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Introduction 
Depression is the leading cause of disability worldwide and a major contributor to the 
global burden of disease (WHO, 2020). Moreover, the burden of depression and other 
mental disorders is rising globally (WHO, 2019; WHO, 2020). The current COVID-19 
pandemic has further increased depression symptoms in the general population (Ettman 
et al., 2020; Salari et al., 2020; Bäuerle et al., 2020). The long-term impact of the pandemic 
on mental health is yet unknown and can possibly have even more severe consequences 
(Troyer et al., 2020). 

Currently, the diagnosis of depression is based on an evaluation of the intensity  
of subjective symptoms using clinical interviews and psychiatric questionnaires.  
The subjective assessment has led to remarkably frequent over- and underdiagnosis  
of depression (Aragonès et al., 2006; Mitchell et al., 2009; Rettew et al., 2009; WHO, 
2020). 

Objective markers in routine testing could imply signs of depression in an early stage 
to assist doctors in the early detection of depression or in the depression diagnosis.  
The US Preventive Services Task Force has recommended screening for depression in the 
general population, bringing out that the benefits overweigh the downsides (Siu et al., 
2016). Furthermore, a scientific objective assessment of depression can help in clustering 
subjects for the development of specific therapeutics or track antidepressant efficiency 
(Bilello, 2016). Therefore, an inexpensive and easy methodology based on objective 
measures is required. 

The current thesis provides novel knowledge about the objective electroencephalography 
(EEG) measures applied in the classification between subjects with depression and 
healthy subjects. I compare EEG measures in depression detection, taking into account 
that EEG measures in clinical practice should accurately discriminate depression, be simple, 
and have a low computational load. In Publication I, three linear and three nonlinear 
single-channel EEG measures are compared in the classification between major 
depressive disorder (MDD) and healthy subjects. To the best of my knowledge, 
Publication I is the first to investigate the applicability of the EEG single-channel analysis 
in the classification between subjects with depression and healthy subjects compared to 
the EEG multi-channel analysis in previous studies. In addition, I examine whether 
nonlinear measures provide higher accuracy in the classification compared to linear EEG 
measures and compare the EEG channel regions in the classification between MDD and 
healthy subjects. 

As MDD has been associated with disruptions in brain neural networks (Wang et al., 
2012), the complex network analysis is expected to provide valuable input to depression 
classification. Functional connectivity (FC) and small-worldness (SW) describe two 
different aspects of an EEG functional network and have been previously used in the 
classification between MDD and healthy subjects (Leuchter et al., 2012; Mumtaz et al., 
2017; Orgo et al., 2017). However, the relationship between EEG FC and SW has not been 
studied before, neither for healthy nor for depressed subjects. Therefore, Publication II 
is the first study to analyze the relationship between resting-state EEG alpha FC and SW 
for healthy subjects. Furthermore, the current thesis presents novel results about the 
relationship between alpha FC and SW for subjects with MDD. 

The surrogate data method was developed to estimate nonlinearity in time series and 
has been previously used in the EEG studies of depression (Lee et al., 2007; Zuchowicz  
et al., 2019; Puthankattil, 2020). However, false detection of nonlinearity may occur in 
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case the data are strongly cyclic and the data segment does not comprise full periods of 
the dominant cyclic component (Stam et al., 1998; Small & Tse, 2002). The influence of 
the EEG segment end-mismatch on the surrogate data has not been studied before and 
the dominant frequency component is not considered in segmentation. Therefore, 
Publication III is the first study to examine the extent of an EEG segment end-mismatch 
on the results of the surrogate data method. The impact of the EEG alpha frequency 
component on the results of the surrogate data method is clarified in the case of  
resting-state EEG signals. 

Aims of the thesis 
The thesis aims to assess different aspects of resting-state EEG measures for the purpose 
of an objective marker to discriminate between healthy and depressed subjects. More 
specifically, the aims of the thesis are: 

1. Compare EEG measures in depression detection (Publication I). 
2. Compare EEG channel regions in depression detection (Publication I). 
3. Find the relationship between EEG alpha FC and SW for healthy subjects and 

subjects with MDD (Publication II). 
4. Clarify the impact of an EEG alpha frequency component on the results of the 

surrogate data method (Publication III). 
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Abbreviations 
APV alpha power variability 
C clustering coefficient 
Cnorm normalized clustering coefficient 
DEG degree of nonlinearity 
DFA detrended fluctuation analysis 
EBC edge betweenness centrality 
EC eyes closed (recording condition) 
EEG electroencephalography 
EO eyes open (recording condition) 
FAA frontal alpha asymmetry 
FC functional connectivity 
fMRI functional magnetic resonance imaging 
HFD Higuchi fractal dimension 
ICOH imaginary part of coherency 
KEFB-CSP kernel eigen-filter-bank common spatial pattern 
KFD Katz fractal dimension 
L characteristic path length 
Lnorm normalized characteristic path length 
LZC Lempel-Ziv complexity 
MDD major depressive disorder 
MEG magnetoencephalography 
MRI magnetic resonance imaging 
MSC magnitude-squared coherence 
NBC node betweenness centrality 
PET positron emission tomography 
REST reference electrode standardization technique 
RGP relative gamma power 
SampEn sample entropy 
SASI spectral asymmetry index 
SL synchronization likelihood 
SW small-worldness 
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1 Literature Review 

1.1 Searching for objective markers 
Several markers have been analyzed with the aim to objectively discriminate between 
subjects with depression and healthy subjects. I will be focusing on the most frequent 
and promising techniques. Firstly, discriminative biomarkers have been searched from 
omics such as genomics, transcriptomics, metabolomics, and proteomics (Bilello, 2016; 
Mora et al., 2018). Some previous studies have obtained good classification between 
MDD and healthy subjects (Papakostas et al., 2013; Bilello et al., 2015). However,  
no biomarker-based method has proven to have sufficiently high specificity, sensitivity, 
and reproducibility for clinical settings (Bilello, 2016; Mora et al., 2018). Omics data is 
noisy and often with low reproducibility, caused, for example, by data changes over time 
within a system and differences in sample preparation protocols between studies  
(Ning & Lo, 2010). Furthermore, because of invasive sampling, omics biomarkers are 
difficult to apply in depression screening. 

Secondly, some studies have also analyzed audio-visual data to differentiate between 
subjects with depression and healthy subjects and although further research is needed, 
studies have found promising results (Williamson et al., 2014; Solomon et al., 2015).  
The shortcoming of audio-visual data is the dependence on ethnocultural characteristics, 
as well as gender (Wang et al., 2019a) and other possible characteristics such as smoking 
habits (Solomon et al., 2015). Another question is the deception-proofness of the system. 
Solomon et al. 2015 found that most acoustic features that were found to be significantly 
different between subjects with depression and healthy subjects during normal behavior 
remained so during concealed behavior. However, only 9 subjects with depression and  
8 healthy subjects participated and multiple comparisons of 98 statistically tested 
features were not considered. Therefore, further research is needed. 

Thirdly, neuroimaging techniques are most widely used in the classification between 
subjects with depression and healthy subjects. These techniques include EEG, 
magnetoencephalography (MEG), magnetic resonance imaging (MRI), and positron 
emission tomography (PET). EEG has been commonly used in the classification between 
depressed and control subjects with high classification accuracies (Table 4 in Appendix 
1). Furthermore, the review by Gao et al. (2018) showed that MRI techniques, functional 
MRI (fMRI), structural MRI (sMRI), and diffusion tensor imaging (DTI) have also been 
widely studied and have shown high accuracy in the classification between healthy 
subjects and subjects with depression. Some studies have also used MEG (Lu et al., 2013; 
Lu et al., 2014) or PET (Kautzky et al., 2017), but those techniques have not been used as 
widely as MRI or EEG. Although MEG and MRI are non-invasive and have a good spatial 
resolution, these devices are expensive and non-portable (Parkkonen, 2014; Scarapicchia 
et al., 2017), and therefore unreasonable for screening depression in clinical applications. 
EEG is both non-invasive and cost-effective, being a promising neuroimaging technique 
for clinical settings. Furthermore, the long-term stability of EEG measures supports their 
reliability (Põld et al., 2021). Accordingly, EEG is used in the current thesis. 
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1.2 Classification between subjects with depression and healthy 
subjects using EEG 
Several resting-state EEG studies have used machine learning methods to classify healthy 
subjects and subjects with depression (Table 4 in Appendix 1). EEG power has been used 
as the most frequent machine learning feature in different studies. While some studies 
have reported alpha power to give the best results (Mohammadi et al., 2015; Liao et al., 
2017; Lee et al., 2018; Mahato & Paul, 2020), other studies have found delta, theta, beta, 
or gamma power to give better results than alpha power (Knott et al., 2001; Cai et al., 
2018). Furthermore, Mohammadi et al. (2015) found the best results with eyes open (EO) 
delta power if linked mastoids was used as a reference and eyes closed (EC) alpha power 
if EEG channel CZ was used as a reference. This result shows that the choice of the 
reference and recording conditions can have great influence on the results. While some 
studies have found best results with the power of different frequency bands, other 
studies have found interhemispheric alpha asymmetry (Mumtaz et al., 2017) or detrended 
fluctuation analysis (DFA), Higuchi fractal dimension (HFD), correlation dimension, and 
Lyapunov exponent (Hosseinifard et al., 2013) to give higher accuracy compared to 
power in the classification between subjects with depression and healthy subjects.  
In addition, several other EEG measures have been reported to classify better between 
healthy and depressed subjects than other EEG measures analyzed in these studies:  
theta asymmetry (Mahato & Paul, 2020), sample entropy (SampEn) (Čukić et al., 2020b), 
network measures node betweenness centrality (NBC) and clustering coefficient (C) (Sun 
et al., 2019), absolute center frequency of the beta wave (Cai et al., 2018), synchronization 
likelihood (SL) (Mumtaz et al., 2018), spectral asymmetry index (SASI) (Bachmann et al., 
2017), kernel eigen-filter-bank common spatial pattern (KEFB-CSP) (Liao et al., 2017),  
and HFD in the beta frequency band (Ahmadlou et al., 2012). 

In addition to the EEG measures, the choice of EEG channels is also important in 
discriminating depression. Most significant results have been found from frontal (Knott 
et al., 2001; Ahmadlou et al., 2012; Mohammadi et al., 2015; Mumtaz et al., 2017; Acharya 
et al., 2018; Mumtaz et al., 2018), temporal (Hosseinifard et al., 2013; Liao et al., 2017; 
Mumtaz et al., 2018; Sun et al., 2019) and posterior (Hosseinifard et al., 2013; 
Mohammadi et al., 2015; Mumtaz et al., 2018) regions (Table 4 in Appendix 1). However, 
the comparisons between studies are complicated, because the most significant brain 
regions are dependent on the EEG measure, the results depend on the choice of the 
reference, and some studies do not include all brain regions in their analysis (Knott et al., 
2001; Ahmadlou et al., 2012; Acharya et al., 2018; Cai et al., 2018).  

Based on the previous resting-state EEG studies, it is unclear which measures and 
channels best discriminate between depressed and healthy subjects. A wide range of 
different EEG measures has been used across studies and therefore the comparison 
between the measures is complicated. Furthermore, there is a wide range of variables 
that could influence the results and cause inconsistencies between studies, such as the 
choice of the subjects, EEG acquisition, and signal preprocessing. Several studies have 
reported that a combination of different EEG measures gave the highest classification 
accuracy (Table 4 in Appendix 1). Interestingly, the measure combinations giving the 
highest accuracy may not coincide with the measures with the highest group differences 
(Knott et al., 2001), meaning that combining different measures may give new 
perspectives. Nevertheless, no EEG measure or a combination of measures has been 
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consistently reported to be the best in discriminating between healthy and depressed 
subjects.  

For an EEG application for depression screening in clinical practice, simplicity is 
important. Firstly, the number of EEG channels should be as low as possible. Several  
EEG measures successfully applied in the classification between subjects with depression 
and healthy subjects are calculated for an EEG signal from a single EEG channel, such as 
EEG power, DFA, HFD, and correlation dimension (Table 4 in Appendix 1). On the other 
hand, some measures require multiple channels, such as inter- and intrahemispheric 
asymmetry, FC, and graph theoretical measures. Discrimination of depression based on 
a single-channel EEG signal analysis has been considered in a few studies (Bachmann  
et al., 2013; Bachmann et al., 2017; Acharya et al., 2018; Lee et al., 2018). However, it is 
unclear whether single-channel EEG measures can provide as good discrimination 
between healthy subjects and subjects with depression as multi-channel EEG measures 
and whether using a single EEG channel would be sufficient. 

Secondly, the computational load of chosen EEG measures should be low. Generally, 
linear EEG measures are computationally less expensive. However, if nonlinear measures 
provide significantly better classification accuracy between healthy and depressed 
subjects, nonlinear measures should be chosen instead. On the one hand, previous 
studies have reported nonlinear properties of EEG signals (Rubinov et al., 2009; Bae  
et al., 2017; Lei et al., 2017; Puthankattil, 2020) and nonlinear measures can detect 
nonlinear information that linear measures cannot. On the other hand, linear measures 
are faster to compute, more robust to noise, and can perform as well as nonlinear 
measures in some cases (Netoff et al., 2006; Bastos & Schoffelen, 2016; Cai et al., 2018). 
Therefore, the comparison between linear and nonlinear EEG measures in the classification 
between healthy and depressed subjects is required. 

1.3 Graph theoretical analysis 
Over the last decade, EEG FC and functional network analysis have gained much interest, 
due to the ability to estimate interactions between signals from different brain regions 
and topological properties of an EEG functional network. As MDD has been associated 
with disruptions in brain neural networks (Wang et al., 2012), FC and graph theory are 
expected to provide valuable input to depression classification. Calculating FC requires 
at least two channels, while graph theory measures require full-head EEG. Therefore,  
FC and graph theory measures could be considered for discriminating depression in 
clinical practice if they provide significantly higher classification accuracy compared to 
single-channel EEG measures. 

EEG signals can be analyzed using complex network analysis. A graph is constructed 
by computing FC between EEG signals, obtaining a connectivity matrix. Weak connections 
are removed by thresholding the FC values: an edge exists only if the value of FC is higher 
than the threshold. For proportional thresholds, a percentage of the highest FC values is 
kept. The small-world organization has been widely applied to study complex brain 
networks. A network has small-world properties when it has higher functional segregation 
and similar functional integration than a random network (Rubinov & Sporns, 2010).  
The measures of C and local efficiency are used to describe functional segregation and 
characteristic path length (L) and global efficiency are used to describe functional 
integration of an EEG network. A measure of SW estimates the trade-off between 
functional integration and segregation in a single statistic (Humphries & Gurney, 2008). 
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Previous EEG studies have shown that FC could be a promising marker to discriminate 
depression (Knott et al., 2001; Fingelkurts et al., 2007; Leuchter et al., 2012; Olbrich  
et al., 2014; Li et al., 2017; Zhang et al., 2018; Shim et al., 2018). MDD has been mostly 
characterized by increased FC in the theta and alpha frequency bands. Olbrich et al. 
(2014) reported increased prefrontal lagged phase synchronization for MDD patients in 
the alpha frequency band. Fingelkurts et al. (2007) found that EEG structural synchrony 
was positively correlated with the severity of depression in the alpha and theta frequency 
bands. According to Li et al. (2017), MDD subjects have increased coherence in the theta 
frequency band and Leuchter et al. (2012) found significantly increased coherence in the 
delta, theta, alpha, and beta frequency bands. However, some studies have also found a 
significant decrease in FC for subjects with MDD (Knott et al., 2001; Zhang et al., 2018; 
Shim et al., 2018). Knott et al. (2001) found decreased inter-hemispheric coherence in 
the delta, theta, alpha, and beta frequency bands. Shim et al. (2018) found a decrease in 
the phase-locking value (PLV) in the theta and alpha frequency bands. Zhang et al. (2018) 
also found a decrease in the FC, estimated by Pearson correlation coefficients of power 
spectral density, in the alpha frequency band. 

Several studies have used topological measures describing small-world properties of 
an EEG functional network, as well as other functional network measures to study 
depression (Li et al., 2017; Orgo et al., 2017; Zhang et al., 2018; Shim et al., 2018; Sun  
et al., 2019). Mostly, randomization of functional networks is found for the subjects with 
depression. Li et al. (2017) calculated leaf fraction, the mean weight of the minimum 
spanning tree, and hierarchical clustering in the theta frequency band because the 
difference in coherence between MDD and control subjects was more evident in the 
theta band than in the alpha and beta bands. For the group of MDD subjects, they found 
increased leaf fraction and mean weight, indicating a more random functional network 
structure in MDD. They also found lower clustering in the frontal regions. Sun et al. (2019) 
calculated L, C, edge betweenness centrality, NBC, and modularity in the theta and alpha 
frequency bands. In the theta frequency band, they found significant differences in L, 
edge betweenness centrality (EBC), and NBC between subjects with MDD and healthy 
subjects. However, depending on the binarization technique, these measures were 
decreased or increased in MDD. In the alpha frequency band, they found decreased L, C, 
EBC, NBC, and modularity for MDD, revealing randomization in functional networks. 
Zhang et al. (2018) calculated C, normalized clustering coefficient (Cnorm), L, normalized 
characteristic path length (Lnorm), global and local efficiency, power law exponent, 
exponential cutoff, resilience, size of the largest component, and the rich-club coefficient 
for the alpha frequency band. Only the alpha band was chosen because the correlation 
matrix density was significantly different in that frequency band between MDD and 
control groups. They found that MDD subjects had decreased C, Lnorm, L, local efficiency, 
exponential cutoff, and rich-club coefficient and increased global efficiency, power law 
exponent, and the size of largest component. These alterations again indicate a shift 
towards a more random network topology. Shim et al. (2018) found decreased C in the 
theta and alpha frequency bands, decreased efficiency in the alpha band, and increased 
path length in the alpha band for MDD subjects. In our previous study, we investigated 
whether adding the EEG features of graph theoretical measures L, C, and SW to the 
features of coherence would increase the classification accuracy between healthy 
subjects and subjects with depression (Orgo et al., 2017). As a result, no significant 
increase was found. 
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FC and graph theory measures complement each other by describing different aspects 
of the functional network. When alterations in FC and graph theory measures in a mental 
disorder are analyzed, the relationship between FC and graph theory measures is also 
important to know. However, to the best of my knowledge, the relationship between 
EEG FC and graph theory measures has not been studied before, neither for healthy nor 
for depressed subjects. 

1.4 Surrogate data method 
The multivariate surrogate data method (Theiler et al., 1992; Prichard & Theiler, 1994) 
has been widely used for different EEG applications, including studying depression (Lee 
et al., 2007; Zuchowicz et al., 2019; Puthankattil, 2020). The surrogate data method was 
introduced by Theiler et al. (1992) for nonlinearity testing in time series and is therefore 
often used for nonlinearity testing in the EEG time series (Breakspear & Terry, 2002; 
Natarajan et al., 2004; Lee et al., 2007; Bae et al., 2017; Lei et al., 2017; Orgo et al., 2018; 
Puthankattil, 2020). The null hypothesis that data were generated by a linear process and 
therefore data can be fully explained by a linear model, is set. Surrogate data is generated 
from original data by taking the Fourier transform, rotating the phase of each frequency, 
and taking the inverse Fourier transform. The null hypothesis is rejected if the nonlinear 
statistics calculated for original and surrogate data are significantly different. 

In addition to nonlinearity testing, the surrogate data method has been widely used 
to analyze different aspects of EEG signals. In the current thesis, I focus on studies where 
the surrogate data method is used in applications also applicable in classifying between 
depressed and healthy subjects. These applications include EEG preprocessing and the 
calculation of different measures. Firstly, Chavez et al. (2018) used the surrogate data 
method for artifact removal from an EEG signal. Secondly, some studies have used the 
surrogate data method to determine the statistical threshold of connectivity values in 
the network analysis. Dimitriadis et al. (2015) calculated global and local efficiency to 
compare subjects with mild traumatic brain injury and control subjects. Olejarczyk et al. 
(2017) used the surrogate data method in the network analysis to calculate degree, 
strength, local efficiency, betweenness centrality, density, L, C, and global efficiency to 
analyze the effects between eyes open and eyes closed conditions. Zuchowicz et al. 
(2018) calculated network strength and degree to study the effects of repetitive 
transcranial magnetic stimulation (rTMS) treatment on MDD and bipolar disorder 
patients. Thirdly, some studies have used EEG measures calculated for original and 
surrogate data to compare subject groups or different conditions. Nicolaou et al. (2017) 
removed insignificant imaginary part of coherency (ICOH) values using the surrogate data 
method before calculating average ICOH values to compare the EEG in response to music 
stimuli played at four different tempi. Wang et al. (2019b) calculated original and 
surrogate values of SampEn to compare subjects with Alzheimer’s disease and healthy 
subjects. Alonso et al. (2010) compared cross mutual information for the surrogate data 
and the difference between the cross mutual information calculated for the original and 
surrogate data to evaluate the pharmacological effects of alprazolam. 

Although the surrogate data method has been widely used for EEG analysis, these 
studies do not take into account the EEG segment end-mismatch while applying the 
surrogate data method. Stam et al. (1998) and Small and Tse (2002) brought out that a 
false detection of nonlinearity may occur with the surrogate data method if the data are 
strongly cyclic and the length of the analyzed signal segment does not comprise full 
periods of the dominant cyclic component. This problem can be explained by the spectral 
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leakage in the discrete Fourier transform. Thornhill (2005) showed that even a small 
segment end-mismatch could cause false detection of nonlinearity for sine waves. 
However, they showed that pseudoperiodic data with less regular cycles were more 
robust to small end-mismatches.  

In the eyes-closed resting state, EEG is generally characterized by dominant alpha 
frequency rhythm, especially in the posterior regions. However, the influence of the EEG 
cyclic alpha component on the surrogate data method has not been studied before. 
Therefore, the impact of the EEG alpha frequency component on the results of the 
surrogate data method needs to be clarified. 
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2 Methods 

2.1 Subjects 
The study group of Publication I consisted of 13 subjects with MDD and 13 healthy 
subjects without any history of depression. Healthy subjects were chosen to match MDD 
subjects according to age, sex, and handedness. Both groups consisted of 5 male and 8 
female subjects with a mean age of 38.7 years and a standard deviation of 15.8 years. 
Subjects with MDD were referred by psychiatrists or family physicians and EEG 
recordings were made before starting with the treatment. 

The study group of Publication II and Publication III consisted of 80 healthy subjects. 
Out of all subjects, 38 were female and 42 were male. The mean age was 37.0 years and 
the standard deviation was 14.5 years. In addition, in the current thesis, the results of 13 
subjects with MDD were added to the results of healthy subjects from Publication II. 

The subjects were asked to abstain from alcohol 24 hours and from coffee two hours 
prior to the EEG recording. The studies were conducted in accordance with the 
Declaration of Helsinki and were approved by the Tallinn Medical Research Ethics 
Committee. Informed consent was obtained from each subject before participating in 
the study.  

2.2 EEG recordings and preprocessing 
EEG signals were recorded using the Neuroscan Synamps2 acquisition system 
(Compumedics, NC, USA) from 30 electrodes (Fp1, Fp2, F7, F3, Fz, F4, F8, FT7, FC3, FCz, 
FC4, FT8, T7, C3, Cz, C4, T8, TP7, CP3, CPz, CP4, TP8, P7, P3, Pz, P4, P8, O1, Oz, O2). EEG 
electrodes were positioned according to the extended international 10-20 system and 
linked mastoids was used as the reference. Furthermore, horizontal and vertical 
electrooculograms were recorded to monitor eye movements. 

The duration of the resting-state EEG recordings was between 7 and 30 minutes  
and the sampling rate was 1000 Hz. During the recordings, the subjects were lying in a 
relaxed position with their eyes closed. The room was dimly lit and electrically shielded. 
In addition, earplugs were used to minimize any disturbances. 

The data were analyzed using MATLAB (The Mathworks, Inc.) and MATLAB toolboxes 
Brain Connectivity Toolbox (Rubinov & Sporns, 2010) and HERMES (Niso et al., 2013).  
The EEG signals were digitally filtered at the cutoff frequencies of 0.5 Hz and 46 Hz in 
Publication I, 8 Hz and 12 Hz into alpha frequency band in Publication II and 1 Hz and  
45 Hz in Publication III. The sampling frequency was reduced to 200 Hz in Publication II 
to reduce the computation time of FC measures. The length of data segments also 
differed between publications: 10 seconds (10 000 samples) in Publication I, 20.48 seconds 
(4096 samples) in Publication II, and 5.3 seconds (5300 samples) in Publication III.  
The actual length of segments in Publication III depended on the frequency of dominant 
alpha waves. All segments were visually inspected and segments with ocular, muscular, 
or other artefacts were removed. 

In Publications II and III, the signals were re-referenced according to the reference 
electrode standardization technique (REST) (Yao, 2001). Previous studies have brought 
out that REST has a good performance even for low-density EEG montages and may be a 
good reference technique to compare results from different research labs. (Qin et al., 
2010; Huang et al., 2017). In Publication I, the reference remained the average of 
mastoids, as initially recorded. 
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2.3 Measures of EEG 
A wide selection of EEG measures was calculated throughout the publications presented 
in the current thesis. A summary of these measures is given in Table 1. 
 
Table 1. EEG measures used in the thesis. 

 Measure Usage in 
publications 

Estimates 

N
on

lin
ea

r m
ea

su
re

s 

Higuchi fractal dimension (HFD) Publications I 
and III 

Complexity and self-
similarity of time series 

Katz fractal dimension (KFD) Publication III Fractal dimension based 
on morphology 

Lempel-Ziv complexity (LZC) Publications I 
and III 

Randomness of finite 
sequences 

Sample entropy (SampEn) Publication III Signal irregularity 

Synchronization likelihood (SL) Publications II 
and III 

Functional connectivity 

Detrended fluctuation analysis 
(DFA) 

Publication I Quantifies long-range 
temporal correlations 

Li
ne

ar
 m

ea
su

re
s 

Spectral asymmetry index 
(SASI) 

Publication I Balance of beta and 
theta band powers 

Alpha power variability (APV) Publication I Alpha power variability 

Relative gamma power (RGP) Publication I Relative gamma power 

Magnitude-squared coherence 
(MSC) 

Publication II Functional connectivity 

Imaginary part of coherency 
(ICOH) 

Publication II Functional connectivity 

2.4 Classification between MDD and healthy subjects (Publication I) 
Three nonlinear and three linear measures (Table 1), as well as combinations of these 
measures, were compared. The calculation of the EEG measures and more thorough 
explanations of the methods are presented in Publication I. Briefly, the classification was 
conducted using logistic regression with leave-one-out cross-validation. The statistical 
significance of classification accuracies was estimated by randomly rearranging the labels 
of MDD and healthy subjects and making a null distribution from the maximum 
classification accuracies of each permutation. The confidence level of p<0.05 from the 
maximum classification accuracies was considered statistically significant. 

2.5 Correlation between functional connectivity and small-worldness 
(Publication II) 
The calculation of the FC measures and SW, as well as more thorough explanations of 
the methods, are presented in Publication II. For each subject, the mean values of EEG 
alpha FC and SW were calculated over all channels and Pearson correlation between FC 



20 

and SW was calculated for healthy subjects and subjects with depression. The confidence 
level of 𝑝𝑝 < 0.05 was used and the p-value was adjusted according to the number of 
statistical tests using Bonferroni correction to address the problem of multiple 
comparisons. As three different measures and nine different graph densities were used, 
the number of statistical tests was 27 and p-value was adjusted to 𝑝𝑝 < 0.05/27 =
0.0019. 

2.6 Degree of nonlinearity depending on the alpha period 
(Publication III) 
To determine whether the surrogate data method significantly depends on the EEG alpha 
frequency component, the degree of nonlinearity (DEG) was calculated for gradually 
incremented EEG segments. We defined DEG as the percentage of segments where 
nonlinearity was detected. The starting EEG segment consisted of an integer number of 
alpha periods and was approximately 5 seconds long. The length of the starting EEG 
segment was gradually increased by 2, 4, 6, ..., 108 ms within one alpha period and DEG 
was calculated for each segment. The calculation of the surrogate data method, the DEG, 
and the incrementation process are more thoroughly explained in the methods of 
Publication III. One-way analysis of variance (ANOVA) was conducted to determine 
whether the value of DEG was influenced by the alpha frequency component for five 
nonlinear EEG measures (Table 1). The calculation of the EEG measures is briefly 
explained in Publication III. 
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3 Results 

3.1 Classification between MDD and healthy subjects (Publication I) 
The maximum classification accuracies of different EEG channels are presented in Table 2 
and the classification accuracies of all analyzed measure combinations and channels are 
shown in Tables 1 and 2 in Publication I. Statistically significant classification accuracies 
(higher than 0.81) are marked with a gray background. The best classification accuracy 
between subjects with MDD and healthy subjects was obtained with the combinations 
of measures: 88% with SASI and RGP from linear measures, 88% with HFD, DFA, and LZC 
from nonlinear measures, and 92% with all measures combined. The highest classification 
accuracies for single EEG measures were obtained with the linear measures APV and 
RGP. Although classification accuracies of SASI, HFD, DFA, and LZC did not reach statistical 
significance after permutation testing, these measures gave high classification accuracies 
in different measure combinations. Therefore, the results obtained show that no 
superior EEG measure was found in the depression classification.  

Nonlinear measures did not provide better classification accuracy compared to linear 
measures. When comparing single EEG measures, the highest classification accuracies 
were slightly higher for linear measures. However, when EEG measures were combined, 
slightly better results were obtained with nonlinear measures. The classification accuracies 
were not statistically compared and therefore these comparisons are conjectural. 

The highest classification accuracies were found from central, temporal, and parietal 
regions. However, no EEG channel was found to be superior in the classification between 
MDD and healthy subjects. 

3.2 Correlation between functional connectivity and small-worldness 
(Publication II) 
As a result of Publication II, a statistically significant negative correlation occurred for all 
three FC measures for healthy subjects (Fig. 1). MSC and ICOH resulted in statistically 
significant correlations for graph densities 15% ... 50% and SL 20% ... 50%. The highest 
correlations between FC and SW are shown in Fig. 3 in Publication II. Furthermore, novel 
results presented in the current thesis also show a negative correlation for all three FC 

Linear EEG measures  Nonlinear EEG measures 
 Accuracy   Accuracy 
SASI 77%  HFD 77% 
APV 81%  DFA 77% 
RGP 81%  LZC 69% 
SASI & APV 77%  HFD & DFA 81% 
SASI & RGP 88%  HFD & LZC 85% 
APV & RGP 81%  DFA & LZC 81% 
SASI & APV & RGP 81%  HFD & DFA & LZC 88% 
     
All 6 measures combined Accuracy 92% 

Table 2. Maximum classification accuracies between MDD and healthy subjects for each EEG 
measure combination as a summary of Tables 1 and 2 from Publication I. Grey background marks 
statistical significance (p<0.05) after permutation testing. 
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measures for MDD subjects (Fig. 2). Correlations calculated using MSC were significant 
for graph densities 30% ... 40%, using SL 35% ... 50%, and using ICOH 35%. The results for 
MDD subjects are novel and have not been previously published (Fig. 2). The negative 
correlation between FC and SW was similar for MDD and healthy subjects, but the level 
of statistical significance was different due to an unequal number of subjects in each 
group: 80 healthy subjects and 13 MDD subjects. 

Figure 1. The values of Pearson correlation coefficients for healthy subjects between measures of 
functional connectivity (MSC, SL, and ICOH) and small-worldness calculated from these measures 
(SWMSC, SWSL, and SWICOH) for different graph densities (Publication II). The black horizontal line 
corresponds to a correlation -0.34. Correlations below this line are statistically significant with a 
confidence level of 0.05 (p-value is adjusted according to the Bonferroni correction to p<0.0019). 
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3.3 Degree of nonlinearity depending on the alpha period 
(Publication III) 
The percentage of segments where nonlinearity was detected is presented in Table 3. 
HFD, KFD, and SampEn revealed significant nonlinearity within EEG signals (DEG>5%), but 
LZC and SL did not (DEG<5%). The value of DEG was statistically significantly influenced 
by the incrementation of the segment within one alpha period for every nonlinear 
statistic that indicated nonlinearity: HFD, KFD, and SampEn (Fig. 3). This result shows that 
the EEG DEG is influenced by the alpha cyclic component within the signal.  

In addition, the dependence of DEG on the segment length increment in different 
channels (Fig. 2 in Publication III) and for different frequency bands (Fig. 3 in 
Publication III) are analyzed in Publication III. These results will not be discussed in the 
current thesis. 

Table 3. The degree of nonlinearity for 5-second EEG segments (Publication III). 

HFD KFD LZC SampEn SL 
DEG 45.7% 99.9% 0.4% 82.0% 4.4% 

Figure 2. The values of Pearson correlation coefficients for major depressive disorder (MDD) 
subjects between measures of functional connectivity (MSC, SL, and ICOH) and small-worldness 
calculated from these measures (SWMSC, SWSL, and SWICOH) for different graph densities. The black 
horizontal line corresponds to a correlation -0.77. Correlations below this line are statistically 
significant with a confidence level of 0.05 (p-value is adjusted according to the Bonferroni correction 
to p<0.0019). 
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Figure 3. The degree of nonlinearity DEG depending on the segment length increment Δt for (A) 
HFD, (B) KFD, (C) LZC, (D) SampEn, and (E) SL (Publication III). Statistically significant results are 
indicated with a pink background. 
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4 Discussion 
One purpose of the thesis was to find an easily measurable EEG marker to differentiate 
subjects with depression from control subjects. For a clinical application of discriminating 
depression, the simplicity and low computational load of EEG measures are important. 
Therefore, in Publication I we focused on EEG measures calculated from single EEG 
channels. On the one hand, the highest classification accuracies for single EEG measures 
were obtained for APV and RGP (81%). On the other hand, the combination of SASI and 
RGP and the combination of HFD, DFA, and LZC gave an even higher accuracy of 88%. 
Therefore, no specific EEG measure was concluded to be superior compared to other EEG 
measures, indicating that the choice of the EEG measures in discriminating depression is 
not strictly limited to certain measures. Therefore, other factors, such as the 
computational load, can be considered. The inconsistency of previous studies (Table 4  
in Appendix 1) supports the conclusion of Publication I that currently there is no EEG 
measure that would be superior in depression classification. A review by de Aguiar Neto 
and Rosa (2019) included 42 EEG studies and also did not point out any superior  
EEG-based measures. They recommended using theta or gamma frequency band, HFD, 
and connectivity measures to discriminate between subjects with depression and 
healthy subjects and alpha frequency band for the detection of depression symptoms or 
for prognostics. In Publication I, we also found good results with RGP and HFD. However, 
it should be noted that the suggestions by de Aguiar Neto and Rosa (2019) were also 
influenced by the results of Publication I. The review by Čukić et al. (2020a) suggested 
using nonlinear EEG features and another review by Mahato and Paul (2019) suggested 
using band powers and relative wavelet energy. 

De Aguiar Neto and Rosa (2019) suggested using connectivity measures among others 
to classify between healthy subjects and subjects with depression, as was done in some 
previous studies (Knott et al., 2001; Leuchter et al., 2012). However, FC and other  
multi-channel EEG measures are computationally more complex and require more  
EEG electrodes than single-channel measures analyzed in Publication I. The highest 
classification accuracy obtained in Publication I using single-channel EEG measures was 
92%. Obtained accuracy is not lower compared to previous EEG studies using  
multi-channel EEG measures (Table 4 in Appendix 1). Previous studies have found similar 
classification accuracies for single- and multi-channel EEG studies: 62-98% for FC 
(Leuchter et al., 2012; Mumtaz et al., 2018), 66-88% for graph theory measures (Sun  
et al., 2019), 74-98% for asymmetry in combination with power (Mumtaz et al., 2017; 
Mahato & Paul, 2020), and 66-98% for measures calculated from single channels 
(Ahmadlou et al., 2012; Hosseinifard et al., 2013; Bachmann et al., 2017; Mahato &  
Paul, 2020; Čukić et al., 2020b). These results show that multi-channel EEG measures are 
expected to provide only limited advantage in the classification between healthy subjects 
and subjects with depression compared to single-channel measures. This conclusion is in 
agreement with the previous studies (van der Vinne et al., 2017; Wan et al., 2019).  
One year after Publication I, Wan et al. (2019) also found that single-channel EEG  
analysis can discriminate MDD as accurately as multi-channel analysis. Furthermore,  
the meta-analysis by Vinne et al. (2017) included 16 studies and showed a limited 
diagnostic value of frontal alpha asymmetry. Therefore, single-channel EEG measures 
could be preferred for clinical application, as the calculation of both FC and asymmetry 
requires at least two EEG channels and graph theory measures require full-head scalp 
EEG recordings. 
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As a result of Publication II and the thesis, we found a negative correlation between 
alpha FC and SW for MDD and healthy subjects. Based on the results of Publication II, 
we suggested that decreased alpha small-world organization is compensated with 
increased connectivity of alpha oscillations in a healthy brain. Furthermore, results 
presented in the current thesis (Fig. 2) show that the suggested compensational 
mechanism is maintained in depression. The conclusion that FC and graph theory 
measures provide similar discrimination between MDD and healthy subjects compared 
to single-channel EEG measures supports the proposition that compensating decreased 
small-world organization with increased alpha connectivity works similarly for healthy 
and depressed subjects. This result is important for a better understanding of the 
mechanisms of functional networks of both MDD and healthy subjects. Furthermore,  
this result could be the reason why FC or graph theory measures have not been 
frequently used in classifying between healthy subjects and subjects with depression 
compared to other measures, such as band powers or HFD (Table 4 in Appendix 1).  

Schizophrenia and Alzheimer’s disease have been previously described with 
decreased FC in the alpha frequency band (Koenig et al., 2005; Jalili & Knyazeva, 2011; 
Wang et al., 2014; Di Lorenzo et al., 2015; Maran et al., 2016; Babiloni et al., 2016),  
but also decreased small-world measures (Micheloyannis et al., 2006; Rubinov et al., 
2009; Wang et al., 2014; Babiloni et al., 2016). Therefore, based on the network analysis 
in the studies by other authors, the compensational mechanism suggested in Publication 
II may be disrupted in schizophrenia and Alzheimer’s disease. Therefore, FC could be more 
valuable to discriminate schizophrenia or Alzheimer’s disease compared to depression. 

Generally, linear measures have a lower computational load than nonlinear measures. 
The results of Publication I demonstrated that linear EEG measures (SASI, APV, and RGP) 
provided similar classification accuracies compared to nonlinear EEG measures (HFD, 
LZC, and DFA) for discrimination of depression in resting state. This result is in line with 
previous studies because similar classification accuracies have been presented for both 
linear and nonlinear measures throughout different studies: 66% − 98% for linear 
measures (Knott et al., 2001; Leuchter et al., 2012; Hosseinifard et al., 2013; Bachmann 
et al., 2013; Mumtaz et al., 2017; Bachmann et al., 2017; Mumtaz et al., 2018; Lee et al., 
2018; Mahato & Paul, 2020) and 70% - 98% for nonlinear measures (Ahmadlou et al., 
2012; Hosseinifard et al., 2013; Bachmann et al., 2013; Bachmann et al., 2017; Mumtaz 
et al., 2018; Čukić et al., 2020b). Furthermore, while Hosseinifard et al. (2013) found that 
nonlinear measures provided better discrimination between subjects with depression 
and healthy subjects, Cai et al. (2018) found the opposite. Unfortunately, the classification 
accuracies were not statistically compared and therefore the comparisons are conjectural. 

In Publication III, five nonlinear measures were analyzed: LZC, SL, HFD, KFD, and 
SampEn. As a result, HFD, KFD, and SampEn revealed a significant percentage of 
nonlinearity within the EEG signals (Table 3), indicating that the values of these measures 
were significantly altered if the phase information within the signal was lost. Although 
the values of HFD, KFD, and SampEn are influenced by nonlinear information within the 
EEG signals, the advantage of these measures compared to other measures in the 
classification between MDD and healthy subjects is not marginal (Table 4 in Appendix 1). 
LZC and SL did not reveal significant nonlinearity in the signal (Table 3), meaning that the 
values of these measures were not significantly influenced by nonlinear information 
within the EEG signals or the nonlinearity was not revealed by the surrogate data 
method. As a result of Publication II, we found similar results for nonlinear measure SL 
and linear measure MSC (Figs. 1 and 2 from Publication II). This result shows that 
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although SL is computationally much more demanding, MSC may work as well as SL. 
However, the same result may not apply to all EEG data. Lei et al. (2017) reported that 
72% − 74% of EEG segments were identified as nonlinear using SL and Mumtaz et al. 
(2018) found that SL gave higher accuracy in the classification between MDD and healthy 
subjects compared to coherence. 

In Publication I, the highest classification accuracies between MDD and healthy 
subjects were obtained using a combination of several EEG measures. Previous studies 
have also come to the same conclusion that the highest classification accuracy is 
obtained using a combination of different EEG measures (Knott et al., 2001; Hosseinifard 
et al., 2013; Cai et al., 2018; Mahato & Paul, 2020). The relationship between EEG 
measures gives information about the performance of combining different measures. 
Including highly correlated features in the classification may decrease the classification 
accuracy by overfitting the model. As an example, our previous study showed that adding 
graph theory features to FC features did not significantly increase accuracy in classifying 
between MDD and healthy subjects (Orgo et al., 2017). As a result of Publication II and 
the thesis, we found a negative correlation between alpha FC and SW for MDD and 
healthy subjects, conjointly explaining why combining these measures did not increase 
the classification accuracy in our previous study. 

Another subject on the correlated EEG features is correlations between EEG channels. 
In Publication I, statistically significant classification accuracies were found from a range 
of EEG channels from central, temporal, and parietal regions. A result from a range of 
channels is expected due to the effects of volume conduction. Furthermore, previous 
studies have shown that depression affects brain activity across the whole cortex 
(Fingelkurts et al., 2006; Wang et al., 2012). Correlating EEG channels could be one 
reason why single-channel EEG measures give results comparable to multi-channel 
measures in the classification between subjects with depression and healthy subjects. 

As a result of Publication III, EEG DEG was statistically significantly influenced by the 
alpha frequency component for every nonlinear EEG measure that indicated 
nonlinearity. This result indicates the importance of segmenting EEG signals according to 
the alpha component for eyes-closed resting-state EEG when using the surrogate data 
method. The surrogate data method has been widely used for EEG time series and is 
applicable in studies discriminating between subject groups (Dimitriadis et al., 2015; 
Wang et al., 2019b), including subjects with depression and healthy subjects (Lee et al., 
2007; Zuchowicz et al., 2019; Puthankattil, 2020). However, to the best of my knowledge, 
previous studies have not considered the alpha component in EEG signal segmentation. 
Wang et al. (2019b) found that the EEG measures calculated for original data had better 
discrimination between subject groups compared to the EEG measures calculated for 
surrogate data. This result may be influenced by the EEG segment end-mismatch because 
random segmentation also randomizes surrogate data results (Fig. 3). 

Although several studies have classified between subjects with depression and 
healthy subjects, presented accuracies are often obtained using the data on hand and 
are not extendable to unknown data. This is the case when testing is not performed on 
an independent data. Instead, data in EEG studies is often divided into training and 
validation sets and after that, the same data is divided into training and testing sets.  
In previous EEG studies, best performing EEG measures, frequency bands, or channels 
have been selected in a validation phase using either statistical tests to compare means 
of two groups such as ANOVA or t-test (Knott et al., 2001; Ahmadlou et al., 2012; 
Bachmann et al., 2013), correlation with a self-reported depression scale (Sun et al., 2019), 
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or feature selection (Hosseinifard et al., 2013; Cai et al., 2018; Mumtaz et al., 2018; 
Mahato & Paul, 2020). In Publication I, training and testing were conducted on data 
without any prior validation and therefore presented classification accuracies are not 
overfitted by the validation phase (Tables 1 and 2 in Publication I). The statistical 
significance of classification accuracies was estimated using a permutation test. Only a 
few depression EEG studies have used independent datasets for validating and testing 
(Mohammadi et al., 2015) or a statistical test to estimate the performance of the 
classifier (Sun et al., 2019). Independent subject groups are often not used due to the 
difficulty to find unmedicated volunteers with depression, resulting in a small number of 
subjects. Another obstacle is the individuality and complexity of depression: different 
subjects may exhibit different symptoms and comorbidity of disorders. Čukić et al. 
(2020a) brought out that a small number of subjects is one of the main problems in the 
EEG studies discriminating depression. They added that a larger number of subjects and 
independent testing would increase the prediction accuracy on unseen data and would 
decrease unwarranted optimism. 

The current thesis focuses on classification between subjects with depression and 
healthy subjects and does not address the classification between various mental 
disorders. Markers for discriminating depression could assist doctors in the early 
detection of depression. Nevertheless, clinical diagnoses should be made by a medical 
doctor. Note that as a diagnosis of depression is based on subjective symptoms, the 
classification between healthy subjects and subjects with MDD is also based on detecting 
subjective symptoms of depression, because subjects for the studies are chosen based 
on clinical diagnoses. EEG measures addressed in the current thesis can also have 
applications in discriminating other psychiatric or degenerative disorders or between 
different disorders, but these areas are not covered in the current thesis. 
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Conclusions 
The current thesis provides novel knowledge about the objective EEG measures applied 
in the classification between subjects with depression and healthy subjects. In accordance 
with the aims of the thesis, the following conclusions were made: 

1. As a result of the thesis, no specific EEG measure was concluded to be superior 
compared to other EEG measures, indicating that the choice of the EEG 
measures in discriminating depression is not strictly limited to certain measures. 
Therefore, other factors, such as the computational load or simplicity, can be 
considered. The results of the thesis demonstrated that linear EEG measures 
provided similar classification accuracies compared to nonlinear EEG measures 
for discrimination of depression in resting state. Furthermore, Publication I was 
the first study to demonstrate that EEG measures calculated for a single EEG 
channel did not provide lower classification accuracies than measures 
calculated for multiple EEG channels in previous studies. 

2. One purpose of the thesis was to identify the most sensitive EEG channel regions 
in the classification between MDD and healthy subjects. As a result, the highest 
classification accuracies were found from central, temporal, and parietal 
regions. As no superior EEG channel was found, a range of channels are suitable 
for discriminating depression.  

3. The current thesis was the first study to report a negative correlation between 
EEG FC and SW in the alpha frequency band for MDD and healthy subjects.  
The relationship between FC and SW was previously unknown. Based on the 
results, it was proposed in the thesis that decreased small-world organization is 
compensated with increased alpha connectivity and the compensational 
mechanism works similarly for MDD and healthy subjects.  

4. A specific problem was found in applying the surrogate data method to the EEG 
segments. It was previously known that a false detection of nonlinearity may 
occur in case the data are strongly cyclic for data segments with end-mismatch. 
However, it was unknown how the segment end-mismatch influences the 
surrogate data method calculated for an EEG signal and previous EEG studies 
have not addressed this problem. As a result of the thesis, we found that a false 
detection of nonlinearity occurred when the data segment did not comprise full 
periods of the alpha frequency component. This result shows the importance of 
segmenting data according to the alpha component for eyes-closed resting-state 
EEG when using the surrogate data method. 

In the conclusion of the thesis, complicated EEG measures based on multiple EEG 
channels or nonlinearity are expected to provide only limited advantage in the 
classification between subjects with depression and healthy subjects compared to linear 
single-channel measures. 
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Abstract 
Assessment of electroencephalographic measures applied in 
the detection of depression 
Depression is the leading cause of disability worldwide and a major contributor to the 
global burden of disease. However, currently, the diagnosis of depression is based on an 
evaluation of the intensity of subjective symptoms using clinical interviews and 
psychiatric questionnaires. The general aim of the thesis is to assess different aspects of 
resting-state electroencephalography (EEG) measures for the purpose of an objective 
marker to discriminate between healthy and depressed subjects. 

Firstly, the thesis aimed to compare EEG measures and EEG channel regions in 
depression detection (Publication I). Three nonlinear measures: Higuchi fractal dimension 
(HFD), Lempel-Ziv complexity (LZC), and detrended fluctuation analysis (DFA), and three 
linear measures: spectral asymmetry index (SASI), alpha power variability (APV), and 
relative gamma power (RGP), as well as combinations of these measures, were compared. 
As a result, no specific EEG measure was concluded to be superior for the discrimination 
of depression in resting state. Furthermore, linear EEG measures provided classification 
accuracies similar to nonlinear EEG measures. The results of the thesis demonstrate that 
the EEG measures calculated for a single EEG channel did not provide lower depression 
classification accuracies than the multi-channel measures used in previous studies. The 
highest classification accuracies were found from central, temporal, and parietal regions. 

Secondly, the thesis aimed to find the relationship between EEG alpha functional 
connectivity (FC) and small-worldness (SW) for healthy subjects (Publication II) and 
subjects with major depressive disorder (MDD). SW describes the organization of a 
network by estimating the trade-off between functional integration and segregation. 
Pearson correlation coefficient between FC and SW was calculated for three EEG 
measures: magnitude-squared coherence (MSC), imaginary part of coherency (ICOH), 
and synchronization likelihood (SL). As a result of Publication II, a statistically significant 
negative correlation occurred for all three FC measures for healthy subjects. Furthermore, 
the previously unpublished results of the thesis show that the same relationship between 
FC and SW is maintained in MDD. Based on the results, it was proposed in the thesis that 
decreased small-world organization of a brain network is compensated with increased 
alpha connectivity and the compensational mechanism works similarly for MDD and 
healthy subjects. 

Thirdly, the thesis aimed to clarify the impact of an EEG alpha frequency component 
on the results of the surrogate data method (Publication III). For that reason, the 
percentage of segments where nonlinearity was detected was calculated for gradually 
incremented EEG segments. As a result, the degree of nonlinearity (DEG) was statistically 
significantly influenced by the incrementation of the segment within one alpha period 
for every nonlinear statistic that indicated nonlinearity: HFD, Katz fractal dimension 
(KFD), and sample entropy (SampEn). This result shows the importance of segmenting 
data according to the alpha frequency component for eyes-closed resting-state EEG 
when using the surrogate data method. 

The current thesis shows the feasibility of using EEG measures for an objective marker 
to discriminate between subjects with depression and healthy subjects. However, for a 
marker applicable in clinical settings, further research is needed towards sufficiently high 
accuracy and reproducibility. 
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Lühikokkuvõte 
Depressiooni avastamiseks kasutatavate 
elektroentsefalograafilise signaali mõõdikute analüüs 
Depressioon on ülemaailmselt põhiline töövõimetuse põhjustaja ning oluline tegur 
haiguste poolt ühiskonnale põhjustatud koormusele. Sellele vaatamata põhineb hetkel 
depressiooni diagnoos kliinilistes intervjuudes ning psühhiaatrilistes küsimustikes 
avaldunud subjektiivsetele sümptomitele. Doktoritöö üldiseks eesmärgiks on analüüsida 
elektroentsefalograafilise (EEG) signaali mõõdikuid eesmärgiga luua objektiivne näidik 
depressioonis ja tervete uuritavate eristamiseks. 

Esimesteks töö eesmärkideks oli võrrelda omavahel EEG mõõdikuid ja kanalite 
piirkondi depressiooni tuvastamisel (Publikatsioon I). Selleks võrreldi omavahel kolme 
mittelineaarset EEG mõõdikut, Higuchi fraktaaldimensioon (Higuchi fractal dimension – 
HFD), Lempel-Ziv keerukus (Lempel-Ziv complexity – LZC) ja vähendatud kõikumiste 
analüüs (detrended fluctuation analysis – DFA), kolme lineaarset mõõdikut, spektraalse 
asümmeetria indeks (spectral asymmetry index – SASI), alfa võimsuse dispersioon (alpha 
power variability – APV) ja suhteline gamma võimsus (relative gamma power – RGP) ning 
nende mõõdikute kombinatsioone. Doktoritöö tulemusena järeldati, et depressiooni 
tuvastamiseks rahuolekus ei töötanud ükski EEG mõõdikutest teistega võrreldes  
oluliselt paremini. Samuti leiti, et lineaarsed EEG mõõdikud andsid sarnaseid 
klassifitseerimistäpsusi võrreldes mittelineaarsete mõõdikutega. Sarnaselt, ühele EEG 
kanalile arvutatud mõõdikud ei andnud madalamaid klassifitseerimistäpsusi võrreldes 
mitmele EEG kanalile arvutatud mõõdikutega depressioonis ja tervete uuritavate 
eristamisel. Piirkonniti leiti parim eristatavus tsentraalsetest, temporaalsetest ja 
parietaalsetest kanalite regioonidest. 

Kolmandaks töö eesmärgiks oli leida tervete (Publikatsioon II) ja depressioonis 
uuritavate jaoks seos EEG alfa funktsionaalse ühendatavuse ja väikse maailma mõõtme 
vahel. Väikese maailma mõõde kirjeldab võrgustiku organiseeritust, hinnates omavahel 
vastandliku funktsionaalse segregatsiooni ja integratsiooni suhet. Seose leidmiseks 
arvutati Pearsoni korrelatsioonikordaja funktsionaalse ühendatavuse ja väikse maailma 
mõõtme vahel kolme erineva EEG mõõdiku korral: koherentsuse reaalosa ruut 
(magnitude-squared coherence – MSC), koherentsuse imaginaarosa (imaginary part of 
coherency – ICOH) ja sünkronisatsiooni tõenäosus (synchronization likelihood – SL). 
Publikatsiooni II tulemusena leiti statistiliselt oluline negatiivne korrelatsioon kõigi 
kolme EEG mõõdiku korral tervetel uuritavatel. Doktoritöö uudse tulemusena leiti  
lisaks, et negatiivne korrelatsioon esines ka depressioonis uuritavatel funktsionaalse 
ühendatavuse ja väikese maailma mõõtme vahel. Tulemustele tuginedes pakuti 
doktoritöös välja, et vähenenud väikse maailma organiseeritus kompenseeritakse ajus 
suurenenud alfa ühenduste tugevusega ning kompenseerimise mehhanism töötab 
depressioonis ja tervete uuritavate korral sarnaselt. 

Neljandaks töö eesmärgiks oli selgitada EEG alfa sageduskomponendi mõju 
surrogaatandmete meetodile (Publikatsioon III). Selleks suurendati vähehaaval EEG 
segmentide pikkust ning arvutati iga pikkuse jaoks segmentide protsent, milles esines 
mittelineaarsus. Töö tulemusena leiti, et mittelineaarsuse protsent oli statistiliselt 
oluliselt mõjutatud segmendi pikendamisest ühe alfa perioodi ulatuses iga mittelineaarse 
EEG mõõdiku korral, mis näitas mittelineaarsust: HFD, Katzi fraktaaldimensioon (Katz 
fractal dimension – KFD) ja valimientroopia (sample entropy – SampEn). Saadud tulemus 
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näitab, et surrogaatandmete meetodi puhul on oluline segmenteerida rahuoleku EEG 
aegrida vastavalt alfa sageduskomponendile. 

Käesolev doktoritöö näitab, et EEG mõõdikuid saab rakendada depressioonis ja 
tervete uuritavate eristamiseks vajaliku objektiivse näidiku väljatöötamiseks. Kliinilises 
praktikas kasutatava näidiku loomiseks on aga vajalik edasine teadustöö, et tagada 
näidiku piisavalt kõrge klassifitseerimistäpsus ning korratavus. 
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Appendix 1 – Table of EEG Studies 

Ref Subjects Features analyzed Best features for 
classification 

Brain areas Highest 
classif 
accuracy 

(M
ah

at
o 

&
 

Pa
ul

, 2
02

0)
 30 MDD 

30 HC 
Absolute power of 
delta, theta, alpha, 
alpha1, alpha2, and 
beta and theta 
asymmetry 

The combination 
of alpha2 and 
theta asymmetry 

Signals from all 
brain areas used, 
best results not 
mentioned 

88% 

(Č
uk

ić
 e

t a
l.,

 
20

20
b)

 

21 depr 
20 HC 

HFD and SampEn SampEn Signals from all 
brain areas used, 
best results not 
mentioned 

98% 

(S
un

 e
t a

l.,
 2

01
9)

 16 MDD 
16 HC 

Graph theory 
measures L, C, edge 
betweenness 
centrality, NBC, and 
modularity in theta 
and alpha frequency 
bands 

NBC in alpha and 
C in theta 

All regions 
analyzed, best 
results from left 
central region 
and right 
temporal region 

88% 

(C
ai

 e
t a

l.,
 2

01
8)

 

92 depr 
121 HC 

Centroid frequency, 
relative and absolute 
centroid frequency, 
relative and absolute 
power, peak, 
variance, skewness, 
kurtosis, Hjorth 
parameter, power-
spectrum entropy, 
Shannon entropy, 
correlation 
dimension, c0-
complexity, 
Kolmogorov entropy. 
All these features in 
delta, theta, alpha, 
beta, gamma, and 
full-band frequency 
bands 

The combination 
of absolute 
power of theta, 
beta, and 
gamma waves 
and absolute 
center frequency 
of beta wave 

Channels Fp1, 
Fp2, and Fpz 
used. Best results 
with Fp1 and Fp2 

77% 

(M
um

ta
z e

t a
l.,

 
20

18
) 

34 MDD 
30 HC 

SL, interhemispheric 
coherence, and 
mutual information 

SL and the 
combination of 
SL, coherence, 
and mutual 
information 

All brain regions 
covered. Best 
results from 
frontal, 
temporal, and 
occipital regions 

98% 

Table 4. Resting-state EEG studies classifying between subjects with depression (depr) and healthy 
controls (HC). 
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Ref Subjects Features analyzed Best features for 
classification 

Brain areas Highest 
classif 
accuracy 

(A
ch

ar
ya

  
et

 a
l.,

 2
01

8)
 15 depr 

15 HC 
EEG signal segments No measures 

compared 
Channels FP1-T3 
and FP2-T4. 
Better results 
with FP2-T4 (right 
hemisphere) 

96% 
(L

ee
 e

t a
l.,

 
20

18
) 

50 depr 
50 HC 

Absolute power of 
delta, theta, low-
alpha, high-alpha, 
and beta frequency 
bands 

High-alpha and 
beta powers 

All brain regions 
analyzed, 
significant results 
from left central 
region 

70% 

(M
um

ta
z e

t a
l.,

 
20

17
) 

33 MDD 
30 HC 

Alpha 
interhemispheric 
asymmetry and 
absolute power of 
delta, theta, alpha, 
and beta frequency 
bands 

Interhemispheric 
alpha 
asymmetry and 
the combination 
of power and 
asymmetry 
features 

Significant 
results from all 
areas, but most 
results from 
frontal 

98% 

(B
ac

hm
an

n 
 

et
 a

l.,
 2

01
7)

 

17 depr 
17 HC 

SASI and DFA SASI All brain areas 
analyzed, best 
results from 
posterior 
channels PZ and 
O2 

77% 

(L
ia

o 
et

 a
l.,

 2
01

7)
 

12 MDD 
12 HC 

KEFB-CSP in the sub-
bands with the width 
of 4 Hz from 4 Hz to 
44 Hz, absolute power 
of theta, alpha, beta 
and gamma frequency 
bands, and fractal 
dimension 

KEFB-CSP and 
alpha power 

All brain areas 
used, best results 
from temporal 
region  

81% 

(M
oh

am
m

ad
i e

t a
l.,

 2
01

5)
 

53 MDD 
43 HC 

Absolute and log 
power of delta, theta, 
alpha1, alpha2, alpha 
total, and beta 
frequency bands in 
EO and EC conditions  

With linked 
mastoids as 
reference, EO 
delta power. 
With CZ as 
reference, EC 
alpha power. 
Also, the 
combinations of 
delta, theta, 
alpha, and beta 
band powers 

All regions used, 
best results from 
frontal, central, 
and posterior 
regions 

89% 

(B
ac

hm
an

n 
et

 a
l.,

 
20

13
) 

17 depr 
17 HC 

SASI and HFD Equal accuracy 
for SASI and HFD 

Frontal, 
temporal, 
parietal, and 
occipital regions 
used. Best results 
from parietal 
channels  

85% 
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Ref Subjects Features analyzed Best features for 
classification 

Brain areas Highest 
classif 
accuracy 

(H
os

se
in

ifa
rd

 
et

 a
l.,

 2
01

3)
 

45 depr 
45 HC 

Absolute power of 
delta, theta, alpha 
and beta frequency 
bands, DFA, HFD, 
correlation 
dimension, and 
Lyapunov exponent 

Combination of 
DFA, HFD, 
correlation 
dimension and 
Lyapunov 
exponent 

All brain areas 
used, more 
significant results 
found from left 
temporal and 
posterior regions 

90% 
(P

ut
ha

nk
at

til
 &

 
Jo

se
ph

, 2
01

2)
 30 depr 

30 HC 
Relative wavelet 
energy in different 
frequency bands 

Frequency range 
0-4 Hz 

Channels FP1-T3 
and FP2-T4. 
Similar results for 
both 
hemispheres 

98% 

(A
hm

ad
lo

u 
et

 a
l.,

 2
01

2)
 

12 MDD 
12 HC 

KFD and HFD in delta, 
theta, alpha, beta, 
and gamma 
frequency bands 

HFD in beta 
frequency band 

Frontal channels 
Fp1, Fp2, F3, F4, 
Fz, F7, and F8. 
More significant 
results from left 
hemisphere 

91% 

(L
eu

ch
te

r 
et

 a
l.,

 2
01

2)
 121 

MDD 
37 HC 

Coherence in delta, 
theta, alpha, and beta 
frequency band 

Alpha coherence All regions 
analyzed, best 
results mostly 
from prefrontal 
region 

81% 

(K
no

tt
 e

t a
l.,

 2
00

1)
 

69 MDD 
23 HC 

Absolute and relative 
power, inter- and 
intra-hemispheric 
power asymmetry, 
frequency, and 
coherence for delta, 
theta, alpha, and beta 
frequency bands and 
frequency for full-
band 

Relative beta 
power, mean 
total frequency, 
alpha inter-
hemispheric 
asymmetry, 
theta intra-
hemispheric 
asymmetry, and 
delta, theta, 
alpha, and beta 
inter-
hemispheric 
coherence 

Frontal, parietal 
and occipital 
brain areas used. 
Results found 
from all scalp 
sites with the 
focus on anterior 
sites 

91% 
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Appendix 2 – Publication I 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
Bachmann, M., Päeske, L., Kalev, K., Aarma, K., Lehtmets, A., Ööpik, P., Lass, J., & 
Hinrikus, H. (2018). Methods for classifying depression in single channel EEG using linear 
and nonlinear signal analysis. Computer Methods and Programs in Biomedicine, 155, 
11−17. doi: 10.1016/j.cmpb.2017.11.023 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © 2017 Elsevier B.V. All rights reserved.
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���������		�
������
�������
���
�������	������������	�����
����	
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Appendix 3 – Publication II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
Päeske, L., Hinrikus, H., Lass, J., Raik, J., & Bachmann, M. (2020). Negative correlation 
between functional connectivity and small-worldness in the alpha frequency band of a 
healthy brain. Frontiers in Physiology, 11, 910. doi: 10.3389/fphys.2020.00910 
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