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Introduction 
Depression is a leading cause of disability and a burden of disease affecting a remarkable 
part of population of working age (WHO 2020). During last decades, depression has 
become a common mental disorder worldwide and it is in rise with a prevalence in 
developed countries [Whiteford et al., 2010; Wittchen et al., 2011; WHO Europe 2019]. 
The COVID 19 pandemic contributes to the additional rise of depression [Ettman et al., 
2020; Salari et al., 2020; Troyer et al., 2020].  

The work stress caused by psychosocial factors in the work environment can 
contribute to the development of depression [Madsen et al.; 2017; Netterstrøm et al., 
2008]. Work stress is increasing today due to increasingly complicated tasks and high 
demand in the work environment [Stansfeld and Candy, 2006; Madsen et al., 2017]. High 
work stress and depression are causing professional inefficacy and burnout [Saijo et al., 
2014; Golonka et al., 2019]. Early detection of depression is essential to prevent burnout 
and subsequent depression in employees.  

Mental state of employees during implementing their everyday duties is an important 
factor determining the quality of their work (Goetzel et al., 2018). Potential mental 
disorders present a crucial risk factor for professionals of high personal responsibility as 
policemen, pilots, military specialists etc. Exposure to stressful working conditions can 
have direct influence on safety and health of employees and their beneficiaries 
(Landsbergis et al., 2011; Hsu Sandy et al., 2016). Therefore, monitoring of mental state 
during regular occupational health examination is highly important to prevent accidents 
and unexpected events. 

Today, the diagnosis of mental disorders is based on the evaluation of subjective 
symptoms by a general practitioner, an occupational physician or a psychiatrist, using 
questionnaires and interviews. The commonly accepted assessment tools for depression 
are based on questionnaires that classify various self-declared subjective symptoms 
[Hamilton, 1960; Williams, 1988; Cusin et al., 2010; Fried, 2017]. No other objective 
measures exist in clinical practice.  

Early detection of depression is complicated due to the lack of commonly accepted 
tools developed to reveal signs of depression, which would appear before the self-declared 
subjective symptoms related to already ongoing depression. There is a high demand for 
the low-cost objective methods suitable to screen employees for early depression. 

Mental disorders, including depression, are expected to have underlying alterations 
in brain physiology and restructured dynamics of brain bioelectrical activity. During 
years, several studies have demonstrated specific features of depression in the 
electroencephalographic (EEG) signal [Knott et al., 2001; Hinrikus et al., 2009;  
Leuchter et al., 2012; Ahmadlou et al., 2012; Hosseinifard et al., 2013; Fingelkurts and  
Fingelkurts, 2015). Statistically significant differences have been confirmed in various 
EEG-based measures between the groups of depressive and healthy subjects. EEG-based 
non-invasive and cost-effective methods seem promising to carry out the evaluation of 
depression in occupational health examinations.  

However, the high diversity of EEG measures between individuals makes it difficult to 
estimate depression symptoms. The feasibility of EEG-based indication of early 
symptoms of depression for an individual was first reported in Publication I. The results 
indicated that the applied EEG measures, spectral asymmetry index SASI and Higuchi’s 
fractal dimension detect the change of the EEG signal in depression for a larger number 
of participants compared to the scores of depression questionnaires HAM-D and EST- Q- D. 
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The temporal stability of the EEG measures that point to the depression is important 
to assure the reliability of the performed evaluations. Caused by physiological processes, 
high natural variability of EEG takes place even in the healthy brain. However, today data 
are available supporting the long-term stability of EEG bands’ power and related linear 
measures [Gasser et al., 1985; Salinsky et al., 1991; Kondacs et al., 1999; Allen et al., 
2004]. Only few data are available about the stability of EEG nonlinear measures 
[Gudmundsson et al., 2007]. Detailed investigation of long-term stability for different 
linear and nonlinear EEG measures has been performed in Publication II. The results 
provide new knowledge about the temporal stability of the EEG measures and indicate 
that the stability of nonlinear measures is even higher than linear measures.  

The high diversity of EEG measures between individuals is related to the dependence 
of EEG on various factors (Veldhuizen et al., 1993; Marciani et al., 1994; Nikulin and 
Brismar, 2005; Purdon et al., 2015; Orgo et al., 2016; Meyers et al., 2021).  

Work stress can be considered as a specific factor affecting human brain and changing 
brain bioelectric oscillations. Consequently, it is expected that the EEG measures of 
persons on more responsible positions (leaders) differ from the EEG measures of the 
persons having lower responsibility and lower stress (non-leaders). This novel hypothesis 
has been supported by the experiment in Publication III: The EEG of leaders has higher 
beta and gamma power compared to non-leaders. 

Learning process causes alteration in human brain (Dehaene and Changeux, 2000; 
Frank et al., 2015). Consequently, human EEG is related to the level of education.  
This novel hypothesis has been supported by the experiment in Publication IV.  
The EEG gamma power for men with the tertial level of education is higher compared to 
men having secondary education.  

The results of Publication III and Publication IV suggest that the levels of occupational 
position and education are the factors to be taken into account using EEG markers for 
the detection of depression symptoms. 

The results of the Thesis have demonstrated the advantage of the easy-to-use novel 
EEG-markers for detection of persons with probability of depression, pointing to the 
need for future larger studies. 
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1 Resting-state electroencephalography 
Electroencephalography (EEG) is a non-invasive method for recording bioelectrical 
activity of the brain using electrodes located on scalp. The resting-state EEG has several 
applications in clinical practice and a wide use in neurophysiology, psychophysiology, 
psychology, and other research fields (Niedermeyer and Lopes da Silva, 1993; Michel 
and Murray, 2012). 

Neuronal oscillations and synchronization of the oscillations constitute the bases of 
brain activity (Nunez 1995; Buzsáki and Draguhn, 2004). The brain dynamics is 
determined by neuronal oscillations. Therefore, the recorded EEG signal is oscillating by 
its nature. 

Brain ejectrical oscillations are related to various physiological processes, physical 
activity, emotions, etc. To reduce the impact of various factors on the EEG and the level 
of its natural variability, the resting-state EEG is most commonly used for diagnostic 
purposes, employing eyes-closed situation to minimize visual input data. However, the 
EEG signal shows high level of natural variability even in these conditions. Figure 1 
presents a typical EEG signal recorded in the Biosignal Processing Laboratory of Tallinn 
University of Technology. 

 

 

Figure 1. An example of recorded eyes-closed resting-state EEG signal at Cz as reference. 

EEG signal has no deterministic shape, seems irregular, and contains nonlinearity 
(Friston, 2000; Breakspear and Terry, 2002; Stam, 2005; Rodríguez-Bermudez and Garcíıa 
Laencin, 2015).  

 

https://pubmed.ncbi.nlm.nih.gov/?sort=jour&size=200&term=Michel+CM&cauthor_id=22227136
https://pubmed.ncbi.nlm.nih.gov/?sort=jour&size=200&term=Murray+MM&cauthor_id=22227136
https://pubmed.ncbi.nlm.nih.gov/?sort=jour&size=200&term=Breakspear+M&cauthor_id=11976053
https://pubmed.ncbi.nlm.nih.gov/?sort=jour&size=200&term=Terry+JR&cauthor_id=11976053
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Figure 2. Spectrum of eyes-closed resting-state EEG. 

The spiking frequencies of single neurons reach 1–2 kHz. The bandwidth of oscillatory 
frequencies of neuronal networks is about 0.5–500 Hz (Buzsáki and Draguhn, 2004).  
The spectrum of the eyes-closed resting-state EEG signal contains frequency components 
at different brain oscillation frequencies with maximum at about 10 Hz (Figure 2). 
Traditionally, the spectrum of EEG is divided to the following frequency bands:  
delta 0.5–4 Hz, theta 4–8 Hz, alpha 8–13 Hz, beta 13–30, and gamma 30–45 Hz. Maximum 
power of eyes-closed EEG occurs in the alpha band.  

The position of EEG electrodes on scalp is determined by the internationally 
standardized 10–20 system covering all brain regions: frontal (F), central (C), temporal 
(T), parietal (P), and occipital (O) (Figure 3) (Homan et al., 1987; Malmivuo and Plonsey, 
1995).  

 

 

Figure 3. The international 10-20 system for placement of electrodes (Malmivuo and Plonsey, 1995). 
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Resting-state EEG has several advantages over other brain imaging methods (MRI, 

fMRI, PET, SPECT): 
• The source of EEG are neuronal bioelectric processes in the brain. Other brain 

imaging methods provide information only about the structure of the brain or 
the intensity of cerebrovascular processes. 

• EEG provides high temporal resolution up to milliseconds sufficient for 
detection of neuronal processes in real time. Other methods have lower 
temporal resolution.  

• EEG is a non-invasive, patient friendly and easy to apply method. Other methods 
may be more inconvenient for patients and are complicated to apply. 

• EEG equipment can be portable. 
• EEG equipment and procedure are less expensive than other methods. 

However, the resting-state EEG has some principal limitations and disadvantages: 
• EEG can get information only from the brain cortex not from deeper structures. 
• EEG has low spatial resolution. The neuronal oscillations from larger cortical 

areas contribute to the signal in a scalp channel.  
• EEG signal is complex and requires special analysis for interpretation. 
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2 Detection of depression 

2.1 EEG-based measures for detection of depression 
EEG has been successfully applied in anaesthesia, epilepsy studies, sleep medicine, and 
other clinical areas, but is not in clinical use to evaluate depression nor other mental 
disorders. Still, many various EEG-based linear and nonlinear measures have been 
successfully used for discrimination between the groups of healthy and major depressive 
disorder (MDD) subjects in research studies (Knott et al., 2001; Allen et al., 2004; Sun et al., 
2008; Hinrikus et al., 2009; Ahmadlou et al., 2012; Bachmann et al., 2013; Bachmann et al., 
2018; Lee et al., 2018; Newson and Thiagarajan, 2019; Mahato and Paul, 2020).  

2.1.1 Linear EEG measures 
Linear EEG measures provide for the estimation of depression symptoms based on the 
analyses of EEG frequency band powers and their combinations (Knott et al., 2001; 
Bachmann et al., 2018; Lee et al., 2018; Newson and Thiagarajan, 2019; Mahato and Paul, 
2020). Compared to nonlinear EEG measures, linear measures have lower computational 
load. 

Power of an EEG frequency band is the simplest linear measure widely used in 
quantitative EEG. EEG frequency band power employs an EEG signal from a single EEG 
channel and a single frequency band. Several studies have reported depression-related 
alterations in the powers of different EEG frequency components. Increased alpha, beta 
and gamma band power have been shown to be specific for depression EEG and are 
successfully applied for discrimination between the groups of depressive and healthy 
persons (Knott et al., 2001; Bachmann et al., 2018; Lee et al., 2018). 

Interhemispheric asymmetry (IHAS) presents the difference between the powers of 
two symmetric EEG channels from different hemispheres. IHAS is calculated as  

 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝐿𝐿 − 𝑅𝑅
𝐿𝐿 + 𝑅𝑅

, 

where L indicates the power of a selected frequency band for an EEG channel from the 
left hemisphere and R for the symmetric EEG channel from the right hemisphere.  

IHAS employs EEG signals from two EEG channels of different hemispheres of the 
same frequency band. 

EEG alpha IHAS has been successfully applied to differentiate between the groups of 
depressive and healthy subjects (Henriques and Davidson, 1991; Knott et al., 2001;  
Allen et al., 2004; Mathersul et al., 2008). In the majority of cases, depressed patients 
show decreased left frontal activation compared to healthy controls. However, some 
researchers have expressed criticism regarding IHAS (Debener et al., 2000; van der Vinne 
et al., 2017). 

Spectral asymmetry index (SASI) describes the asymmetry of the EEG spectrum by 
comparing powers in the selected frequency bands higher and lower than the central 
alpha frequency band in spectrum maximum. SASI is calculated as 

 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝐼𝐼𝐻𝐻𝐻𝐻 − 𝐿𝐿𝐻𝐻𝐻𝐻
𝐼𝐼𝐻𝐻𝐻𝐻 + 𝐿𝐿𝐻𝐻𝐻𝐻

, 

https://www.frontiersin.org/people/u/609683
https://www.frontiersin.org/people/u/18201
https://www.frontiersin.org/people/u/609683
https://www.frontiersin.org/people/u/18201
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where HFB indicates the power in the frequency band, which is higher than the alpha 
band and LFB indicates the power in the frequency band, which is lower than the alpha 
band.  

The boundary frequencies of the bands are determined by a method described in the 
previous study (Hinrikus et al., 2009). The lower frequency band is close to the traditional 
theta frequency band and higher band close to the beta band. This procedure excludes 
the EEG alpha band from the calculations of SASI. SASI, as a measure of spectral 
asymmetry, employs two different frequency bands from a single channel EEG signal.  

SASI provides good classification accuracy between the groups of depressed and 
healthy persons (Hinrikus et al., 2009; Bachmann et al., 2013; Bachmann et al., 2017; 
Bachmann et al., 2018).  

The results indicated that the SASI values were higher for depression and lower for 
healthy persons. 

2.1.2 Nonlinear EEG measures 
EEG signal is complex, chaotic and nonlinear in nature (Friston, 2000; Breakspear and 
Terry, 2002; Stam, 2005; Robets and Robinson, 2012; Rodríguez-Bermudez and Garcíıa 
Laencin, 2015). Therefore, the linear measures, which take into account only linear 
combinations of signals, have limited capability of describing the signal features and 
hence also the brain activity. On the other hand, nonlinear measures can well describe 
the features of a complex signal. It is suggested that nonlinear methods enable us to 
analyse a larger spectrum of features of the signal preserving the signal’s initial 
properties.   

Higuchi’s fractal dimension (HFD) describes the self-similarity of the signal (Higuchi, 
1988). HFD has demonstrated good quality while classifying between the groups of 
depressive and healthy persons (Ahmadlou et al., 2012; Bachmann et al., 2013; Bachmann 
et al., 2018; Čukić et al., 2020a; Čukić et al., 2020b). 

Detrended fluctuation analysis (DFA) describes temporal dynamics and variability of 
EEG fluctuations (Peng et al., 1995; Hu et al., 2001). DFA has also been successfully 
applied for discrimination between the groups of depressive and healthy persons 
(Leisted et al., 2007; Lee et al., 2007; Hosseinifard et al., 2012; Bachmann et al., 2017; 
Bachmann et al., 2018).  

HFD and DFA are calculated for a signal in a single EEG channel employing all EEG 
frequency bands.  

Various other nonlinear measures (Katz fractal dimension, entropy measures, etc.) 
have been used in other studies for the detection of depression; however, those studies 
have not been shown to be more efficient or advantageous in classification accuracy nor 
in computational load compared to HFD (Ahmadlou et al., 2012; Čukić et al., 2020a; 
2020b). 

None of the EEG measures have been used for the detection of depression symptoms 
at the level of individuals. 

2.1.3 Reliability of EEG measures 
The application of EEG measures for diagnostic purposes requires temporal stability of 
the measures and reliability of the scores. Emotions, physiological processes, life events, 
and other factors cause alterations in healthy human EEG (Sammler et al., 2007;  
Harmon-Jones et al., 2010; Orgo et al., 2015; Saifudinova et al., 2015). Therefore,  
the estimation of the stability of EEG-based markers is important. 

https://pubmed.ncbi.nlm.nih.gov/?sort=jour&size=200&term=Breakspear+M&cauthor_id=11976053
https://pubmed.ncbi.nlm.nih.gov/?sort=jour&size=200&term=Terry+JR&cauthor_id=11976053
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Many researchers have investigated the temporal stability of EEG frequency band 
powers. The frequency band powers have demonstrated high stability for long time 
periods, up to 12 years (Gasser et al., 1985; Salinsky et al., 1991; Kondacs and Szab´o, 
1999; Corsi-Cabrera et al., 2007; Rogers et al., 2016; Tenke et al., 2018). Good reliability 
of IHAS has also been demonstrated (Allen et al., 2004; Stewart et al., 2010; Gold et al., 
2013), while no information about the stability of SASI is available.  

In addition, data available about the stability of nonlinear measures are scarce.  
The entropy measures have indicated lower reliability compared to EEG band power 
measures (Gudmundsson et al., 2007). To the best of our knowledge, the temporal 
stabilities of HFD and DFA have not been investigated before. 

2.2 Depression questionnaires 

The Hamilton Depression Rating Scale (HAM-D) is the most widely used tool for  
clinician-administered assessment of depression (Hamilton, 1960). Initially, the HAM-D 
was designed to be used as a clinical interview with a depressed patient to measure 
treatment outcome (Hamilton, 1967, Williams, 1988). The HAM-D has been a golden 
standard over half a century. Despite that, some criticism about the retest reliability and 
validity of the test has been expressed (Bagby et al., 2004).  

The HAM-D is a psychometric test based on subjective symptoms of patients. HAM-D 
is applicable at the individual level. However, the HAM-D is not designed to evaluate 
symptoms of depression in healthy persons. 

The Emotional State Questionnaire for depression (EST-Q-D) is based on self-rated 
subjective symptoms (Aluoja et al., 1999). The EST-Q-D has been designed to distinguish 
between different groups of population and validate discriminating groups of healthy 
persons and patients. The authors underline that “As no diagnostic interview was used 
in the population sample, we could not determine the exact cut-off points of subscales 
for screening purposes. “(Aluaoja et al., 1999). 

EST-Q-D is designed for differentiation between groups, patients and healthy or within 
healthy people. The questionnaire is not validated for differentiation at the individual 
level. 
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3 Aims of the thesis 
Today we have no psychometric tests to differentiate between subjective symptoms nor 
EEG-based measures to evaluate objective symptoms of depression on subjects at an 
individual level. 

The general goal of the Thesis is to demonstrate the potential of the EEG measures to 
detect the symptoms of depression on different groups of subjects reliably and earlier 
than in other methods.  
The aim of the Thesis research is as follows: 

• compare various EEG-based measures and psychometric tests for the detection 
of symptoms of depression in seemingly healthy people one by one at an 
individual level (Publication I); 

• evaluate the temporal reliability of the EEG-based measures (Publication II); 
• evaluate the impact of the level of responsibility on EEG measures 

(Publication III); 
• evaluate the impact of the level of education on EEG measures (Publication IV). 
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4 Experimental studies 

4.1 Methods 

4.1.1 Participants  
Participants were recruited among the persons from different institutions passing 
occupational health examination in the Qvalitas Medical Centre. In total, 125 healthy 
volunteers were recruited for the study. According to their declarations as well as 
medical and biochemical examinations, the recruited participants were healthy.  
The average age of the group was 41.04 (median 41.00 years) with a standard deviation 
of 8.66 years. Table 1 presents the data for the participants.  

Table 1. Main data of the participants (Publication I). 

Qualities Subgroup Number of 
participants 

Percentage    % 

Gender Male 49 39.2 
Female 76 60.8 

Age > 41 years 62 49.6 
< 41 years 63 50.4 

Education Higher/Tertiary 99 79.2 
Secondary 26 20.8 
Primary 0 0 

 
Three years after the first study described in Publication I, the participants were 

invited to the follow-up study. Out of 49, 17 subjects agreed to participate in the second 
study; other 32 did not respond to the invitation. The group consisted of twelve female 
and five male individuals of average age 42.3±5.4 years during the first and 45.2±5.4 
during the second study (Publication II). A group of 82 persons, 27 males and 55 females, 
mean age 40.2 years (Standard deviation of age 7.6) participated in the study described 
in Publication III. According to their occupational position and duties, 45 subjects were 
leaders (average age 40.7) and 37 subjects were non-leaders (average age 39.6).  

The age-matched groups of 30 participants having tertiary education and 16 participants 
having secondary education were recruited for the analysis in Publication IV. 

The studies were conducted in accordance with the Declaration of Helsinki, as revised 
in 2013. All studies were formally and prospectively approved by the Tallinn Medical 
Research Ethics Committee. All participants were informed about the aim and protocol 
of the studies and they signed a written informed consent before inclusion in the study 
groups. 

4.1.2 Procedures, methods, equipment 
All participants filled in the self-report Emotional State Questionnaire (Aluoja et al., 1999) 
subscale for depression (EST-Q-D) before the EEG recording. The depressive subscale 
score 11 was the threshold to indicate depressive symptoms (Aluoja et al., 1999). 

Depressive symptoms were evaluated by an experienced clinician using 17-item 
Hamilton Depression Rating Scale (HAM-D) (Hamilton, 1960). The following scale of 
scores was applied: mild depression 7 to 14, moderate depression 14 to 18, severe 
depression 19 to 22, and very severe depression higher than 22 (Publication I). 
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Cadwell Easy II EEG (Kennewick, WA, USA) device was used for recording the  
18-channel resting-state eyes-closed EEG for seven minutes. The electrodes were 
located according to the international 10-20-electrode position system. Electrode Cz  
was selected as a reference. (Publication I, II, III, IV) 

The raw EEG signals of 0.3-70 Hz frequency were stored at the sampling frequency  
of 400 Hz. An experienced EEG specialist evaluated visually the quality of the recorded 
EEG signals.  

4.1.3 EEG analyses 
The artefact-free EEG segments (duration 5 min) were used in the analysis. Linear and 
nonlinear EEG measures were calculated in 18 EEG channels for each participant using 
MATLAB (The MathWorks, Inc. Massachusetts, USA).  

Table 2 presents the EEG measures calculated in the studies. 

Table 2. EEG measures calculated in Publications.  

 Publ. I Publ. II Publ. III Publ. IV 
Theta power (4-7 Hz)  X  X 
Alpha power (8-13 Hz)  X  X 
Beta power (14-30 Hz  X  X 
Gamma power (30-47 Hz)  X  X 
IHAS  X   
SASI X X X X 
HFD (4-47 Hz) X X   
DFA (4-47 Hz)  X   

4.1.4 Statistics 
The Pearson correlation coefficients between the different measures and data of 
participants were calculated in Microsoft Excel (Microsoft Corporation, Redmond, WA) 
software (Publication I). The intraclass correlation coefficient (ICC) was used to evaluate 
the reliability of the EEG scores in two recording sessions. MATLAB (The MathWorks, Inc. 
Massachusetts, USA) was used for calculations of ICC(A,1) by a two-way mixed random 
model (McGraw and Wong, 1996) (Publication II). 

The Student’s t test with post-hoc Bonferroni correction was performed to evaluate 
statistical significance between different groups (age, gender, marital status, educational 
level, leadership) (Publication I, Publication II, Publication III,) and measures in the first 
and the second recording sessions (Publication IV). 

4.2 Results   

4.2.1 Assessment of different measures of depression (Publication I) 
Figure 4 presents the rate of participants with symptoms of depression indicated by 
various measures. The EEG measures indicate depressive symptoms for 55% (HFD)  
to 65% (SASI) and the psychometric tests for 29% (EST-Q-D) to 45% (HAM-D) of the 
subjects. 
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Figure 4. The rate of participants with signs of depression (Publication I). 

The Pearson correlation coefficients calculated between different measures are 
presented in Table 3 (Publication I). Moderate correlation occurs between the 
psychometric tests HAM-D and EST-Q-D as well as EEG-based measures SASI and HFD. 
The psychometric tests and EEG-based measures do not correlate. 

Table 3. Correlation coefficients between the calculated EEG measures and the results of psychological 
tests (Publication I). 

 SASI HFD HAM-D EST-Q-D 
SASI  0.48 0.04 -0.04 
HFD 0.48  0.01 -0.16 
HAM-D 0.04 0.01  0.66 
EST-Q-D -0.04 -0.16 0.66  

4.2.2 Temporal reliability of EEG measures (Publication II) 
Figure 5 presents the average values of the EEG-based measures in two sessions.  
The level of relative change between the values in two sessions is presented in Table 4. 
All single channel EEG measures using a single frequency band (spectral band relative 
powers, HFD and DFA) indicate very high stability within 2.4% over three years.  
The highest stability was shown by nonlinear measures HFD 0.2% and DFA 0.5%.  
The single-channel measure SASI, employing signals from two frequency bands, indicates 
lower stability of 11.8%. The IHAS, which uses signals from a single band but from two 
channels from different hemispheres, is much more unstable compared to single-channel 
measures. The differences between the sessions appear statistically insignificant for all 
measures (p > 0.005). 
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Figure 5. The mean values, averaged over 18 EEG channels and all 17 participants of the EEG 
measures: delta, theta, alpha, beta, and gamma bands relative powers, interhemispheric asymmetry 
index (IHAS), spectral asymmetry index (SASI), Higuchi fractal dimension (HFD) (the value -!) and 
detrended fluctuation analysis (DFA) (according to the data in Table 1, Publication II). 

Table 4. Relative change between two sessions in single-channel EEG measures averaged over 18 EEG 
channels and 17 participants (data from Table 1 Publication II). 

 Delta Theta Alpha Beta Gamma SASI IHAS HFD DFA 

% 1.0 1.2 0.7 2.3 2.4 11.8 236.2 0.2 0.5 

Table 5. Intra-class correlation coefficients averaged over all frequency bands and channels (according 
to the data in Table 2 and Table 3 Publication II). 

Delta Theta Alpha Beta Gamma SASI IHAS HFD DFA 

0.84 0.84 0.88 0.83 0.83 0.82 0.38 0.82 0.84 
 

Table 5 presents the ICC values between the two sessions. The ICC values are higher 
0.8 and statistically significant for all single-channel EEG measures Delta, Theta, Alpha, 
Beta, Gamma, SASI, HFD, and DFA. The ICC for IHAS is much lower.  

4.2.3 Impact of professional responsibility on EEG (Publication III) 
Figure 6 presents the values of SASI averaged over the groups of leaders with higher 
responsibility and non-leaders with lower level of responsibility. Statistically significant 
difference between the leaders and non-leaders indicates increased SASI for leaders.  
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Figure 6. Calculated SASI values averaged over the subgroup of leaders (n=45) and non-leaders (n=37); 
vertical bars denote standard deviation (Publication III). 

4.2.4 Impact of educational level on EEG (Publication IV) 
The bars in Figure 7 demonstrate the level of SASI for men at different educational levels.  
The rise of SASI with the level of education is statistically significant in the majority of 
brain regions.  

 

Figure 7. Mean and standard error of SASI averaged over the group of men having secondary 
education (n= 16) and group of men having tertiary education (n=30) in 9 brain regions. Vertical bars 
represent standard error, asterisk statistically significant difference (p<0.05) (Publication IV). 
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Figure 8. Mean and standard error of the relative gamma power for the group of men having 
secondary education and group of men having tertiary education in 9 brain regions. Asterisks show 
statistically significant differences (p<0.05) (Publication IV).  

4.3 Discussion 

4.3.1 The rate of depression symptoms 
The share of participants with depression signs indicated by EEG measures as well as 
psychometric tests in Publication I are much higher than 7.1%, the number indicated in 
medical statistics among adults (NIMH, 2017). The share of depression symptoms 
indicated by ECT-Q 28.8% in Publication I is higher than the prevalence among Estonian 
population 11.1% (Aluoja et al., 2004). 

The unexpectedly high share of depression symptoms can be explained by various 
reasons. 

• The participants with mild depression (32% from HAM-D scores) are probably 
not accounted in medical statistics. However, the rate of moderate and 
severe scores, in total 12.8%, still exceeds the expected 7.1% or 11.1%. 

• The volunteers who agreed to participate in the study might have had already 
some feelings of stress or even depression.  

• The rate of depression depends on the character of the work: industrial 
workers have reported the rate of 6.9 – 16.2% at the rate for population 
10.45% (Wulsin et al., 2014). The EST-Q test has indicated difference in the 
rates between Estonian general population 11.1% (Aluoja et al., 2004) and 
Estonian medical students 30.6 % (Eller et al., 2006). 

• The major part, 79.2% of the participants in the study, have higher education 
and their position involves high responsibility. The EEG measures indicating 
depression increase with the level of education and responsibility 
(Publication III, Publication IV).  

• The subset of population not having subjective depression symptoms has been 
out of medical reach as there are no clinical measures to assess early changes 
in EEG.  
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4.3.2 Comparison of different measures 
The EEG measures are associated with a remarkable increase in the rate of symptoms of 
depression, 55% (HFD) to 65% (SASI), compared to the rate of subjective symptoms of 
depression, 29% (EST-Q-D) to 45% (Publication I). These results could be interpreted as 
the ability of the EEG measures to reveal depression not yet detectable by subjective 
feelings. 

The correlation between SASI and HFD, indicating different features of the EEG signal, 
is equal to 0.48 (Publication I). 

A moderate correlation of 0.66 occurs between HAM-D and EST-Q-D scores, despite 
similar questions used the questionnaires (Publication I). The discordances between the 
ratings assessed by patients and clinicians have been also mentioned in several other 
studies (Domken et al., 1994; Enns et al., 2000; Cusin et al., 2010). The correlation of 0.4, 
even lower than in the current study, has been previously reported (Enns et al., 2000).  

Very low correlation is observed between the EEG measures and depression 
questionnaires in the current study (Publication I). However, a good correlation of 0.7 
between the SASI and HAM-D has been found previously in the study on inpatients 
(Hinrikus et al., 2009). The low correlation between the EEG measures and depression 
for healthy people can be partly caused by psychological factors: people do not reveal or 
accept being depressed themselves or intend to present better status for the employers.  

4.3.3 Reliability of EEG measures 
The characteristic regularity can be noticed in the results of Publication II: the reliability 
depends on the number of channels and frequency bands used for the calculation of the 
measure. Good stability within 2.4% (Table 4) and high ICC values 0.82 or higher (Table 5) 
are indicated for all EEG single-channel and single-band measures (relative powers of 
frequency bands, nonlinear HFD and DFA) over a three-year interval. Nonlinear measures 
HFD and DFA indicated the highest stability within 0.5%. The single-channel measure 
SASI, employing signals from two frequency bands, indicates lower stability of 11.8%.  
The IHAS, the calculation of which requires signals from two channels of different 
hemispheres, demonstrates the lowest stability 236.2% and ICC value 0.36.  

Several previous studies have demonstrated high stability of the EEG bands power and 
strong correlation (typically higher than 0.8) has been reported in time intervals between 
sessions from hours to twelve years (Gasser et al., 1985; Salinsky et al., 1991; Kondacs 
and Szab´o, 1999; Corsi-Cabrera et al., 2007; Rogers et al., 2016; Tenke et al., 2018).  
The results of Publication II are in accordance with the earlier studies.  

The IHAS is the only EEG measure demonstrating remarkable trend of changes 
between two sessions and lower ICC values. The IHAS has the highest interhemispheric 
asymmetry ICC value 0.6 in alpha and gamma band frontal channels F7-F8 (Table 3, 
Publication II). The stability of frontal alpha asymmetry is shown to be decreasing in time, 
within months (Allen et al., 2004). The stability of resting frontal asymmetry for two 
weeks, four months and twelve years has been reported (Allen et al., 2004; Stewart  
et al., 2010). The ICC value 0.6 related to the three-year period in the current study is in 
compliance with the stronger correlation over four months 0.86 (Allen et al., 2004).  
The IHAS, using signals from two channels of different hemispheres, depends on the 
spatial stability of EEG power distribution. The higher instability of IHAS might be related 
to the topographic instability of EEG powers reported earlier (Burgess and Gruzelier, 
1993).  
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4.3.4 Impact of professional responsibility and educational level on EEG measures 
The higher levels of responsibility and education, which often go hand in hand, both 
cause a significant increase in the SASI value (Publication III and Publication IV).  
The increase in relative gamma power occurs in Publication IV. 

The increase of SASI, according to formula (2), can be related to the increase in higher 
(beta) or decrease in lower (theta) frequency band power. Whereas increasing gamma 
power appears in Publication IV, most probably the increase in the higher frequency 
band power is evident. Consequently, the higher level of responsibility and education of 
persons both are related to the increase in higher EEG spectrum frequencies. The rise in 
higher EEG frequencies, beta and gamma power, is probably related to increasing mental 
and cognitive workload (Spironelli et al., 2008; Werkle-Bergner et al., 2009; So et al., 
2017).  

However, the increased SASI, relative beta and gamma power are also indicators of 
depression (Sun et al., 2008; Hinrikus et al., 2010; Bachmann et al., 2018). Therefore,  
the impact of professional responsibility and education on EEG needs to be considered 
in the classification of depression. 

4.3.5 Limitations and future perspectives 
Despite the fact that the results of the Theses support the understanding that EEG-based 
measures are applicable and may be useful for early detection of depressive symptoms, 
there are limitations of the study. The main limitation is the small number of participants 
in each group. Further much wider research is required to confirm these preliminary 
results. 

The main challenge is the absence of commonly approved rating scores for EEG 
measures to discriminate between depression symptoms. The rating scores used in  
this study have been assessed previously in independent groups; however, the base for 
rating remains still limited. The extent of the investigations needed for the development 
of a commonly approved rating scale for EEG measures reaches beyond the current 
study, being too large for solution by a single research group. Further large-scale 
investigations are required to implement EEG-based measures for early detection of 
depression symptoms in occupational health examinations. 
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Conclusions 
The results of the Thesis have demonstrated the advantage of the easy-to-use novel  
EEG-markers for detection of persons with high probability of depression, pointing to the 
need for future larger studies for the purpose of occupational health and screening of 
population. 
1. The rate of subjects indicating symptoms of depression in healthy people detected by 
the EEG measures SASI and HFD is much higher than the rate of subjects indicating 
symptoms according to the depression questionnaires HAM-D and EST-Q-D 
(Publication I). This result supports the hypothesis that the changes in EEG signals seem 
to be detectable before the subjective symptoms have become evident.  
2. The observed high stability of EEG measures over three years confirms their 
reproducibility, and thus – feasibility for the detection of depression symptoms.  
The original finding is that the nonlinear HFD provides better stability than the frequency 
band powers (Publication II). 
3. The results demonstrated an unexpected regularity: the reliability of a measure 
decreases with the increasing number of channels and frequency bands used for the 
calculation of the measure (Publication II): This finding supports the preferable 
application of the single-channel measures.  
4. The original finding is that the level of professional responsibility and education causes 
a significant increase in the SASI value and relative gamma power (Publication III, 
Publication IV). These factors should be considered in the evaluation of depressive 
symptoms. 

The results of the Thesis support the prospect of using EEG-based measures in clinical 
practice. However, further large-scale investigations are required to implement  
EEG-based measures for early detection of depression symptoms in occupational health 
examination. 
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Abstract 

Application of electroencephalographic signal based measures 
for early detection of depression symptoms in occupational 
health 
Depression is a leading cause of disability and a burden of disease that involves a 
remarkable part of working age population. During last decades, depression has become 
a common mental disorder worldwide and it is in rise with a predominance in developed 
countries. The work stress caused by psychosocial factors in the work environment can 
contribute to the development of depression among employees.  

Today, the diagnosis of mental disorders is based on the evaluation of subjective 
symptoms by a general practitioner, an occupational physician or a psychiatrist using 
questionnaires and interviews. No other easy-to-use objective measures exist in clinical 
practice.  

Early detection of depression symptoms is required to prevent burnout and 
subsequent depression of employees. 

The general aim of the Thesis is to demonstrate the potential of the EEG-based 
measures to detect depression symptoms on different groups of subjects reliably and 
earlier than by other methods.  

The aim of the Thesis is as follows: 
• compare various EEG-based measures and psychometric tests for the detection 

of symptoms of depression in seemingly healthy people at an individual level; 
• evaluate the temporal reliability of the EEG-based measures; 
• evaluate the impact of the level of responsibility on the EEG measures; 
• evaluate the impact of the level of education on the EEG measures. 

The results of the Thesis have demonstrated the advantage of the easy-to-use novel 
EEG-markers for detection of persons with high probability of depression, pointing to the 
need for future larger studies for the purpose of occupational health and screening of 
population. 

• The rate of subjects indicating symptoms of depression in seemingly healthy 
people detected by the EEG measures SASI and HFD is much higher than the rate 
of subjects indicating symptoms according to the depression questionnaires 
HAM-D and EST-Q-D.  

• The observed high stability of the EEG measures over three years suggests that 
they are feasible for the detection of depression symptoms.  

• The results demonstrated an unexpected regularity: the reliability of a measure 
decreases with the number of channels and frequency bands used for the 
calculation of the measure. This finding supports the preferable application of 
the single-channel measures.  

• The level of professional responsibility and education causes a significant 
increase in the SASI value and relative gamma power. These factors should be 
considered in the evaluation of the depressive symptoms. 

The results of the Thesis support the prospect of using EEG-based measures in clinical 
practice. However, further large-scale investigations are required to implement  
EEG-based measures for early detection of depression in occupational health 
examination. 
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Lühikokkuvõte 

Elektroentsefalograafilisel signaalil põhinevate indikaatorite 
kasutamine depressiooni sümptomite varaseks avastamiseks 
töötervishoius 
Pingeline töö ja kiire elutempo põhjustavad vaimseid pingeid. Vaimsed pinged tekitavad 
stressi, krooniline stress võib kasvada üle depressiooniks, mis juba oluliselt mõjutab elu 
kvaliteeti, töövõimet ja võib olla isegi fataalne. Töötervishoius pööratakse siiani töötajate 
vaimsele tervisele suhteliselt vähe tähelepanu. 

Depressioon on haiguskoormuse ja töövõimetuse üks peamisi põhjuseid tööealise 
elanikkonna hulgas. Viimaste aastakümnete jooksul on depressioon muutunud kogu 
maailmas sagedaseks psüühikahäireks, mis on eriti levinud arenenud riikides. 
Töökeskkonna psühhosotsiaalsete tegurite põhjustatud tööstress võib aidata kaasa 
depressiooni tekkele töötajate seas. Hetkel jätkuvalt kestev COVID-19 pandeemiast 
tingitud kriis on veelgi võimendanud depressiooni avaldumist.  

Täna põhineb psüühikahäirete diagnoosimine perearsti, töötervishoiu arsti või 
psühhiaatri poolt subjektiivsete sümptomite hindamisel küsimustike ja intervjuude abil. 
Muid objektiivseid indikaatoreid kliinilises praktikas täna ei kasutata, mistõttu võib 
väliste tundemärkideta kulgev depressioon jääda mõnikord märkamata.  

Aju koordineerib ja juhib kogu inimese elutegevust. Meeleolu muutus või vaimne 
pinge on otseselt seotud muutustega ajutegevuses. Aju neuronite bioelektriliste 
võnkumiste sagedus muutub vaimse koormuse ja pingega. Sellepärast on peanahalt 
salvestatav aju neuronite bioelektrilisi võnkumisi kirjeldav elektroentsefalograafiline 
(EEG) signaal sobiv meetod aju seisundi ja vaimsete häirete avastamiseks ja kirjeldamiseks.  

Aju töös esinevate kõrvalekallete varajane avastamine on vajalik töötajate 
läbipõlemise ja sellele järgneva depressiooni vältimiseks või õigeaegseks raviks. Eriti 
oluline on see sellistel ametitel, kus depressioon võib mõjutada teiste turvalisust nagu 
näiteks lennunduses, nii pilootidel kui lennujuhtidel, politseinikel, sõjaväelastel. 

Doktoritöö tõstatab esmakordselt probleemi EEG kasutamisest töötervishoius 
töötajate vaimse pinge ja depressiooni varaseks avastamiseks. Doktoritöö peamine 
eesmärk on demonstreerida EEG-põhiste mõõdikute potentsiaali tuvastada 
depressioonile viitavaid tunnuseid usaldusväärselt ja varem, kui seni kasutatud 
meetodite puhul. 

Doktoritöö alameesmärgid: 
• Võrrelda näiliselt tervete inimeste depressioonisümptomite tuvastamiseks 

erinevaid EEG-põhiseid mõõdikuid ja psühhomeetrilisi teste individuaalsel 
tasandil. 

• Hinnata EEG-põhiste mõõdikute ajalist usaldusväärsust. 
• Hinnata tööalase vastutuse taseme mõju EEG-põhistele mõõdikutele. 
• Hinnata haridustaseme mõju EEG-põhistele mõõdikutele. 

Väitekirja tulemused näitavad uute lihtsalt kasutatavate EEG-põhiste tunnuste 
rakendamise eeliseid tuvastamaks isikud, kes vajavad süvendatud kliinilist uuringut:  

• EEG-põhiste mõõdikutega SASI ja HFD näidatud objektiivsete depressiooni-
sümptomitega inimeste osakaal tervete hulgas on kõrgem kui depressiooni 
küsimustikega HAM-D ja EST-Q-D näidatud depressioonisümptomitega inimeste 
osakaal. 
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• Kolme aasta jooksul täheldatud EEG-põhiste mõõdikute kõrge stabiilsus 
võimaldaks nende rakendatavust depressiooni sümptomite tuvastamiseks. 

• Tulemused näitasid ootamatut seaduspärasust: mõõtmise usaldusväärsus 
väheneb mõõtmise arvutamiseks kasutatud kanalite arvu ja sagedusribade arvu 
kasvuga. See leid toetab ühekanaliliste meetmete eelistatavat rakendamist. 

• Kõrgema ametialase vastutuse ja hariduse taseme puhul on SASI väärtus ja 
suhteline gammavõimsus oluliselt suuremad. Seda asjaolu tuleb depressiooni 
sümptomite hindamisel arvestada. 

Väitekirja tulemused osutavad võimalusele kasutada EEG-põhiseid mõõdikuid 
kliinilises praktikas. EEG-põhiste mõõtmiste rakendamine depressiooni sümptomite 
varajaseks avastamiseks töötervishoius eeldab täiendavaid ulatuslikke uuringuid.  
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Appendix 1 (Continued) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
Põld, T.; Päeske, L.; Hinrikus, H.; Lass, J.; Bachmann, M. (2021). Long-term stability of resting 
state EEG-based linear and nonlinear measures. International Journal of Psychophysiology, 
159, 83−87. DOI: 10.1016/j.ijpsycho.2020.11.013. 
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̂6*/+0&N!P&5(.,&(+5&$&./(;,&)(0/;D&4G&(&,J/6*̂6&+4+)*+/(;&K/(,F;/2&0E/&,4<6())/5&I;(,,8/;A/;<_;46(66*(&64;;/)(0*4+&5*K/+,*4+2&E(,&8//+&;/J4;0/5&8/*+A&KF6E&)/,,&Ǹ&a>1$$D&64KJ(;/5&04&)*+/(;&K/(,F;/&Ǹ&a>1#PD&N\bĉ;K&0E/&*+0/;/,0*+A&;/,F)0,&4G&0E*,&J;/)*K*+(;.&,0F5.1&Q0&*,&6;F6*()&04&5*GG/;/+0*(0/&8/0L//+&0E/&+(0<F;()&M(;*(8*)*0.&4G&HHI&K/(,F;/,&*+&E/()0E.&,0(0/&(+5&0E/&5/6)*+(0*4+,&;/)(0/5&04&0E/&K/+0()&5*,4;5/;&(0&(+&*+5*M*5F()&)/M/)1&defghijklmghl&CE/&E*AE&,0(8*)*0.&4G&,*+A)/<6E(++/)&HHI&K/(,F;/,&(+5&0E/&;/)*(8*)*0.&4G&0E/&,64;/,&4M/;&0E;//&./(;,&,FJJ4;0&0E/&J;4,J/60*M/&04&F,/&HHI<8(,/5&

48Z/60*M/&K/(,F;/,&G4;&5*(A+4,0*6&JF;J4,/,1&cF;&;/,F)0,&*+5*6(0/&0E(0&0E/&,0(8*)*0.&*,&0E/&E*AE/,0&G4;&0E/&+4+)*+/(;&NTR\&(+5&\ROD&(+5&)*+/(;&N;/)(0*M/&J4L/;,&4G&HHI&G;/WF/+6.&8(+5,D&K/(,F;/,&0E(0&F,/&0E/&,*A+()&G;4K&(&,*+A)/&HHI&6E(++/)&(+5&G;/WF/+6.&8(+52&G4))4L/5&8.&0E/&'O'Q&/KJ)4.*+A&,*A+(),&G;4K&(&,*+A)/&6E(++/)&(+5&0L4&G;/WF/+6.&8(+5,&(+5&)4L/,0&G4;&0E/&QTO'&/KJ)4.*+A&,*A+(),&G;4K&0L4&6E(++/),1&\/6)(;(0*4+&4G&64+n*60*+A&*+0/;/,0,1&CE/&OF0E4;,&5/6)(;/&0E(0&0E/;/&*,&+4&64+n*60&4G&*+0/;/,01&opqrstuvwxvyvrz&CE*,&,0F5.&L(,&̂+(+6*()).&,FJJ4;0/5&8.&0E/&H,04+*(+&:/+0;/&4G&HY6/))/+6/&*+&QC&NH{:QCHD&GF+5/5&8.&0E/&HF;4J/(+&@/A*4+()&\/M/)4J<K/+0&RF+51&|}~}�}hi}l&OEK(5)4F2&�12&O5/)*2&T12&O5/)*2&O12&=>!=1&R;(60()*0.&(+().,*,&4G&G;4+0()&8;(*+&*+&K(Z4;&5/J;/,,*M/&5*,4;5/;1&Q+01&�1&_,.6E4JE.,*4)1&#$2&=>B�=!!1&O))/+2&�1�1V12&U;;.2&T1�12&T*002&'1312&:4(+2&�1O12&=>>P1&CE/&,0(8*)*0.&4G&;/,0*+A&G;4+0()&/)/60;4/+6/JE()4A;(JE*6&(,.KK/0;.&*+&5/J;/,,*4+1&_,.6E4JE.,*4)4A.&P!2&=B"�=#>1&V(6EK(++2&�12&�(,,2&�12&T*+;*-F,2&T12&=>!?1&'*+A)/&6E(++/)&HHI&(+().,*,&G4;&5/0/60*4+&4G&5/J;/,,*4+1&V*4K/5*6()&'*A+()&_;46/,,*+A&(+5&:4+0;4)&S!2&S"!�S"?1&V(6EK(++2&�12&_�(/,-/2&�12&3()/M2&312&O(;K(2&312&�/E0K/0,2&O12&�c�4J*-2&_12&�(,,2&�12&T*+;*-F,2&T12&=>!#1&�/0E45,&G4;&6)(,,*G.*+A&5/J;/,,*4+&*+&,*+A)/&6E(++/)&HHI&F,*+A&)*+/(;&(+5&+4+)*+/(;&,*A+()&(+().,*,1&:4KJF01&�/0E45,&_;4A1&V*4K/51&!$$2&!!�!?1&VF;A/,,2&O12&I;F7/)*/;2&�12&!""S1&Q+5*M*5F()&;/)*(8*)*0.&4G&(KJ)*0F5/&5*,0;*8F0*4+&*+&04J4A;(JE*6()&K(JJ*+A&4G&HHI1&H)/60;4/+6/JE()4A;1&:)*+1&[/F;4JE.,*4)1&#B2&=!"�==S1&:(++4+2&@1�12&V()5L*+2&\1@12&'E(L2&C1�12&\*)4;/042&\1�12&_E*))*J,2&'1�12&'6;FAA,2&O1�12&@*/E)2&C1:12&=>!=1&@/)*(8*)*0.&4G&WF(+0*0(0*M/&HHI&NWHHID&K/(,F;/,&(+5&�c@HCO&6F;;/+0&,4F;6/&5/+,*0.&(0&S>&5(.,1&[/F;4,6*1&�/001&$!#2&=?�S!1&:4(+2&�1&O12&O))/+2&�1&�1&V12&=>>S1&CE/&,0(0/&(+5&0;(*0&+(0F;/&4G&G;4+0()&HHI&(,.KK/0;.&*+&/K40*4+1&Q+&31&TFA5(E)&(+5&@1&�1&\(M*5,4+&NH5,1D2&CE/&O,.KK/0;*6()&V;(*+2&=+5&/512&:(K8;*5A/2&�O2&�QC&_;/,,2&JJ1&$B$�B!$1&:4;,*<:(8;/;(2&�12&I()*+54<�*)6E*,2&�12&\/)<@*4<_4;0*))(2&�12&O;6/2&:12&@(K4,<�4.42&�12&=>>?1&�*0E*+<,F8Z/60&;/)*(8*)*0.&(+5&*+0/;<,/,,*4+&,0(8*)*0.&4G&HHI&J4L/;&(+5&64E/;/+0&(60*M*0.&*+&L4K/+&/M()F(0/5&K4+0E).&4M/;&+*+/&K4+0E,1&:)*+1&[/F;4JE.,*4)1&!!#2&"�=!1&�:F-*962&�12&=>!"1&[4M/)&OJJ;4(6E/,&*+&C;/(0*+A&�(Z4;&\/J;/,,*M/&\*,4;5/;&N\/J;/,,*4+D1&[4M(&'6*/+6/&_F8)*,E/;,2&Q+62&[�1&Q'V[�&"?#<!<$SB!P<S#=<"1&&:F,*+2&:12&�(+A2&T12&�/F+A2&O12&R(M(2&�12&=>!>1&@(0*+A&,6()/,&G4;&5/J;/,,*4+1&Q+&T(+5844-&4G&:)*+*6()&@(0*+A&'6()/,&(+5&O,,/,,K/+0&*+&_,.6E*(0;.&(+5&�/+0()&T/()0E1&H51&�//&V(/;&�(;-&O1&V)(*,1&[/L&�4;-�&TFK(+(&_;/,,2&JJ1&?�S$1&\b+-*2&@1�12&'6EK*52&I1V12&'0(,,/+2&T1T12&=>>>1&Q+0;(*+5*M*5F()&,J/6*̂6*0.&(+5&,0(8*)*0.&4G&EFK(+&HHI�&64KJ(;*+A&(&)*+/(;&M,&(&+4+)*+/(;&(JJ;4(6E1&�/0E45,&Q+G1&�/51&S"2&?#�#=1&I(,,/;2&C12&V�(6E/;2&_12&'0/*+8/;A2&T12&!"#$1&C/,0<;/0/,0&;/)*(8*)*0.&4G&,J/60;()&J(;(K/0/;,&4G&0E/&HHI1&H)/60;4/+6/JE()4A;1&:)*+1&[/F;4JE.,*4)1&B>2&S!=�S!"1&I/M*+,2&O12&'K*0E2&�1H12&�6HM4.2&�1312&Q)(+2&O1V12&:E(+2&:1'12&�*(+A2&O12&'(K<�(;A(,2&�12&O8;(E(K2&I12&=>!!1&O&64A+*0*M/&(+5&+/F;4JE.,*4)4A*6()&0/,0&4G&6E(+A/&G;4K&(+&*+5*M*5F()],&8(,/)*+/1&:)*+1&[/F;4JE.,*4)1&!==2&!!P�!=>1&I/M*+,2&O12&�6HM4.2&�1312&'K*0E2&�1H12&:E(+2&:1'12&'(K<�(;A(,2&�12&V(FK2&:12&Q)(+2&O1V12&=>!=1&�4+A<0/;K&(+5&L*0E*+<5(.&M(;*(8*)*0.&4G&L4;-*+A&K/K4;.&J/;G4;K(+6/&(+5&HHI&*+&*+5*M*5F(),1&:)*+1&[/F;4JE.,*4)1&!=S2&!="!�!=""1&IF5KF+5,,4+2&'12&@F+(;,,4+2&C1_12&'*AF;5,,4+2&'12&H*;*-,5400*;2&I12&�4E+,/+2&312&=>>?1&@/)*(8*)*0.&4G&WF(+0*0(0*M/&HHI&G/(0F;/,1&[/F;4JE.,*4)1&!!#2&=!B=<!=?!1&T(K*)04+2&�12&!"B>1&O&;(0*+A&,6()/&G4;&5/J;/,,*4+1&�1&[/F;4)1&[/F;4,F;A1&_,.6E*(0;.&=S2&$B�B=1&T*AF6E*2&C12&!"##1&OJJ;4(6E&04&(+&*;;/AF)(;&0*K/&,/;*/,&4+&0E/&8(,*,&4G&0E/&G;(60()&0E/4;.1&_E.,*6(&\&S!2&=??�=#S1&T*+;*-F,2&T12&'FEE4M(2&O12&V(6EK(++2&�12&O(5(K,442&312&��4EK(2&U12&�(,,2&�12&CFF)*-2&�12&=>>"1&H)/60;4/+6/JE()4A;(JE*6&,J/60;()&(,.KK/0;.&*+5/Y&G4;&5/0/60*4+&4G&5/J;/,,*4+1&�/51&V*4)1&H+A1&:4KJF01&P?2&!="!�!=""1&T4,,/*+*G(;52&V12&�4;(5*2&�1T12&@4,0(K*2&@12&=>!S1&:)(,,*G.*+A&5/J;/,,*4+&J(0*/+0,&(+5&+4;K()&,F8Z/60,&F,*+A&K(6E*+/&)/(;+*+A&0/6E+*WF/,&(+5&+4+)*+/(;&G/(0F;/,&G;4K&HHI&,*A+()1&:4KJF01&�/0E45,&_;4A1&V*4K/51&!>"2&SS"�SP$1&TF2&312&QM(+4M2&_1:12&:E/+2&�12&:(;J/+(2&_12&'0(+)/.2&T1H12&=>>!1&HGG/60&4G&0;/+5,&4+&5/0;/+5/5&nF60F(0*4+&(+().,*,1&_E.,1&@/M1&H&'0(01&[4+)*+/(;&'4G0&�(00/;&_E.,1&BP2&>!!!!P1&QJ2&:1C12&I(+72&�12&c7/++/2&V12&')F0E2&�1V12&I;(K2&�12&�*(;5402&I12&)]T4,0*,2&_12&\(+Z4F2&_12&3+F5,/+2&I1�12&:E;*,0/+,/+2&'1@12&=>!#1&_;/<*+0/;M/+0*4+&0/,0<;/0/,0&;/)*(8*)*0.&4G&HHI&(+5&H@_&4M/;&G4F;&;/64;5*+A&*+0/;M(),1&Q+01&�1&_,.6E4JE.,*4)1&!SP2&S>�PS1&3+4002&�12&�(E4+/.2&:12&3/++/5.2&'12&HM(+,2&312&=>>!1&HHI&J4L/;2&G;/WF/+6.2&(,.KK/0;.&(+5&64E/;/+6/&*+&K()/&5/J;/,,*4+1&_,.6E*(0;.&@/,1&!>B2&!=S�!P>1&34+5(6,2&O12&'7(8942&�12&!"""1&�4+A&0/;K&*+0;(<*+5*M*5F()&M(;*(8*)*0.&4G&0E/&8(6-A;4F+5&HHI&*+&+4;K(),1&:)*+1&[/F;4JE.,*4)1&!!>2&!?>#�!?!B1&�6I;(L2&31c12&�4+A2&'1_12&!""B1&R4;K*+A&*+G/;/+6/,&(84F0&,4K/&*+0;(6)(,,&64;;/)(0*4+&64/Ĝ6*/+0,1&_,.6E4)1&�/0E45,&!&N!D2&S>�PB1&
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Appendix 1 (Continued) 
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Appendix 1 (Continued) 
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Depression is a leading cause of disability and a burden of disease affecting a remarkable part of population of working age (WHO 2020). During last decades, depression has become a common mental disorder worldwide and it is in rise with a prevalence in developed countries [Whiteford et al., 2010; Wittchen et al., 2011; WHO Europe 2019]. The COVID 19 pandemic contributes to the additional rise of depression [Ettman et al., 2020; Salari et al., 2020; Troyer et al., 2020]. 

The work stress caused by psychosocial factors in the work environment can contribute to the development of depression [Madsen et al.; 2017; Netterstrøm et al., 2008]. Work stress is increasing today due to increasingly complicated tasks and high demand in the work environment [Stansfeld and Candy, 2006; Madsen et al., 2017]. High work stress and depression are causing professional inefficacy and burnout [Saijo et al., 2014; Golonka et al., 2019]. Early detection of depression is essential to prevent burnout and subsequent depression in employees. 

Mental state of employees during implementing their everyday duties is an important factor determining the quality of their work (Goetzel et al., 2018). Potential mental disorders present a crucial risk factor for professionals of high personal responsibility as policemen, pilots, military specialists etc. Exposure to stressful working conditions can have direct influence on safety and health of employees and their beneficiaries (Landsbergis et al., 2011; Hsu Sandy et al., 2016). Therefore, monitoring of mental state during regular occupational health examination is highly important to prevent accidents and unexpected events.

Today, the diagnosis of mental disorders is based on the evaluation of subjective symptoms by a general practitioner, an occupational physician or a psychiatrist, using questionnaires and interviews. The commonly accepted assessment tools for depression are based on questionnaires that classify various self-declared subjective symptoms [Hamilton, 1960; Williams, 1988; Cusin et al., 2010; Fried, 2017]. No other objective measures exist in clinical practice. 

Early detection of depression is complicated due to the lack of commonly accepted tools developed to reveal signs of depression, which would appear before the self-declared subjective symptoms related to already ongoing depression. There is a high demand for the low-cost objective methods suitable to screen employees for early depression.

Mental disorders, including depression, are expected to have underlying alterations in brain physiology and restructured dynamics of brain bioelectrical activity. During years, several studies have demonstrated specific features of depression in the electroencephalographic (EEG) signal [Knott et al., 2001; Hinrikus et al., 2009; 
Leuchter et al., 2012; Ahmadlou et al., 2012; Hosseinifard et al., 2013; Fingelkurts and 
Fingelkurts, 2015). Statistically significant differences have been confirmed in various EEG-based measures between the groups of depressive and healthy subjects. EEG-based non-invasive and cost-effective methods seem promising to carry out the evaluation of depression in occupational health examinations. 

However, the high diversity of EEG measures between individuals makes it difficult to estimate depression symptoms. The feasibility of EEG-based indication of early symptoms of depression for an individual was first reported in Publication I. The results indicated that the applied EEG measures, spectral asymmetry index SASI and Higuchi’s fractal dimension detect the change of the EEG signal in depression for a larger number of participants compared to the scores of depression questionnaires HAM-D and EST- Q- D.

The temporal stability of the EEG measures that point to the depression is important to assure the reliability of the performed evaluations. Caused by physiological processes, high natural variability of EEG takes place even in the healthy brain. However, today data are available supporting the long-term stability of EEG bands’ power and related linear measures [Gasser et al., 1985; Salinsky et al., 1991; Kondacs et al., 1999; Allen et al., 2004]. Only few data are available about the stability of EEG nonlinear measures [Gudmundsson et al., 2007]. Detailed investigation of long-term stability for different linear and nonlinear EEG measures has been performed in Publication II. The results provide new knowledge about the temporal stability of the EEG measures and indicate that the stability of nonlinear measures is even higher than linear measures. 

The high diversity of EEG measures between individuals is related to the dependence of EEG on various factors (Veldhuizen et al., 1993; Marciani et al., 1994; Nikulin and Brismar, 2005; Purdon et al., 2015; Orgo et al., 2016; Meyers et al., 2021). 

Work stress can be considered as a specific factor affecting human brain and changing brain bioelectric oscillations. Consequently, it is expected that the EEG measures of persons on more responsible positions (leaders) differ from the EEG measures of the persons having lower responsibility and lower stress (non-leaders). This novel hypothesis has been supported by the experiment in Publication III: The EEG of leaders has higher beta and gamma power compared to non-leaders.

Learning process causes alteration in human brain (Dehaene and Changeux, 2000; Frank et al., 2015). Consequently, human EEG is related to the level of education. 
This novel hypothesis has been supported by the experiment in Publication IV. 
The EEG gamma power for men with the tertial level of education is higher compared to men having secondary education. 

The results of Publication III and Publication IV suggest that the levels of occupational position and education are the factors to be taken into account using EEG markers for the detection of depression symptoms.

The results of the Thesis have demonstrated the advantage of the easy-to-use novel EEG-markers for detection of persons with probability of depression, pointing to the need for future larger studies.
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Electroencephalography (EEG) is a non-invasive method for recording bioelectrical activity of the brain using electrodes located on scalp. The resting-state EEG has several applications in clinical practice and a wide use in neurophysiology, psychophysiology, psychology, and other research fields (Niedermeyer and Lopes da Silva, 1993; Michel and Murray, 2012).

Neuronal oscillations and synchronization of the oscillations constitute the bases of brain activity (Nunez 1995; Buzsáki and Draguhn, 2004). The brain dynamics is determined by neuronal oscillations. Therefore, the recorded EEG signal is oscillating by its nature.

Brain ejectrical oscillations are related to various physiological processes, physical activity, emotions, etc. To reduce the impact of various factors on the EEG and the level of its natural variability, the resting-state EEG is most commonly used for diagnostic purposes, employing eyes-closed situation to minimize visual input data. However, the EEG signal shows high level of natural variability even in these conditions. Figure 1 presents a typical EEG signal recorded in the Biosignal Processing Laboratory of Tallinn University of Technology.
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Figure 1. An example of recorded eyes-closed resting-state EEG signal at Cz as reference.

EEG signal has no deterministic shape, seems irregular, and contains nonlinearity (Friston, 2000; Breakspear and Terry, 2002; Stam, 2005; Rodríguez-Bermudez and Garcíıa Laencin, 2015). 
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Figure 2. Spectrum of eyes-closed resting-state EEG.

The spiking frequencies of single neurons reach 1–2 kHz. The bandwidth of oscillatory frequencies of neuronal networks is about 0.5–500 Hz (Buzsáki and Draguhn, 2004). 
The spectrum of the eyes-closed resting-state EEG signal contains frequency components at different brain oscillation frequencies with maximum at about 10 Hz (Figure 2). Traditionally, the spectrum of EEG is divided to the following frequency bands: 
delta 0.5–4 Hz, theta 4–8 Hz, alpha 8–13 Hz, beta 13–30, and gamma 30–45 Hz. Maximum power of eyes-closed EEG occurs in the alpha band. 

[bookmark: 03]The position of EEG electrodes on scalp is determined by the internationally standardized 10–20 system covering all brain regions: frontal (F), central (C), temporal (T), parietal (P), and occipital (O) (Figure 3) (Homan et al., 1987; Malmivuo and Plonsey, 1995). 
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Figure 3. The international 10-20 system for placement of electrodes (Malmivuo and Plonsey, 1995).







Resting-state EEG has several advantages over other brain imaging methods (MRI, fMRI, PET, SPECT):

· The source of EEG are neuronal bioelectric processes in the brain. Other brain imaging methods provide information only about the structure of the brain or the intensity of cerebrovascular processes.

· EEG provides high temporal resolution up to milliseconds sufficient for detection of neuronal processes in real time. Other methods have lower temporal resolution. 

· EEG is a non-invasive, patient friendly and easy to apply method. Other methods may be more inconvenient for patients and are complicated to apply.

· EEG equipment can be portable.

· EEG equipment and procedure are less expensive than other methods.

However, the resting-state EEG has some principal limitations and disadvantages:

· EEG can get information only from the brain cortex not from deeper structures.

· EEG has low spatial resolution. The neuronal oscillations from larger cortical areas contribute to the signal in a scalp channel. 

· EEG signal is complex and requires special analysis for interpretation.

[bookmark: _Toc71987798][bookmark: _Toc85802818][bookmark: _Toc85802943][bookmark: _Toc87928406]Detection of depression

[bookmark: _Toc71987799][bookmark: _Toc85802819][bookmark: _Toc85802944][bookmark: _Toc87928407]EEG-based measures for detection of depression

EEG has been successfully applied in anaesthesia, epilepsy studies, sleep medicine, and other clinical areas, but is not in clinical use to evaluate depression nor other mental disorders. Still, many various EEG-based linear and nonlinear measures have been successfully used for discrimination between the groups of healthy and major depressive disorder (MDD) subjects in research studies (Knott et al., 2001; Allen et al., 2004; Sun et al., 2008; Hinrikus et al., 2009; Ahmadlou et al., 2012; Bachmann et al., 2013; Bachmann et al., 2018; Lee et al., 2018; Newson and Thiagarajan, 2019; Mahato and Paul, 2020). 
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Linear EEG measures provide for the estimation of depression symptoms based on the analyses of EEG frequency band powers and their combinations (Knott et al., 2001; Bachmann et al., 2018; Lee et al., 2018; Newson and Thiagarajan, 2019; Mahato and Paul, 2020). Compared to nonlinear EEG measures, linear measures have lower computational load.

Power of an EEG frequency band is the simplest linear measure widely used in quantitative EEG. EEG frequency band power employs an EEG signal from a single EEG channel and a single frequency band. Several studies have reported depression-related alterations in the powers of different EEG frequency components. Increased alpha, beta and gamma band power have been shown to be specific for depression EEG and are successfully applied for discrimination between the groups of depressive and healthy persons (Knott et al., 2001; Bachmann et al., 2018; Lee et al., 2018).

Interhemispheric asymmetry (IHAS) presents the difference between the powers of two symmetric EEG channels from different hemispheres. IHAS is calculated as 





where L indicates the power of a selected frequency band for an EEG channel from the left hemisphere and R for the symmetric EEG channel from the right hemisphere. 

IHAS employs EEG signals from two EEG channels of different hemispheres of the same frequency band.

EEG alpha IHAS has been successfully applied to differentiate between the groups of depressive and healthy subjects (Henriques and Davidson, 1991; Knott et al., 2001; 
Allen et al., 2004; Mathersul et al., 2008). In the majority of cases, depressed patients show decreased left frontal activation compared to healthy controls. However, some researchers have expressed criticism regarding IHAS (Debener et al., 2000; van der Vinne et al., 2017).

Spectral asymmetry index (SASI) describes the asymmetry of the EEG spectrum by comparing powers in the selected frequency bands higher and lower than the central alpha frequency band in spectrum maximum. SASI is calculated as





where HFB indicates the power in the frequency band, which is higher than the alpha band and LFB indicates the power in the frequency band, which is lower than the alpha band. 

The boundary frequencies of the bands are determined by a method described in the previous study (Hinrikus et al., 2009). The lower frequency band is close to the traditional theta frequency band and higher band close to the beta band. This procedure excludes the EEG alpha band from the calculations of SASI. SASI, as a measure of spectral asymmetry, employs two different frequency bands from a single channel EEG signal. 

SASI provides good classification accuracy between the groups of depressed and healthy persons (Hinrikus et al., 2009; Bachmann et al., 2013; Bachmann et al., 2017; Bachmann et al., 2018). 

The results indicated that the SASI values were higher for depression and lower for healthy persons.

[bookmark: _Toc71987801][bookmark: _Toc85802821][bookmark: _Toc85802946][bookmark: _Toc87928409]Nonlinear EEG measures

EEG signal is complex, chaotic and nonlinear in nature (Friston, 2000; Breakspear and Terry, 2002; Stam, 2005; Robets and Robinson, 2012; Rodríguez-Bermudez and Garcíıa Laencin, 2015). Therefore, the linear measures, which take into account only linear combinations of signals, have limited capability of describing the signal features and hence also the brain activity. On the other hand, nonlinear measures can well describe the features of a complex signal. It is suggested that nonlinear methods enable us to analyse a larger spectrum of features of the signal preserving the signal’s initial properties.  

Higuchi’s fractal dimension (HFD) describes the self-similarity of the signal (Higuchi, 1988). HFD has demonstrated good quality while classifying between the groups of depressive and healthy persons (Ahmadlou et al., 2012; Bachmann et al., 2013; Bachmann et al., 2018; Čukić et al., 2020a; Čukić et al., 2020b).

Detrended fluctuation analysis (DFA) describes temporal dynamics and variability of EEG fluctuations (Peng et al., 1995; Hu et al., 2001). DFA has also been successfully applied for discrimination between the groups of depressive and healthy persons (Leisted et al., 2007; Lee et al., 2007; Hosseinifard et al., 2012; Bachmann et al., 2017; Bachmann et al., 2018). 

HFD and DFA are calculated for a signal in a single EEG channel employing all EEG frequency bands. 

Various other nonlinear measures (Katz fractal dimension, entropy measures, etc.) have been used in other studies for the detection of depression; however, those studies have not been shown to be more efficient or advantageous in classification accuracy nor in computational load compared to HFD (Ahmadlou et al., 2012; Čukić et al., 2020a; 2020b).

None of the EEG measures have been used for the detection of depression symptoms at the level of individuals.

[bookmark: _Toc71987802][bookmark: _Toc85802822][bookmark: _Toc85802947][bookmark: _Toc87928410]Reliability of EEG measures

The application of EEG measures for diagnostic purposes requires temporal stability of the measures and reliability of the scores. Emotions, physiological processes, life events, and other factors cause alterations in healthy human EEG (Sammler et al., 2007; 
Harmon-Jones et al., 2010; Orgo et al., 2015; Saifudinova et al., 2015). Therefore, 
the estimation of the stability of EEG-based markers is important.

Many researchers have investigated the temporal stability of EEG frequency band powers. The frequency band powers have demonstrated high stability for long time periods, up to 12 years (Gasser et al., 1985; Salinsky et al., 1991; Kondacs and Szab´o, 1999; Corsi-Cabrera et al., 2007; Rogers et al., 2016; Tenke et al., 2018). Good reliability of IHAS has also been demonstrated (Allen et al., 2004; Stewart et al., 2010; Gold et al., 2013), while no information about the stability of SASI is available. 

In addition, data available about the stability of nonlinear measures are scarce. 
The entropy measures have indicated lower reliability compared to EEG band power measures (Gudmundsson et al., 2007). To the best of our knowledge, the temporal stabilities of HFD and DFA have not been investigated before.

[bookmark: _Toc71987803][bookmark: _Toc85802823][bookmark: _Toc85802948][bookmark: _Toc87928411]Depression questionnaires

The Hamilton Depression Rating Scale (HAM-D) is the most widely used tool for 
clinician-administered assessment of depression (Hamilton, 1960). Initially, the HAM-D was designed to be used as a clinical interview with a depressed patient to measure treatment outcome (Hamilton, 1967, Williams, 1988). The HAM-D has been a golden standard over half a century. Despite that, some criticism about the retest reliability and validity of the test has been expressed (Bagby et al., 2004). 

The HAM-D is a psychometric test based on subjective symptoms of patients. HAM-D is applicable at the individual level. However, the HAM-D is not designed to evaluate symptoms of depression in healthy persons.

The Emotional State Questionnaire for depression (EST-Q-D) is based on self-rated subjective symptoms (Aluoja et al., 1999). The EST-Q-D has been designed to distinguish between different groups of population and validate discriminating groups of healthy persons and patients. The authors underline that “As no diagnostic interview was used in the population sample, we could not determine the exact cut-off points of subscales for screening purposes. “(Aluaoja et al., 1999).

EST-Q-D is designed for differentiation between groups, patients and healthy or within healthy people. The questionnaire is not validated for differentiation at the individual level.

[bookmark: _Toc71987804][bookmark: _Toc85802824][bookmark: _Toc85802949][bookmark: _Toc87928412]Aims of the thesis

Today we have no psychometric tests to differentiate between subjective symptoms nor EEG-based measures to evaluate objective symptoms of depression on subjects at an individual level.

The general goal of the Thesis is to demonstrate the potential of the EEG measures to detect the symptoms of depression on different groups of subjects reliably and earlier than in other methods. 

The aim of the Thesis research is as follows:

· compare various EEG-based measures and psychometric tests for the detection of symptoms of depression in seemingly healthy people one by one at an individual level (Publication I);

· evaluate the temporal reliability of the EEG-based measures (Publication II);

· evaluate the impact of the level of responsibility on EEG measures (Publication III);

· evaluate the impact of the level of education on EEG measures (Publication IV).





[bookmark: _Toc71987805][bookmark: _Toc85802825][bookmark: _Toc85802950][bookmark: _Toc87928413]Experimental studies

[bookmark: _Toc71987806][bookmark: _Toc85802826][bookmark: _Toc85802951][bookmark: _Toc87928414]Methods

[bookmark: _Toc71987807][bookmark: _Toc85802827][bookmark: _Toc85802952][bookmark: _Toc87928415]Participants 

Participants were recruited among the persons from different institutions passing occupational health examination in the Qvalitas Medical Centre. In total, 125 healthy volunteers were recruited for the study. According to their declarations as well as medical and biochemical examinations, the recruited participants were healthy. 
The average age of the group was 41.04 (median 41.00 years) with a standard deviation of 8.66 years. Table 1 presents the data for the participants. 

[bookmark: _Toc71986954][bookmark: _Toc71986968]Table 1. Main data of the participants (Publication I).

		Qualities

		Subgroup

		Number of participants

		Percentage    %



		Gender

		Male

		49

		39.2



		

		Female

		76

		60.8



		Age

		> 41 years

		62

		49.6



		

		< 41 years

		63

		50.4



		Education

		Higher/Tertiary

		99

		79.2



		

		Secondary

		26

		20.8



		

		Primary

		0

		0







Three years after the first study described in Publication I, the participants were invited to the follow-up study. Out of 49, 17 subjects agreed to participate in the second study; other 32 did not respond to the invitation. The group consisted of twelve female and five male individuals of average age 42.3±5.4 years during the first and 45.2±5.4 during the second study (Publication II). A group of 82 persons, 27 males and 55 females, mean age 40.2 years (Standard deviation of age 7.6) participated in the study described in Publication III. According to their occupational position and duties, 45 subjects were leaders (average age 40.7) and 37 subjects were non-leaders (average age 39.6). 

The age-matched groups of 30 participants having tertiary education and 16 participants having secondary education were recruited for the analysis in Publication IV.

The studies were conducted in accordance with the Declaration of Helsinki, as revised in 2013. All studies were formally and prospectively approved by the Tallinn Medical Research Ethics Committee. All participants were informed about the aim and protocol of the studies and they signed a written informed consent before inclusion in the study groups.

[bookmark: _Toc71987808][bookmark: _Toc85802828][bookmark: _Toc85802953][bookmark: _Toc87928416]Procedures, methods, equipment

All participants filled in the self-report Emotional State Questionnaire (Aluoja et al., 1999) subscale for depression (EST-Q-D) before the EEG recording. The depressive subscale score 11 was the threshold to indicate depressive symptoms (Aluoja et al., 1999).

Depressive symptoms were evaluated by an experienced clinician using 17-item Hamilton Depression Rating Scale (HAM-D) (Hamilton, 1960). The following scale of scores was applied: mild depression 7 to 14, moderate depression 14 to 18, severe depression 19 to 22, and very severe depression higher than 22 (Publication I).

Cadwell Easy II EEG (Kennewick, WA, USA) device was used for recording the 
18-channel resting-state eyes-closed EEG for seven minutes. The electrodes were
located according to the international 10-20-electrode position system. Electrode Cz 
was selected as a reference. (Publication I, II, III, IV)

The raw EEG signals of 0.3-70 Hz frequency were stored at the sampling frequency 
of 400 Hz. An experienced EEG specialist evaluated visually the quality of the recorded EEG signals. 

[bookmark: _Toc71987809][bookmark: _Toc85802829][bookmark: _Toc85802954][bookmark: _Toc87928417]EEG analyses

The artefact-free EEG segments (duration 5 min) were used in the analysis. Linear and nonlinear EEG measures were calculated in 18 EEG channels for each participant using MATLAB (The MathWorks, Inc. Massachusetts, USA). 

Table 2 presents the EEG measures calculated in the studies.

[bookmark: _Toc71986955][bookmark: _Toc71986969]Table 2. EEG measures calculated in Publications. 

		

		Publ. I

		Publ. II

		Publ. III

		Publ. IV



		Theta power (4-7 Hz)

		

		X

		

		X



		Alpha power (8-13 Hz)

		

		X

		

		X



		Beta power (14-30 Hz

		

		X

		

		X



		Gamma power (30-47 Hz)

		

		X

		

		X



		IHAS

		

		X

		

		



		SASI

		X

		X

		X

		X



		HFD (4-47 Hz)

		X

		X

		

		



		DFA (4-47 Hz)

		

		X

		

		





[bookmark: _Toc71987810][bookmark: _Toc85802830][bookmark: _Toc85802955][bookmark: _Toc87928418]Statistics

The Pearson correlation coefficients between the different measures and data of participants were calculated in Microsoft Excel (Microsoft Corporation, Redmond, WA) software (Publication I). The intraclass correlation coefficient (ICC) was used to evaluate the reliability of the EEG scores in two recording sessions. MATLAB (The MathWorks, Inc. Massachusetts, USA) was used for calculations of ICC(A,1) by a two-way mixed random model (McGraw and Wong, 1996) (Publication II).

The Student’s t test with post-hoc Bonferroni correction was performed to evaluate statistical significance between different groups (age, gender, marital status, educational level, leadership) (Publication I, Publication II, Publication III,) and measures in the first and the second recording sessions (Publication IV).

[bookmark: _Toc71987811][bookmark: _Toc85802831][bookmark: _Toc85802956][bookmark: _Toc87928419]Results  

[bookmark: _Toc71987812][bookmark: _Toc85802832][bookmark: _Toc85802957][bookmark: _Toc87928420]Assessment of different measures of depression (Publication I)

Figure 4 presents the rate of participants with symptoms of depression indicated by various measures. The EEG measures indicate depressive symptoms for 55% (HFD) 
to 65% (SASI) and the psychometric tests for 29% (EST-Q-D) to 45% (HAM-D) of the subjects.



Figure 4. The rate of participants with signs of depression (Publication I).

The Pearson correlation coefficients calculated between different measures are presented in Table 3 (Publication I). Moderate correlation occurs between the psychometric tests HAM-D and EST-Q-D as well as EEG-based measures SASI and HFD. The psychometric tests and EEG-based measures do not correlate.

[bookmark: _Toc71986956][bookmark: _Toc71986970]Table 3. Correlation coefficients between the calculated EEG measures and the results of psychological tests (Publication I).

		

		SASI

		HFD

		HAM-D

		EST-Q-D



		SASI

		

		0.48

		0.04

		-0.04



		HFD

		0.48

		

		0.01

		-0.16



		HAM-D

		0.04

		0.01

		

		0.66



		EST-Q-D

		-0.04

		-0.16

		0.66

		





[bookmark: _Toc71987813][bookmark: _Toc85802833][bookmark: _Toc85802958][bookmark: _Toc87928421]Temporal reliability of EEG measures (Publication II)

Figure 5 presents the average values of the EEG-based measures in two sessions. 
The level of relative change between the values in two sessions is presented in Table 4. All single channel EEG measures using a single frequency band (spectral band relative powers, HFD and DFA) indicate very high stability within 2.4% over three years. 
The highest stability was shown by nonlinear measures HFD 0.2% and DFA 0.5%. 
The single-channel measure SASI, employing signals from two frequency bands, indicates lower stability of 11.8%. The IHAS, which uses signals from a single band but from two channels from different hemispheres, is much more unstable compared to single-channel measures. The differences between the sessions appear statistically insignificant for all measures (p > 0.005).





Figure 5. The mean values, averaged over 18 EEG channels and all 17 participants of the EEG measures: delta, theta, alpha, beta, and gamma bands relative powers, interhemispheric asymmetry index (IHAS), spectral asymmetry index (SASI), Higuchi fractal dimension (HFD) (the value -!) and detrended fluctuation analysis (DFA) (according to the data in Table 1, Publication II).

[bookmark: _Toc71986957][bookmark: _Toc71986971]Table 4. Relative change between two sessions in single-channel EEG measures averaged over 18 EEG channels and 17 participants (data from Table 1 Publication II).

		

		Delta

		Theta

		Alpha

		Beta

		Gamma

		SASI

		IHAS

		HFD

		DFA



		%

		1.0

		1.2

		0.7

		2.3

		2.4

		11.8

		236.2

		0.2

		0.5





[bookmark: _Toc71986958][bookmark: _Toc71986972]Table 5. Intra-class correlation coefficients averaged over all frequency bands and channels (according to the data in Table 2 and Table 3 Publication II).

		Delta

		Theta

		Alpha

		Beta

		Gamma

		SASI

		IHAS

		HFD

		DFA



		0.84

		0.84

		0.88

		0.83

		0.83

		0.82

		0.38

		0.82

		0.84







Table 5 presents the ICC values between the two sessions. The ICC values are higher 0.8 and statistically significant for all single-channel EEG measures Delta, Theta, Alpha, Beta, Gamma, SASI, HFD, and DFA. The ICC for IHAS is much lower. 

[bookmark: _Toc71987814][bookmark: _Toc85802834][bookmark: _Toc85802959][bookmark: _Toc87928422]Impact of professional responsibility on EEG (Publication III)

Figure 6 presents the values of SASI averaged over the groups of leaders with higher responsibility and non-leaders with lower level of responsibility. Statistically significant difference between the leaders and non-leaders indicates increased SASI for leaders. 



Figure 6. Calculated SASI values averaged over the subgroup of leaders (n=45) and non-leaders (n=37); vertical bars denote standard deviation (Publication III).

[bookmark: _Toc71987815][bookmark: _Toc85802835][bookmark: _Toc85802960][bookmark: _Toc87928423]Impact of educational level on EEG (Publication IV)

The bars in Figure 7 demonstrate the level of SASI for men at different educational levels.  The rise of SASI with the level of education is statistically significant in the majority of brain regions. 

[image: beta_MSC]

Figure 7. Mean and standard error of SASI averaged over the group of men having secondary education (n= 16) and group of men having tertiary education (n=30) in 9 brain regions. Vertical bars represent standard error, asterisk statistically significant difference (p<0.05) (Publication IV).



[image: ]

Figure 8. Mean and standard error of the relative gamma power for the group of men having secondary education and group of men having tertiary education in 9 brain regions. Asterisks show statistically significant differences (p<0.05) (Publication IV). 

[bookmark: _Toc71987816][bookmark: _Toc85802836][bookmark: _Toc85802961][bookmark: _Toc87928424]Discussion

[bookmark: _Toc71987817][bookmark: _Toc85802837][bookmark: _Toc85802962][bookmark: _Toc87928425]The rate of depression symptoms

The share of participants with depression signs indicated by EEG measures as well as psychometric tests in Publication I are much higher than 7.1%, the number indicated in medical statistics among adults (NIMH, 2017). The share of depression symptoms indicated by ECT-Q 28.8% in Publication I is higher than the prevalence among Estonian population 11.1% (Aluoja et al., 2004).

The unexpectedly high share of depression symptoms can be explained by various reasons.

· The participants with mild depression (32% from HAM-D scores) are probably not accounted in medical statistics. However, the rate of moderate and severe scores, in total 12.8%, still exceeds the expected 7.1% or 11.1%.

· The volunteers who agreed to participate in the study might have had already some feelings of stress or even depression. 

· The rate of depression depends on the character of the work: industrial workers have reported the rate of 6.9 – 16.2% at the rate for population 10.45% (Wulsin et al., 2014). The EST-Q test has indicated difference in the rates between Estonian general population 11.1% (Aluoja et al., 2004) and Estonian medical students 30.6 % (Eller et al., 2006).

· The major part, 79.2% of the participants in the study, have higher education and their position involves high responsibility. The EEG measures indicating depression increase with the level of education and responsibility (Publication III, Publication IV). 

· The subset of population not having subjective depression symptoms has been out of medical reach as there are no clinical measures to assess early changes in EEG. 





[bookmark: _Toc71987818][bookmark: _Toc85802838][bookmark: _Toc85802963][bookmark: _Toc87928426]Comparison of different measures

The EEG measures are associated with a remarkable increase in the rate of symptoms of depression, 55% (HFD) to 65% (SASI), compared to the rate of subjective symptoms of depression, 29% (EST-Q-D) to 45% (Publication I). These results could be interpreted as the ability of the EEG measures to reveal depression not yet detectable by subjective feelings.

The correlation between SASI and HFD, indicating different features of the EEG signal, is equal to 0.48 (Publication I).

A moderate correlation of 0.66 occurs between HAM-D and EST-Q-D scores, despite similar questions used the questionnaires (Publication I). The discordances between the ratings assessed by patients and clinicians have been also mentioned in several other studies (Domken et al., 1994; Enns et al., 2000; Cusin et al., 2010). The correlation of 0.4, even lower than in the current study, has been previously reported (Enns et al., 2000). 

Very low correlation is observed between the EEG measures and depression questionnaires in the current study (Publication I). However, a good correlation of 0.7 between the SASI and HAM-D has been found previously in the study on inpatients (Hinrikus et al., 2009). The low correlation between the EEG measures and depression for healthy people can be partly caused by psychological factors: people do not reveal or accept being depressed themselves or intend to present better status for the employers. 

[bookmark: _Toc71987819][bookmark: _Toc85802839][bookmark: _Toc85802964][bookmark: _Toc87928427]Reliability of EEG measures

The characteristic regularity can be noticed in the results of Publication II: the reliability depends on the number of channels and frequency bands used for the calculation of the measure. Good stability within 2.4% (Table 4) and high ICC values 0.82 or higher (Table 5) are indicated for all EEG single-channel and single-band measures (relative powers of frequency bands, nonlinear HFD and DFA) over a three-year interval. Nonlinear measures HFD and DFA indicated the highest stability within 0.5%. The single-channel measure SASI, employing signals from two frequency bands, indicates lower stability of 11.8%. 
The IHAS, the calculation of which requires signals from two channels of different hemispheres, demonstrates the lowest stability 236.2% and ICC value 0.36. 

Several previous studies have demonstrated high stability of the EEG bands power and strong correlation (typically higher than 0.8) has been reported in time intervals between sessions from hours to twelve years (Gasser et al., 1985; Salinsky et al., 1991; Kondacs and Szab´o, 1999; Corsi-Cabrera et al., 2007; Rogers et al., 2016; Tenke et al., 2018). 
The results of Publication II are in accordance with the earlier studies. 

The IHAS is the only EEG measure demonstrating remarkable trend of changes between two sessions and lower ICC values. The IHAS has the highest interhemispheric asymmetry ICC value 0.6 in alpha and gamma band frontal channels F7-F8 (Table 3, Publication II). The stability of frontal alpha asymmetry is shown to be decreasing in time, within months (Allen et al., 2004). The stability of resting frontal asymmetry for two weeks, four months and twelve years has been reported (Allen et al., 2004; Stewart 
et al., 2010). The ICC value 0.6 related to the three-year period in the current study is in compliance with the stronger correlation over four months 0.86 (Allen et al., 2004). 
The IHAS, using signals from two channels of different hemispheres, depends on the spatial stability of EEG power distribution. The higher instability of IHAS might be related to the topographic instability of EEG powers reported earlier (Burgess and Gruzelier, 1993). 





[bookmark: _Toc71987820][bookmark: _Toc85802840][bookmark: _Toc85802965][bookmark: _Toc87928428]Impact of professional responsibility and educational level on EEG measures

The higher levels of responsibility and education, which often go hand in hand, both cause a significant increase in the SASI value (Publication III and Publication IV). 
The increase in relative gamma power occurs in Publication IV.

The increase of SASI, according to formula (2), can be related to the increase in higher (beta) or decrease in lower (theta) frequency band power. Whereas increasing gamma power appears in Publication IV, most probably the increase in the higher frequency band power is evident. Consequently, the higher level of responsibility and education of persons both are related to the increase in higher EEG spectrum frequencies. The rise in higher EEG frequencies, beta and gamma power, is probably related to increasing mental and cognitive workload (Spironelli et al., 2008; Werkle-Bergner et al., 2009; So et al., 2017). 

However, the increased SASI, relative beta and gamma power are also indicators of depression (Sun et al., 2008; Hinrikus et al., 2010; Bachmann et al., 2018). Therefore, 
the impact of professional responsibility and education on EEG needs to be considered in the classification of depression.

[bookmark: _Toc71987821][bookmark: _Toc85802841][bookmark: _Toc85802966][bookmark: _Toc87928429]Limitations and future perspectives

Despite the fact that the results of the Theses support the understanding that EEG-based measures are applicable and may be useful for early detection of depressive symptoms, there are limitations of the study. The main limitation is the small number of participants in each group. Further much wider research is required to confirm these preliminary results.

The main challenge is the absence of commonly approved rating scores for EEG measures to discriminate between depression symptoms. The rating scores used in 
this study have been assessed previously in independent groups; however, the base for rating remains still limited. The extent of the investigations needed for the development of a commonly approved rating scale for EEG measures reaches beyond the current study, being too large for solution by a single research group. Further large-scale investigations are required to implement EEG-based measures for early detection of depression symptoms in occupational health examinations.




[bookmark: _Toc71987822][bookmark: _Toc85802842][bookmark: _Toc85802967][bookmark: _Toc87928430]Conclusions

The results of the Thesis have demonstrated the advantage of the easy-to-use novel 
EEG-markers for detection of persons with high probability of depression, pointing to the need for future larger studies for the purpose of occupational health and screening of population.

1. The rate of subjects indicating symptoms of depression in healthy people detected by the EEG measures SASI and HFD is much higher than the rate of subjects indicating symptoms according to the depression questionnaires HAM-D and EST-Q-D (Publication I). This result supports the hypothesis that the changes in EEG signals seem to be detectable before the subjective symptoms have become evident. 

2. The observed high stability of EEG measures over three years confirms their reproducibility, and thus – feasibility for the detection of depression symptoms. 
The original finding is that the nonlinear HFD provides better stability than the frequency band powers (Publication II).

3. The results demonstrated an unexpected regularity: the reliability of a measure decreases with the increasing number of channels and frequency bands used for the calculation of the measure (Publication II): This finding supports the preferable application of the single-channel measures. 

4. The original finding is that the level of professional responsibility and education causes a significant increase in the SASI value and relative gamma power (Publication III, Publication IV). These factors should be considered in the evaluation of depressive symptoms.

The results of the Thesis support the prospect of using EEG-based measures in clinical practice. However, further large-scale investigations are required to implement 
EEG-based measures for early detection of depression symptoms in occupational health examination.
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Application of electroencephalographic signal based measures for early detection of depression symptoms in occupational health

Depression is a leading cause of disability and a burden of disease that involves a remarkable part of working age population. During last decades, depression has become a common mental disorder worldwide and it is in rise with a predominance in developed countries. The work stress caused by psychosocial factors in the work environment can contribute to the development of depression among employees. 

Today, the diagnosis of mental disorders is based on the evaluation of subjective symptoms by a general practitioner, an occupational physician or a psychiatrist using questionnaires and interviews. No other easy-to-use objective measures exist in clinical practice. 

Early detection of depression symptoms is required to prevent burnout and subsequent depression of employees.

The general aim of the Thesis is to demonstrate the potential of the EEG-based measures to detect depression symptoms on different groups of subjects reliably and earlier than by other methods. 

The aim of the Thesis is as follows:

· compare various EEG-based measures and psychometric tests for the detection of symptoms of depression in seemingly healthy people at an individual level;

· evaluate the temporal reliability of the EEG-based measures;

· evaluate the impact of the level of responsibility on the EEG measures;

· evaluate the impact of the level of education on the EEG measures.

The results of the Thesis have demonstrated the advantage of the easy-to-use novel EEG-markers for detection of persons with high probability of depression, pointing to the need for future larger studies for the purpose of occupational health and screening of population.

· The rate of subjects indicating symptoms of depression in seemingly healthy people detected by the EEG measures SASI and HFD is much higher than the rate of subjects indicating symptoms according to the depression questionnaires HAM-D and EST-Q-D. 

· The observed high stability of the EEG measures over three years suggests that they are feasible for the detection of depression symptoms. 

· The results demonstrated an unexpected regularity: the reliability of a measure decreases with the number of channels and frequency bands used for the calculation of the measure. This finding supports the preferable application of the single-channel measures. 

· The level of professional responsibility and education causes a significant increase in the SASI value and relative gamma power. These factors should be considered in the evaluation of the depressive symptoms.

The results of the Thesis support the prospect of using EEG-based measures in clinical practice. However, further large-scale investigations are required to implement 
EEG-based measures for early detection of depression in occupational health examination.
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Elektroentsefalograafilisel signaalil põhinevate indikaatorite kasutamine depressiooni sümptomite varaseks avastamiseks töötervishoius

Pingeline töö ja kiire elutempo põhjustavad vaimseid pingeid. Vaimsed pinged tekitavad stressi, krooniline stress võib kasvada üle depressiooniks, mis juba oluliselt mõjutab elu kvaliteeti, töövõimet ja võib olla isegi fataalne. Töötervishoius pööratakse siiani töötajate vaimsele tervisele suhteliselt vähe tähelepanu.

Depressioon on haiguskoormuse ja töövõimetuse üks peamisi põhjuseid tööealise elanikkonna hulgas. Viimaste aastakümnete jooksul on depressioon muutunud kogu maailmas sagedaseks psüühikahäireks, mis on eriti levinud arenenud riikides. Töökeskkonna psühhosotsiaalsete tegurite põhjustatud tööstress võib aidata kaasa depressiooni tekkele töötajate seas. Hetkel jätkuvalt kestev COVID-19 pandeemiast tingitud kriis on veelgi võimendanud depressiooni avaldumist. 

Täna põhineb psüühikahäirete diagnoosimine perearsti, töötervishoiu arsti või psühhiaatri poolt subjektiivsete sümptomite hindamisel küsimustike ja intervjuude abil. Muid objektiivseid indikaatoreid kliinilises praktikas täna ei kasutata, mistõttu võib väliste tundemärkideta kulgev depressioon jääda mõnikord märkamata. 

Aju koordineerib ja juhib kogu inimese elutegevust. Meeleolu muutus või vaimne pinge on otseselt seotud muutustega ajutegevuses. Aju neuronite bioelektriliste võnkumiste sagedus muutub vaimse koormuse ja pingega. Sellepärast on peanahalt salvestatav aju neuronite bioelektrilisi võnkumisi kirjeldav elektroentsefalograafiline (EEG) signaal sobiv meetod aju seisundi ja vaimsete häirete avastamiseks ja kirjeldamiseks. 

Aju töös esinevate kõrvalekallete varajane avastamine on vajalik töötajate läbipõlemise ja sellele järgneva depressiooni vältimiseks või õigeaegseks raviks. Eriti oluline on see sellistel ametitel, kus depressioon võib mõjutada teiste turvalisust nagu näiteks lennunduses, nii pilootidel kui lennujuhtidel, politseinikel, sõjaväelastel.

Doktoritöö tõstatab esmakordselt probleemi EEG kasutamisest töötervishoius töötajate vaimse pinge ja depressiooni varaseks avastamiseks. Doktoritöö peamine eesmärk on demonstreerida EEG-põhiste mõõdikute potentsiaali tuvastada depressioonile viitavaid tunnuseid usaldusväärselt ja varem, kui seni kasutatud meetodite puhul.

Doktoritöö alameesmärgid:

· Võrrelda näiliselt tervete inimeste depressioonisümptomite tuvastamiseks erinevaid EEG-põhiseid mõõdikuid ja psühhomeetrilisi teste individuaalsel tasandil.

· Hinnata EEG-põhiste mõõdikute ajalist usaldusväärsust.

· Hinnata tööalase vastutuse taseme mõju EEG-põhistele mõõdikutele.

· Hinnata haridustaseme mõju EEG-põhistele mõõdikutele.

Väitekirja tulemused näitavad uute lihtsalt kasutatavate EEG-põhiste tunnuste rakendamise eeliseid tuvastamaks isikud, kes vajavad süvendatud kliinilist uuringut: 

· EEG-põhiste mõõdikutega SASI ja HFD näidatud objektiivsete depressiooni-sümptomitega inimeste osakaal tervete hulgas on kõrgem kui depressiooni küsimustikega HAM-D ja EST-Q-D näidatud depressioonisümptomitega inimeste osakaal.

· Kolme aasta jooksul täheldatud EEG-põhiste mõõdikute kõrge stabiilsus võimaldaks nende rakendatavust depressiooni sümptomite tuvastamiseks.

· Tulemused näitasid ootamatut seaduspärasust: mõõtmise usaldusväärsus väheneb mõõtmise arvutamiseks kasutatud kanalite arvu ja sagedusribade arvu kasvuga. See leid toetab ühekanaliliste meetmete eelistatavat rakendamist.

· Kõrgema ametialase vastutuse ja hariduse taseme puhul on SASI väärtus ja suhteline gammavõimsus oluliselt suuremad. Seda asjaolu tuleb depressiooni sümptomite hindamisel arvestada.

Väitekirja tulemused osutavad võimalusele kasutada EEG-põhiseid mõõdikuid kliinilises praktikas. EEG-põhiste mõõtmiste rakendamine depressiooni sümptomite varajaseks avastamiseks töötervishoius eeldab täiendavaid ulatuslikke uuringuid. 
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1992–1993  		Helsinki Ülikool, Soome

1982–1992   		Tartu Ülikool

1969–1980   		Jõhvi Keskkool

Keelteoskus

Eesti	keel		Emakeel

Vene	 keel		Kõrgtase

Inglise keel		Kesktase

Soome keel		Kesktase

Teenistuskäik

1993–1997 		Sotsiaalministeerium, arst-konsultant

1993–2013 		Tallinna Ülikool, Lektor

1997–2009 		Tallink, Laevaarst, Peaarst

2009–   		Qvalitas Arstikeskus, Peaarst, Töötervishoiu arst

2011–   		Eesti Lennumeditsiini keskus, Lennundusarst





Rate %	SASI	HFD	Ham-D	EST-Q-D	SASI	&	HFD	Ham-D	&	EST-Q-D	HAM-D	&	SASI	HAM_D	&	HFD	EST-Q-D	&	SASI	EST-Q-D	&	HFD	All	64.8	55.2	44.8	28.8	76.8	52	78.400000000000006	73.599999999999994	76.8	61.6	89.6	





Session 1	Delta	Theta	Alpha	Beta	Gamma	IHAS	SASI	HFD	DFA	0.151558282817049	0.17089787296645198	0.36151760059254168	0.25578674288811515	0.27738330486673102	-0.165780444976008	0.20640531236953447	0.69628888907199005	0.57846797104328218	Session 2	Delta	Theta	Alpha	Beta	Gamma	IHAS	SASI	HFD	DFA	0.15425781836035971	0.16583874017604963	0.35877393621806747	0.27296548188472697	0.28818725247356097	0.29232699958164399	0.2316620383437121	0.70128412372118998	0.57185711995614463	







0.31235467729748251	0.26196283820036997	0.31235467729748251	0.26196283820036997	1	2	0.22579097524444453	9.7081427540540513E-2	Leaders                    Non-leaders

SASI value
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