside of the 1-month interval). Furthermore, we 

included only females for two reasons: a) male subjects were severely underrepresented within the 

attempter group (5 males vs 19 females) and b) several studies have found gender-specific EEG 

predictors and findings within MDD patient populations4-6. Consequently, the final study’s sample size 

was 78, including 19 attempters, 36 ideators and 23 psychiatric controls. 
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EEG procedure & pre-processing 

EEG procedure 

 The EEG recordings were acquired by adopting the standardized methodology and platform 

from Brain Resource Ltd., Australia. Details of this standardized procedure are described elsewhere7,8. 

The reliability and across-site consistency of this standardized EEG methodology has been 

demonstrated in multiple studies9,10. The procedure can be summarized as follows: subjects were 

seated in a light- and sound-controlled room with a fixed ambient temperature of 22°C. The EEG data 

were collected using a 26-channel Quikcap (NuAmps; 10-20 electrode extended international system). 

The acquisition of the continuous EEG resting state data consisted of two-minute eyes closed (EC) and 

eyes open (EO) segments. The experimenter did not intervene when drowsiness patterns were 

observed in the EEG. The EEG data was referenced to average mastoids with a ground at the AFz. 

Horizontal and vertical eye movements were also recorded. The electrode impedance was < 5K Ω for 

all the channels and the sampling rate was 500 Hz. A continuous acquisition system was used and 

subsequent artifact removal such as EOG-corrections was performed offline. Finally, a 100 Hz low 

pass filter was applied prior to digitization. 

EEG pre-processing 

 A high pass filter of 1 Hz and a low pass filter of 100 Hz were applied. EOG corrections were 

performed based on a similar technique of Gratton and colleagues11. The continuous data were 

segmented into two second epochs. Individual epochs were marked as artifacts based on the following 

criteria: a) EMG detection, b) pulse and baseline shift detection, c) crosstalk detection, d) high 

kurtosis, e) extreme power level detection, f) residual eye blink detection and g) extreme voltage 

swing detection. The data was re-referenced to the average. The pre-processing steps are based on the 

pipeline of Arns and colleagues, who have published a detailed description and a validation of this 

automated EEG pre-processing procedure4. 
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EEG Analysis 

Cluster-based permutation method 

Cluster thresholding for multiple comparisons correction (MCC) is based on the notion that 

EEG data auto-correlates (e.g. a specific significant time-point’s neighbour will probably also be 

significant). These auto-correlations form clusters in the data, which may be expressed over time-

points, frequencies and/or electrodes. Clusters observed in the data will be viewed as significant if 

they are larger than the typical data clusters one would expect to find under the null hypothesis. More 

specifically, a null hypothesis distribution of clustered t-values is generated by means of: a) shuffling 

condition labels (e.g. the study groups) at random, b) calculating t-statistics on these shuffled group 

differences, c) applying an alpha-level threshold (e.g. 0.05) on these t-statistics (i.e. pixel thresholding) 

and d) extracting the t-statistic clusters based on cluster mass (i.e. the sum of these supra-threshold 

pixels)12. This 4-step process (including the random shuffling) is repeated 1000 times. This will result 

in a null hypothesis distribution of clustered t-values which can subsequently be used as a comparison 

for the observed data clusters. If the observed data clusters are larger than the 95-percentile (i.e. alpha 

= 0.05) of the null hypothesis cluster distribution, it can be concluded that they represent a significant 

difference. Notably, cluster-based permutation methods provide adequate control over the family wise 

error rate12,13. 

eLORETA analysis 

eLORETA (exact low-resolution electromagnetic tomography, 

http://www.uzh.ch/keyinst/loreta.htm) calculates the cortical 3-dimensional distribution of current 

density, which is based on the scalp-recorded electric potential distribution. The mathematical 

foundation of LORETA has been described elsewhere14. eLORETA is the latest improvement of the 

standardized sLORETA15 which was an improvement of the original LORETA16. eLORETA is a non-

adaptive distributed source imaging method and a solution to the inverse problem, with exact and zero 

localization errors. eLORETA’s statistical methodology for evaluating group differences is based on 

nonparametric permutation tests for functional neuroimaging, which has been published by Nichols 
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and Holmes17. In the current study, 14 frequency bands have been defined a priori (delta: 1.5 Hz – 3.5 

Hz; theta: 4 Hz – 7.5 Hz; theta I: 4 Hz – 5 Hz; theta II: 5 Hz – 7.5 Hz; alpha: 8 Hz – 13 Hz; alpha I: 8 

Hz – 11 Hz; alpha II: 11 Hz – 13 Hz; SMR: 12 Hz – 15 Hz; beta: 14.5 Hz – 30 Hz; beta I: 14.5 Hz – 

20 Hz; beta II: 20 Hz – 25 Hz; beta III: 25 Hz – 30 Hz; gamma I: 31 Hz – 49 Hz; gamma II: 50 Hz – 

100 Hz).  

Confirmatory post-hoc localization analyses were applied based on the findings (i.e. the 

specific frequency band and direction of the effect) of the spatial-frequency cluster MCC analysis 

performed in MATLAB. Since the data concerns group differences of EEG resting state, baseline 

correction and data normalization were not employed. An alpha level of 0.05 was set. 

 Results 

The effect of study group on age, BDI-scores and MINI-diagnosis 

 
Table 1: Patient demographics. BDI, Beck depression inventory, M, mean, MINI, Mini international neuropsychiatric 

interview, SD, standard deviation. 

 

 

 

 

 

 

 

 

Patient demographics  Attempters Ideators Psychiatric controls 
Age (P = 0.11) M = 37.26, SD = 10.85 M = 45.00, SD = 13.31   M = 44.13, SD = 13.50 
    
BDI (p < .001) M = 42.16, SD = 10.10  M = 31.28, SD = 9.30   M = 28.61, SD = 9.00 
 
MINI-diagnosis (p = 0.432) 
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To view Supplementary Figure 1, click here.
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To view Supplementary Figure 2, click here.
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