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INTRODUCTION 
 
The functions of the brain depend on the ability of brain neurons to transmit 

electrical and biochemical signals to other cells, and their ability to respond 
appropriately to signals received from other cells. The bioelectrical processes are 
fundamental in the brain functioning. 

Any changes in the bioelectrical processes in the brain have impact on the 
physiological state of the brain and as a result on a human’s life quality. Several 
psychiatric conditions with heightened stress and instability are associated with 
changes in the brain bioelectrical activity.  

Not only mental disorders can affect brain activity. In modern society where the 
whole population voluntarily or involuntarily is being exposed to electromagnetic 
fields (EMF), the EMF should be considered as one of the external stressors 
producing effects on living organisms and brain due to thermal and non-thermal 
interactions [Hyland, 2000].  

As the brain neurons can respond to the EMF and to different degrees of 
neurological and other kinds of alterations, the studies in brain electrical activity 
enable us to obtain more information about brain functioning and different states of 
the brain. The information about brain activity can be achieved noninvasively using 
electroencephalography (EEG). 

The EEG signal has been frequently employed to assess the effect of microwave 
exposure and mental disorders on the human brain bioelectrical activity because of 
its sensitivity to immediate changes in neural processes. EEG has several clear 
advantages as a tool for exploring states of the brain because of its low cost, it is 
being widely used in clinical practice because it is, non-invasive, portable and 
when recording, EEG patients are not exposed to (electro-)magnetic fields. Another 
advantage of the EEG method is that brain electrical activity is being measured 
directly while other methods record changes in the blood flow (single-photon 
emission computed tomography (SPECT), functional magnetic resonance imaging 
(fMRI)) or metabolic activity (positron emission tomography (PET)), which are 
indirect markers of brain electrical activity. The major problem of EEG use to 
evaluate the effect of weak stressors on the brain bioelectrical activity is 
insufficient sensitivity of the EEG analysis methods to discover small changes in 
the EEG signal hidden in its high natural variability. 

The present study is focused on the evaluation of changes in the resting EEG 
signal produced by microwave exposure and mental disorders. 
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In the first part of this thesis the characteristic changes in the EEG signal caused 
by microwave exposure have been investigated.   

Effects of low-level modulated microwave radiation on the brain bioelectrical 
activity became a topic of major interest due to the wide use of telecommunication 
equipment. In traditional use, a mobile phone positioned close to the ear during 
transmission causes strongly asymmetric distribution of field power density and a 
specific absorption rate (SAR) inside the human head.  The dosimetric data 
indicate that approximately 50-60% of the mobile phone output power is absorbed 
in the speaker head during conversation [Gandhi, 2002], but the impact of exposure 
is imperceptible to a mobile phone user. The growing public concern about the 
effects of mobile phone radiation on the central nervous system has initiated 
massive studies focused on its possible effects. 

Experiments using human volunteers exposed to microwave radiation are 
restricted to the evaluation of a possible effect at the exposure level not exceeding 
recommendations developed by the International Commission on Non-Ionizing 
Radiological Protection (ICNIRP). The ICNIRP guidelines are based on reviews of 
current scientific knowledge in the field of radiation protection. According to the 
guidelines, the recommended localized SAR for general public exposure for head 
and trunk was set at 2 W/kg for radiofrequency fields and a field strength of 61 
V/m [ICNIRP, 1998].  

ICNIRP guidelines for exposure to microwaves have been based on thermal 
effects that are well understood and mainly associated with the absorption of the 
radiofrequency (RF) energy resulting from the electrical conductivity of a 
biological tissue. All interactions between RF fields and the biological tissue are 
likely to result in energy transfer to the tissue and this will ultimately lead to an 
increase in its temperature [Challis, 2005]. A major consideration of existing 
guidelines is the prevention of adverse biological effects resulting from 
electromagnetic exposures that could bring temperature rises on the order of 1°C in 
humans.  

Despite the fact that many studies have suggested that microwave exposure at 
low levels may have biological effects, non-thermal (effects on low-intensity) 
mechanisms have not been considered for the regulation of exposure. One possible 
reason for that is that the significance of performed experimental studies for human 
health cannot be adequately assessed since they have not been consistently 
replicated. Ongoing scientific research has given more evidence for reasonable 
suspicion of existing risks based on clear evidence of bioeffects, which, with 
prolonged exposures, may reasonably be presumed to result in health impacts. 
Concerning the results of recent studies it was suggested that new guidelines based 
on non-thermal (low-intensity) effects from microwave exposure should be applied 
[Hardell and Sage, 2008].   
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The importance of the problem was pointed out by the Council of Europe who   
adopted Resolution 1815 in May 2011, which recommends a preventive threshold 
to be set for levels of long-term exposure to microwaves, in accordance with the 
precautionary principle, not exceeding 0.6 volts per metre. The need for further 
independent research and financing of the research on this topic is underlined in the 
Resolution [Council of Europe, 2011]. 

In recent years, numerous studies have focused on the evaluation of different 
impacts of EMF on humans, ranging from the effect on brain electrical activity, 
sleep and cognitive functions to EMF attributed symptoms [for review see van 
Rongen et al., 2009; Juutilainen et al., 2011; Kwon and Hämäläinen, 2011]. 
However, results appear contradictory, and therefore questions have been raised 
whether the concerns about the EMF impact on psychology or health are justified 
since the strength of evidence for many EMF outcomes remains inadequate 
[EFHRAN, 2010]. In a recent review, a conclusion was drawn confirming the lack 
of systematic data on the dependence of microwave effects on the level of the 
exposure [Juutilainen et al., 2011], therefore further studies should concentrate on 
dose-dependent effects of exposure.  

 
The second part covers problems of how an EEG signal is affected by mental 

disorders like depression. 
Today, depression is becoming one of the most prevalent psychiatric disorders 

affecting large proportions of population, World Health Organization (WHO) ranks 
depression as the 4th leading contributor to the global burden of disease in 2000. 
Depression is expected to rank second by 2020, behind ischemic heart disease, and 
current predictions indicate that by 2030 depression will be the leading cause of 
disease burden globally calculated for all ages, both sexes [WHO, 2012]. 

Tremendous expenses are associated with disabilities caused by depression. 
According to data disclosed by the National Institute of Mental Health, in the 
United States for the year 2002, the economic burden of depression was estimated 
at $317 billion: 32% related to direct medical costs, 8% to disability benefits like 
social security income and disability insurance, and 62% to workplace costs, 
including loss of earnings among people with mental illness. The total annual cost 
of depression in Europe by 2004 was estimated at Euro 118 billion, showing that 
the direct healthcare costs alone totaled at Euro 42 billion and indirect costs due to 
morbidity and mortality were estimated at Euro 76 billion [Sobocki et al., 2006]. 
Higher medical costs arise largely from non-response to treatment as initial 
treatments frequently do not lead to recovery [Simon et al., 2006]. Following the 
review of cost demonstrates that a global cost of depression outweighs far the cost 
to understanding it accurately and treating successfully those who suffer [Richards 
et al., 2011]. 
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Up to now, the diagnosis of depression is based on the evaluation of the 
intensity of subjective and clinical symptoms by psychiatrists (M.I.N.I. interview, 
Hamilton test, and others). At the same time, the EEG analysis provides promising 
results in the diagnosing of nervous diseases. Several mental disorders 
(Alzheimer’s disease, dementia) produce alteration in brain electrical activity 
[Abasolo et al. 2008; Henderson et al., 2006; Adeli et al., 2008]. However, only 
limited data are available about alterations in the EEG in a depressive disorder.  

The presence of left frontal hypoactivation for depressed individuals has been 
shown in numerous studies [Allen et al., 2004; Knott et al., 2001; Lubar et al., 
2003], but in some cases the expected left anterior hypoactivation was not observed 
[Flon-Henry et al., 2004]. One study suggests that absolute and relative power in 
the beta band appeared to differentiate patients and controls, with patients 
exhibiting more beta power than controls [Knott et al., 2001]. The results published 
do not lead to useful conclusions in depressive mode evaluation while 
distinguishing reactions to somatic diseases from depressive disorders whereas the 
treatment required is very complicated. Therefore, regarding the percentage of 
population suffering from mental illnesses and the global cost of depression, the 
demand for nonsubjective methods to determine depressive disorder based only on 
objective symptoms is justified.  

 
Regarding to the potential effect of electromagnetic radiation on the central 

nervous system and the impact of depressive disorder on world economy and 
health of society, the need for methods to determine the effect on the brain on early 
stages is evident. 

The aim of this work is to evaluate the capability of different analysis methods 
to detect small hidden changes in the human resting EEG signal caused by a) an 
external stressor such as microwave radiation and b) mental disorders such as 
depression. 

This thesis reviews the author’s work at the Department of Biomedical 
Engineering of the Technomedicum of Tallinn University of Technology during 
her doctoral studies. The thesis consists of the author’s publications. The thesis 
presents the results of the studies focused on evaluating the impact of microwave 
radiation or depression on the human brain bioelectrical activity. 

The present thesis is based on the following papers referred to in the text by 
their Roman numerals I-VII. 

  
I. Suhhova, A., Bachmann, M., Karai, D., Lass, J., Hinrikus, H. (2012). Effect 

of microwave radiation on human EEG at two different levels of exposure. 
Bioelectromagnetics (in press) 
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II. Suhhova, A., Bachmann, M., Lass, J., Karai, D., Hinrikus, H. (2009). Effect 
of modulated microwave radiation on human EEG asymmetry. The 
Environmentalist, 29: 210-214. 

III. Suhhova, A., Hinrikus, H., Bachmann, M., Lass, J. (2009). Effect of 
modulated microwave exposure on spectral asymmetry of human EEG. 
IFMBE Proceedings, Volume 25/3, pp 406-409. 

IV. Hinrikus, H., Bachmann, M., Lass, J.,  Suhhova, A., Tuulik,  V. Aadamsoo, 
K., Võhma, Ü., (2012). Method  and  device  for  determining  depressive 
disorders  by measuring  bioelectromagnetic  signals  of  the  brain. US 
8244341. 

V. Hinrikus, H., Suhhova, A., Bachmann, M., Aadamsoo, K., Võhma, Ü., Lass, 
J., Tuulik, V. (2009)  Electroencephalographic spectral asymmetry index for 
detection of depression. Med Biol Eng Comput, 47:1291-1299.  

VI. Hinrikus, H., Suhhova, A., Bachmann, M., Aadamsoo, K., Võhma, Ü., 
Pehlak, H., Lass, J. (2010). Spectral features of EEG in depression. Biomed 
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VII. Suhhova, A., Bachmann, M., Lass, J., Aadamsoo, K., Võhma, Ü., Hinrikus, 
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1. EFFECT OF LOW-LEVEL MODULATED 
MICROWAVE EXPOSURE ON BRAIN BIOELECTRICAL 
ACTIVITY 
 

1.1 Resting EEG studies 
   

The growing public concern about potentially toxic effect of electromagnetic 
radiation on central nervous system has initiated a number of research programs 
that have evaluated physiological effect of microwave radiation. Results of the 
studies on the resting EEG signal have produced somewhat mixed results, although 
the majority of published results point to the existence of the effect of radiation, 
primarily to the alpha band of the EEG. 

Croft et al. (2002) tested wheatear exposure to active mobile phone affects the 
EEG signal as a function of exposure duration. The results showed that mobile 
phone (Global System for Mobile Communications (GSM) 900) exposure altered 
the resting EEG, increasing alpha (8-12 Hz) activity and decreasing delta (1-4 Hz) 
activity as a function of time.  

The effect of microwave radiation on the EEG waking activity and its temporal 
development was investigated by Curcio et al. (2005). The subjects (N=20) 
participating in the study were exposed to a 900 MHz GSM phone signal at SAR 
values of 0.5 W/kg after and during the EEG recording session. The recordings 
were performed in real exposure, baseline and sham conditions. The results show 
that microwave exposure increases power in the alpha (9-10 Hz) frequency band. 
At the same time, authors stress that regarding to a small sample and effect size, 
the strength of the presented data should be regarded with caution.  

Consistent with Curcio et al. (2005), Croft et al. (2008) tested whether the alpha 
power would increase in response to mobile phone type radiation. Healthy 
participants (n=120) were tested using double-blind counterbalanced crossover 
design, recorded at an interval of 1 week. Alterations related to exposure (875 MHz 
GSM signal, SAR value of 0.11 W/kg) were demonstrated in the EEG alpha band 
(9-10 Hz) power, which was larger on the ipsilateral than on the contralateral side 
in posterior regions. Hence, previous reports of an overall alpha power 
enhancement during exposure were confirmed. 

Decreased EEG alpha (8-12 Hz) and beta (13-20 Hz) power was found by 
D’Costa et al.  (2003) in a single-blind study with mobile phone configured to be 
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enable transmission at a nominal average power of 250 mW with a 900 MHz 
carrier modulated at 217 Hz. 

Hinrikus et al. (2008a, 2008b) detected an increase in the resting eyes closed 
EEG alpha (8-13 Hz), beta1 (15-20 Hz) and beta2 (22-38 Hz) power  with 450 
MHz radiation modulated at 7, 14, 21, 40, 70 or 217 Hz frequencies at the SAR 
value of 0.3 W/kg. 

Regel et al. (2007a) reported an increase in the alpha band (10.5-11Hz) activity 
after the exposure to the pulsed 900 MHz signals at SAR 1 W/kg in the eyes-closed 
condition, while no effect was seen in the eyes-open condition. 

The EEG alpha band power enhancement in the resting EEG recorded at SAR 
values of 1 W/kg at 900 MHz pulse modulated signal was observed by Huber et al. 
(2000, 2002). 

Vecchio et al. (2007) suggested that prolonged mobile phone emission affects 
not only the cortical activity but also the spread of neural synchronizations 
conveyed by interhemispherical functional coupling of EEG, especially alpha 
rhythm. Two years later it was shown that compared to young subjects, elderly 
subjects develop significant increase in inter-hemispheric synchronization of 
frontal and temporal alpha bands following exposure to a GSM signal at 0.05 W/kg 
[Vecchio et al., 2010]. 

To study whether adolescents and/or elderly are more sensitive to mobile 
phone-related bioeffects than young adults, Croft et al. (2010) used the 2nd 
generation (SAR 0.7 W/kg) GSM, and the 3rd generation (SAR 1.7 W/kg) 
Wideband Code Division Multiple Access (W-CDMA) exposures. The data 
showed that the young adults' alpha wave activity was greater in the 2nd generation 
exposure than at the sham exposure. However, no effect was found in the 
adolescent or the elderly groups, and no effect of 3nd generation exposures was 
found in any group. No effect of UMTS (SAR 1.75 W/kg) exposure on the spectral 
power of different EEG frequency bands of spontaneous EEG was reported by 
Trunk et al. (2012). It should be noticed that in this experiment EEG was not 
recorded during the exposure, therefore possible short-term effect of radiation 
cannot be excluded. 

Maby et al. (2006a) exposed healthy volunteers and epileptic patients to a signal 
from a 900 MHz GSM mobile phone. In the healthy volunteers, a decrease in the 
EEG power in the theta, alpha, and beta bands was observed (more precisely on 
occipital electrodes for the alpha-band) and a decrease in the variations in the delta 
band was noted. In contrast, in the epileptic patients, an increase in power in all 
EEG bands was observed. 

On the other hand, some researchers were unable to detect any differences in the 
EEG spectra related to exposure to the signal of a mobile phone at SAR values of 
1.56 W/kg and 1 W/kg [Perentos et al. 2007; Kleinlogel et al., 2008].  
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1.2 Studies at two different levels of exposure 
 

It is assumed that EEG is affected in a dose-dependent manner by exposure to 
microwave radiation. Despite the fact that the estimation of the critical level of 
microwave exposure is crucial to preventing possible impairment of human 
nervous system, only a few studies have compared the effect of microwave 
radiation at two different levels of exposure. 

Regel et al. (2007b) investigated the effects of microwaves on brain physiology 
using a GSM handset like signal with a 10 g-averaged peak SAR of 0.2 W/kg and 5 
W/kg on three different cognitive tasks and on the sleep EEG. The analysis of the 
sleep EEG revealed a dose-dependent increase of power in the spindle frequency 
range in the non-REM sleep. Moreover, it was shown that reaction speed 
decelerated with increasing field intensity in the cognitive task, while accuracy 
remained unaffected in a dose-dependent manner.  

Kleinlogel et al. (2008) investigated the effect of two types of exposure emitted 
by modern mobile phones, 1950 MHz Universal Mobile Telecommunications 
System (UMTS) at SAR of 0.01 W/kg and 1 W/kg and pulsed 900 MHz GSM at 
SAR of 1 W/kg on well-being of the resting eyes-closed EEG. Results of the study 
give no evidence for a deleterious effect on the either the UMTS or the GSM 
exposure on normal healthy mobile phone users. 

 
 

1.3 Sleep EEG studies and neurobehavioural outcomes 
 

According to various population surveys, sleep disturbances are the most common 
health complaints attributed to microwave exposure [Huss et al., 2004; Schreirer et 
al., 2006; Röösli et al., 2004]. In several studies the microwave effect on sleep was 
analyzed by means of the EEG signal. 

No effect on sleep architecture and EEG was observed in the study of Wagner et 
al. (1998) using a GSM signal from a planar antenna (SAR 0.6 W/kg), where the 
healthy volunteers were exposed for an 8 h night sleep. In 2000 Wagner et al. 
employed much stronger exposure with SAR 1.8 W/kg. Sham and exposure 
conditions were applied continuously for 8 h on two consecutive nights. They 
observed no effect on sleep architecture or EEG spectral power density. 

Huber et al. (2000, 2002) exposed healthy volunteers for 30 min to a 900 MHz 
GSM signal (SAR 1W/kg) immediately before sleep episode. They observed an 
increased spectral power in the alpha (9.75-11.25 Hz) and beta bands (12.5-13.25 
Hz) during the non-REM sleep phase. No differences in the effect between the 
right or the left-sided exposure were found. No effect on sleep parameters or on 
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EEG power under exposure from a GSM signal with SAR 1 W/kg was reported by 
Fritzer et al. (2007). 

Increased EEG alpha range in the sleep EEG was detected also at the SAR value 
of 1.4 W/kg [Lowden et al., 2011]. 

Dose-response increase in 10.75-11.25 Hz and 13.5-13.75 bands in the non-
REM sleep has been observed by Regel et al. (2007a) who applied a GSM signal 
from a planar antenna with SAR 0.2 and 5 W/kg. 

 Danker-Hopde et al. (2011) studied possible effects of electromagnetic fields 
emitted by GSM 900 (SAR 2 W/kg)   and WCDMA/UMTS (SAR 2 W/kg) mobile 
phones on the macrostructure of sleep. The experimental setup included an 
adaptation night, which served as a screening night for sleep disorders and as an 
adjustment night to the laboratory environment. The adaptation night was followed 
by nine study nights (separated by a two week interval) in which subjects were 
exposed to three exposure conditions (each condition for three nights: sham 
exposure, GSM 900 and WCDMA/UMTS in a randomized order). No evidence of 
a sleep-disturbing effect of GSM 900 and WCDMA exposure was demonstrated. 

No significant change was observed between the exposure (GSM SAR: 0.11 
W/kg) and sham conditions for either sleep latency, REM sleep latency, sleep 
duration or sleep efficiency by Loughran et al. (2012) who re-tested a subset of 
participants from a previous study applying the same exposure conditions 
[Loughran et al., 2005]. At the same time, the increase in the EEG spectral power 
was demonstrated in the 11.5-12.25 Hz frequency range in the first 30 min of non-
REM sleep following exposure. This increase was more prominent in the 
participants that showed an increase in the original study [Loughran et al, 2005].  
Furthermore, the observations that microwave induced effect is sensitive to 
individual variability provides a possible explanation for previous inconsistent 
results. It may be suggested that rather than effects being small or subtle, mobile 
phones may in fact have larger but differential effects on different people 
[Loughran et al., 2012]. 

 
Many studies regarding impact on neurobehavioural outcomes have been 

conducted in recent years.  
In Freude et al. study (2000), subjects were exposed to a signal from a GSM 

900 phone with SAR 0.88 W/kg for a duration of a series of cognitive tests. 
Analysis of the EEGs revealed a decrease of the EEG power in all regions except 
frontal during a visual monitoring task. These effects were stronger in the exposed 
hemisphere. 

Maby et al. (2004) studied auditory ERPs in two groups of 14 subjects: healthy 
volunteers and epileptic patients (GSM signal, SAR 1.4 W/kg). They reported a 
reduction in the amplitude of the early sensory component of the auditory ERP in 
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the healthy subjects, and a decrease in the amplitude for the epileptic patients. They 
also observed an increase in the amplitude of a later component only in the healthy 
subjects.  

Maby et al. (2006b) examined the effects of GSM (SAR 1.4 W/kg) exposure on 
auditory ERPs in both normal and epileptic subjects. In their experiment the 
epileptic patients showed a lengthening of fast response (100 ms latency) in the 
frontal area contralateral to the exposure. For the healthy subjects, an amplitude 
increase (200 ms latency) was identified in the frontal area.  

No effect on cognition in performance between the exposure and the sham 
series was reported at SAR levels of 0.1 W/kg, 0.61 W/kg, SAR 0.74 W/kg, SAR 
0.78 W/kg, SAR 2 W/kg [Hamblin et al., 2006; Hinrichs and Heinze, 2004; Krause 
et al., 2007; Haarala et al., 2007; Schmid et al., 2012]. The improvement in 
performance when exposed to EMFs was reported at SAR levels of 0.5 W/kg, 1.4 
W/kg, 0.2 W/kg and 5 W/kg, 1 W/kg [Curcio et al., 2004; Vecchio et al., 2012;  
Wiholm et al., 2009; Regel et al., 2007; Regel et al., 2007a]. Impairments were 
shown at SAR 0.65 W/kg and SAR 0.87 W/kg [Krause et al., 2004; Hamblin et al., 
2004].  

None of the studies on 3G UMTS signal (SAR 0.0037 and 0.37 W/kg; 0.023 
and 0.23 W/kg) found any significant effect on various cognitive functions 
[Schmid et al., 2005; Unterlechner at al., 2008]. 

 

1.4 Reasons for doubts and difficulties in the identification of 
microwave effects on the brain  

 
Despite many investigations at different levels of exposure, the results provide 
insufficient systematic knowledge of how the reported effects depend on the level 
of exposure to microwave fields. For example, the alterations in the brain electrical 
activity have been reported at SAR levels below 1 W/kg or close to 1 W/kg [Huber 
et al., 2002, 2002; Curcio et al., 2005; Regel et al., 2007a, 2007b; Croft et al., 2008; 
Hinrikus et al., 2008a, 2008b; Vecchio et al., 2010]. On the other hand, no effects 
have been detected at SAR levels close to 1 W/kg or even higher [Wagner et al., 
2000; Fritzer et al., 2007; Perentos et al., 2007; Kleinlogel et al., 2008; Croft et al., 
2010; Trunk et al., 2012].  

The majority of contradictory and null findings in the literature are unlikely to 
result from the low power level of mobile phones radiation applied, it is likely that 
the analysis methods used were not sensitive enough to discover small hidden 
changes in the EEG signal. It should be taken into account that the EEG signal has 
high natural variability, therefore the analysis of the changes in the brain 
bioelectrical activity is complicated and the effect may not be detected due to 
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natural characteristics of the EEG signal. Another explanation may be the 
variability of the states of the brain (including age, mental illnesses) that may cause 
different reactions to external stressors. In addition, the main problem is that data 
from different studies are incomparable due to different methods and experimental 
protocols as well as microwave and modulation frequencies. In a recent review, a 
conclusion was drawn confirming the lack of systematic data on the dependence of 
microwave effects on the level of the exposure [Juutilainen et al., 2011]. 

 
The aim of this thesis is to find out a possible dose-response relationship between 
the strength of the electromagnetic field and the effects on the brain, and to analyze 
sensitivity of signal analysis methods used to discover hidden changes in the EEG 
caused by microwave exposure. 

To accomplish these objectives, three different methods were applied for the 
EEG analyses:  

- integration of differences (ID) in the energy of the EEG segments with and   
 without the exposure – Publication I; 
- brain inter-hemispheric asymmetry (IhA) - Publication II;  
- spectral asymmetry index (SASI) calculated as relative differences in the 
 power of two EEG special frequency bands selected higher and lower EEG 
 spectrum maximum – Publication III. 

 
The results of the analyses have been presented for the group and separately for 
individuals.  
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2. EEG FINDINGS IN DEPRESSION 
  
While depression is essentially associated with functional impairment [Ansseau 

et al., 2009], its underlying neural circuitry and pathosphysiology are not 
completely understood [Ricardo-Garcell et al., 2009; Townsend et al., 2010]. 
According to Fingelkurts et al. (2007), depression can be understood as 
re(dis)organization of the local and global oscillatory states in the cortex. The 
oscillatory states reflect the synchronization of neuronal assemblies evolving in 
different frequency ranges that might have their own different functional role 
[Takahashi, 2012].  The EEG provides a satisfactory scale for accessing the 
large-scale dynamic of the brain’s oscillatory states [Fingelkurts et al., 2006] 
associated with health and disease [Hughes and John, 1999; Basar et al., 2004]. 

The changes in the power spectrum of the EEG signal have revealed important 
information about the electrical activity of the brain when suffering from 
depressive disorder. 

Frontal asymmetry of the EEG alpha power has been studied as an individual 
difference variable rather than a variable associated with psychopathological 
condition. According to Allen et al. (2004), changes in asymmetry scores examined 
at 4-week intervals for 8 and 16 weeks were insignificantly related to changes in 
the clinical state, moreover depressives demonstrated stability that is comparable in 
magnitude to that seen in non–clinical populations. 

Salustri et al. (2007) have demonstrated that the patient's parietal alpha is higher 
in the right than in the left hemisphere. It should be noted that the patients studied 
were not completely drug free. For this reason, it is impossible to rule out the 
possibility that results are an effect of drug assumption. Nevertheless, since all 
patients were well below the drugs' steady state levels when the data were 
recorded, their relation to the patients' clinical pictures suggests that an unbalance 
of the excitatory or inhibitory cortical activity, and especially a potentiation of the 
parietal afferent to the motor cortex, may be significant hallmarks of depression. 

When studying resting frontal alpha asymmetry in 306 individuals aged 18-34 
(31% male), using a current source density reference, Steward et al.(2010) 
concluded that major depressive disorder is linked relatively less to left frontal 
activity for both sexes. It was suggested that current source density referenced EEG 
asymmetry is a possible endophenotype for depression. 

In their analysis of resting EEG stability, Vuga et al. (2006) concluded that the 
EEG alpha asymmetry reflects a stable individual difference that is robust to 
variation in the clinical state.  
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Smith et al. (2007) investigated whether the common genetic factor underlying 
the risk for depression is reflected in individual differences in the frontal 
asymmetry of the EEG alpha power. After the examination of the frontal 
asymmetry of the EEG alpha power of 732 twins and their singleton, the authors 
conclude that a significant relation between frontal asymmetry and risk for 
depression was only found in young adults (males 32% and females 37%). The 
evidence for alpha asymmetry to be a marker of vulnerability for a familiar form of 
depression was found by Bruder et al. (2012) as well as by Keune et al. (2011). 

On the other hand, in the study of Debener et al. (2000), the depressed patients 
failed to show more left than right anterior alpha activity, whereas healthy controls 
had markedly more right than left anterior alpha activity, i.e. relatively greater 
activation of left anterior regions. 

The results of studies of Henriques and Davidson (1990, 1991) demonstrated 
that depressed subjects have less left-sided anterior and less right-side posterior 
activation (i.e. more alpha power) than the subjects never depressed. 

EEG activity of depressed subjects differs from that of healthy subjects in 
various brain areas, not only in the frontal region. Interhemisphere asymmetry in 
the whole cortex with right hyperactivity in frontal, parietal and occipital brain 
regions was observed by Fingelkurts et al. (2006). Although the frontal EEG 
asymmetry literature has traditionally focused on alpha power, it is important to 
examine actual brain oscillation in a wide frequency range, as this may provide 
additional information not reflected in the alpha band [Fingelkurts et al., 2006]. 

Knott et al. (2001) investigated the resting eyes-closed EEG collected from 70 
unmedicated depressive male patients and 23 normal control male subjects. It was 
suggested that overall relative power and, at bilateral anterior regions, absolute 
power in the beta frequency band differentiated patients and controls, with the 
patients exhibiting more power than the controls; as compared to the  depressive 
group, controls exhibited relatively reduced left hemisphere activation.  

Yamada et al. (1995) noted that patients with anxiety type depression had 
greater beta1 and beta2 power than normal controls, and the differences were 
statistically significant over the parietal and occipital regions in the beta1 band. 

In some cases the inter-hemispheric coherence analysis was applied. Coherence 
is a technique that quantifies the similarity between the EEG waveforms generated 
at a pair of electrodes and it is considered to be an indicator of independence 
between those sites [Sritharan et al., 2005]. The coherence analysis for alpha and 
beta bands revealed reduced intra-hemispheric coherence values for depressed 
subjects compared to healthy controls [Knot et al., 2001; Yamada et al., 1995]. 

Other studies have used a source localization method called Low Resolution 
Electromagnetic Tomography (LORETA) to examine changes in brain activity. 
LORETA has been used to evaluate different aspects in depression patients, such 
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as inter-hemispheric asymmetry or patterns of brain activation in depressed 
patients. 

Pizzagalli et al. (2002) analyzed the resting EEG recorded in 38 unmedicated 
subjects with major depressive disorder and 18 normal comparison subjects.  
Depressed subjects showed more excitatory (beta3, 21.5-30.0 Hz) activity in the 
right superior and inferior frontal lobe than comparison subjects.  

 Lubar et al. (2003) compared the current density power and power asymmetry 
in 15 unmedicated chronically depressed females and age-matched healthy female 
controls.  Increased alpha2 (10-12 Hz) current density in the left hemisphere as 
compared to the right hemisphere was observed in depressed individuals. 
Decreased current density in the delta band was observed in the right temporal lobe 
and the same trend was seen also in the theta, alpha and beta band. 

 Using LORETA, Flor-Herny et al. (2004) also compared the source-current 
densities from a group of 25 unmedicated male subjects with depression and a 
group of 65 matched controls. The current density from the right hemisphere in the 
delta, alpha and beta frequency bands both during the resting and cognitively 
challenged conditions was reported. The expected left anterior hypoactivation in 
depression (reflected by increased resting left frontal EEG power in the alpha band 
compared to controls) was not observed. The results suggested exactly the 
opposite, i.e., increased activation of the left frontal lobe and decreased activation 
of the right frontal lobe. 

By use of LORETA, Saletu et al. (2010) demonstrated a decrease in power in 
the theta frequency band in a menopausal syndrome female with the diagnosis of a 
depressive episode compared to healthy controls. 

Ricardo-Garcell et al. (2009) applied Variable Resolution Electromagnetic 
Tomography (VARETA) to estimate the source generators of the EEG data. The 
results suggested that any of the two hemispheres could be affected by depressive 
disorder, but abnormal EEG sources can be found more frequently in the right 
hemisphere, which demonstrated its maximum at the alpha and theta bands in 
frontal and parietal regions. 

Using Independent Component Analysis, Grin-Yatsenko et al. (2010) showed 
an increase in power in depressed patients in theta (4-7.5Hz), alpha (7.5-14Hz), and 
beta (14-20Hz) in parietal and occipital brain regions. 

 
 A brief review of literature demonstrates that during the past decades frontal 

inter-hemispheric asymmetry has been considered to be almost the only indicator 
of depression and emotional effect [Henriques and Davidson, 1990, 1991; Steward 
et al., 2010; Allen et al., 2004; Bruder et al. 2011; Keune et al. 2010]. However, the 
results of the studies are often contradictory, showing first that remission of 
depression is not accompanied by changes in the frontal asymmetry [Henriques and 
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Davidson, 1990; Vuga et al., 2006] and second, the anterior asymmetry is not 
always related to depression [Reid et al., 1998; Debener et al., 2000]. Thus, 
considering mixed results of scientific studies not allowing us to draw useful 
conclusions regarding to the evaluation of depressive mode, the demand for 
modern methods for detection of depressive disorders is justified. 

 
In this study sensitivity of the three EEG signal analysis methods to discover 

depression related changes in the signal were evaluated:  
- inter-hemispheric asymmetry (IhA) as a traditional method – Publication V; 
- inter-hemispheric coherence (IhC) as a traditional method – Publication V;  
- spectral asymmetry index (SASI) as a novel method to evaluate depressive 

disorder based on the EEG frequency spectrum analysis - Publication IV, 
Publication V, Publication VI, Publication VII. 
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3. EXPERIMENTAL STUDIES: RESULTS AND 
DISCUSSION 
 

  3.1 Analysis methods 
 

In order to evaluated the changes in EEG signal caused by microwave exposure 
and mental disorder the different methods were applied in this study. 

 
The evaluation the microwave exposure induced changes was done using the 

three different EEG analysis methods. 
The method of integration of differences (ID) was similar to that applied in 

studies performed by Hinrikus et al 2008 a, b. The relative changes in the recorded 
EEG signal between the cycle segments with and without exposure were selected 
as a measure to detect the microwave effect on the EEG power. 
The average value of the EEG power si of an arbitrary comparison segment i was 
calculated as 
௜ݏ  ൌ ଵே ∑ ሾݔሺݎሻሿଶே௥ୀଵ    (1) 

where x(r)  is the amplitude of the recorded signal in a sample r and N is the 
number of samples.  Parameter Sc as the relative changes in the power of the 
recorded segments with and without  exposure for a cycle was calculated as 
follows: 
 ܵ௖ ൌ ቀ௦మ ௦భ െ 1ቁ x 100% , (2) 

 
where s1 and s2 are the average powers inside the comparison segments without and 
with exposure, respectively. 
 
 

The second method applied was the inter-hemispheric asymmetry. The used 
methods imply 2 main steps: first, the alteration in EEG energies of the theta, 
alpha, beta1 and beta2 frequency bands caused by microwaves exposure were 
analyzed using method of ID. Finally, the intra-hemispheric asymmetry A was 
calculated as follows: 
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A= SL - SR  (3) 

where SL and SR are S-parameters calculated for left or right hemisphere symmetric 
channel, respectively. 

 

The Spectral Asymmetry Index (SASI) was the third method applied. SASI is 
calculated as relative differences between the higher and the lower EEG frequency 
band power. The balance of the powers characterizes the EEG spectral asymmetry. 
Important aspect of the method is exclusion of the central (alpha) band frequencies 
from the analysis. Therefore, the boundary frequencies were adjusted taking into 
account the alpha frequency range in the EEG power spectrum.  

Calculation of the SASI comprises four main steps:  
(1) computing of power spectral density of the recorded EEG signal; 
(2)  selection of boundary frequencies of the lower and higher specific EEG 

frequency bands;  
(3)  calculation of the EEG signal power in the selected bands; and  
(4)  calculation of the SASI as a combination of the EEG powers in the 

selected bands. 
 
At first, the frequency with the maximum spectral power fmax in the region of 

alpha band 8–13 Hz of the EEG signal should be estimated. 
The frequency limits for the lower and the higher specific frequency bands are 

related to the estimated central alpha band and determined as follows: the lower 
frequency band from F1 = (fc – B - 4) Hz to F2 = (fc - B) Hz, and the higher 
frequency band from F3 = (fc + B) Hz to F4 = (fc + B + 24) Hz, where the B is 
half-width of the band..  

The EEG signal powers Wlmn and Whmn in the lower and in the higher EEG 
frequency bands, respectively, are calculated as follows: 

 ௟ܹ௠௡ ൌ ∑ ܵ௠௡ ;            ிଶ௙ୀிଵ ௛ܹ௠௡ ൌ  ∑ ܵ௠௡ிସ௙ୀிଷ  (4) 
 
 
Finally, the SASI is calculated as 
௠௡ ܫܵܣܵ  ൌ  ௐ೓೘೙ିௐ೗೘೙ௐ೓೘೙ା ௐ೗೘೙    (5) 

 
The changes in EEG signal caused by depressive disorder were evaluated using 

following methods. 
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The traditionally used inter-hemispheric (IhA) EEG asymmetry was calculated 
as relative EEG power in the left WLmn  and the right WRmn hemisphere symmetric 
channels in each EEG frequency bands as follows 
 A୫୬ሺfଵ, fଶሻ ൌ WLౣ౤ିWRౣ౤WLౣ౤ାWRౣ౤  x 100  (6) 

 
 
The traditionally used inter-hemispheric coherence (IhC) values for each EEG 

frequency band were calculated using the formula: 
 ܿ௫௬ሺ ଵ݂, ଶ݂ሻ ൌ ቀ∑ ௦ೣ೤೑మ೑స೑భ ቁమ

∑ ௦ೣೣሺ௙ሻX ∑ ୱ౯౯ሺ୤ሻ౜మ౜స౜భ೑మ೑స೑మ   (7) 

 
where sxy is the power cross-spectral density of the two signals; sxx and syy are the 
power spectral densities of each signal. 
 
As the third method the SASI method was applied. 

 
 

3.2 Changes in the EEG power caused by microwave radiation 
 

In all experiments the 450 MHz microwave radiation pulse-modulated at fixed 
modulation frequency was used. The fixed modulation frequency of one-minute 
long periods was repeated for several times, each exposure minute was followed by 
a resting segment without exposure.  In each experiment the EEG during 10 
exposure cycles was recorded. The signal analyses were performed by 
summarizing the impact of all 10 exposure cycles. The microwave induced effect 
was evaluated by implementing different signal analysis methods.  

 
A dose–response relationship between the EMF intensity and the magnitude of 

microwaves induced effect on the human brain activity has been discussed in 
Publication I.  The 450 MHz microwave exposure modulated at 40 Hz frequency 
was applied to a group of 15 healthy volunteers at two different SAR levels: higher 
level of 0.303 W/kg and lower level of 0.003 W/kg.  To evaluate the effect on 
pulse-modulated microwave radiation at different levels of exposure the method of 
ID was used.  

The results of the experiment performed revealed the dose-dependence 
relationship of the modulated microwave effect: the average values of relative 
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changes were higher at the higher level of exposure than at the lower level. The 
microwave exposure caused an increase in relative changes in the EEG power 
between the exposed and the resting segments compared to reference recordings 
for the whole group and for individual subjects at both SAR levels.  

Relative changes averaged over the whole group showed maximal increase of 
the EEG power in the EEG beta 2 frequency band: 157% at the SAR level of 0.303 
W/kg and 39% at the SAR level of 0.003W/kg. The increase of the changes in the 
alpha band was about two times lower, 68 % at the SAR of 0.303W/kg and not 
evident at the lower SAR. 

The number of subjects statistically affected by microwave exposure was 40-
60% higher (6 subjects in alpha, 4 subjects in beta1 and beta2 bands) at the higher 
SAR value of 0.303 W/kg compared to that (3 subjects in alpha, beta1 and beta2 
bands) at the lower SAR of 0.003 W/kg. The same subjects were sensitive at the 
higher and lower level of exposure. For all subjects having significant difference 
between the reference and the microwave exposed series, the average relative 
changes were positive; consequently, the level of power in segments with exposure 
was higher than in segments without exposure. 

The relative part of affected subjects was 40% for alpha and 27% for beta bands 
at the higher SAR and 20% for alpha and beta bands at the lower SAR.  

The results are close to these in the study of Hinrikus et al. (2008a), where the 
same exposure conditions were applied (450 MHz, modulation frequency 40 Hz, 
SAR=0.303 W/kg), showing a relative part of affected subjects in parietal channels 
P3-P4 in the beta1 band to be 20% (3 subjects). This finding agrees with the results 
of Regel et al. (2007b) whose report provides evidence for a dose-response 
relationship: spectral power of the sleep EEG in the fast spindle frequency range 
increased by 7.7% after radiofrequency exposure at a SAR of 0.2 W/ kg, and 
13.6% after exposure at 5 W/kg.  

 
The traditional use of a mobile phone causes strongly asymmetric distribution 

of field power density inside the human head. Therefore, enhancement in the 
asymmetry of the EEG parameters between the brain hemispheres can be an 
indicator of the effect. Microwave exposure induced inter-hemispheric asymmetry 
has been discussed in Publication II. To analyze the energies for theta, alpha, beta1 
and beta2 EEG frequency bands in different EEG channels the method of ID was 
applied. Finally, the intra-hemispheric asymmetry was calculated as relative 
differences between ID values in the right and left symmetrical channels. The 
quarter-wave antenna was located at 10 cm from the left side of the head. 
Differences in the calculated SAR values between the hemispheres were up to 20 
dB. 
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The results of this study showed that 450 MHz microwave radiation modulated 
at 14 and 40 Hz (SAR = 0.303 W/kg) altered EEG asymmetry between 
hemispheres and increased the EEG energy from the left side, where the 
microwave power density was higher, and asymmetry scores are more positive in 
microwave exposed conditions. The demonstrated increase in the EEG power in 
the exposed hemisphere is in good agreement with the study of Hinrichs and 
Heinze (2004) who reported a difference in the total EEG power in the left 
(exposed) hemisphere applying the GSM type signal with the SAR value of 0.61 
W/kg [Hinrichs and Heinze, 2004].  

The greatest difference in the asymmetry values occurs in the temporal-parietal 
brain region.  However, differences in asymmetry between the exposed and sham-
exposed recordings were not statistically significant for a group. Statistical analysis 
performed for individuals revealed significant differences in the asymmetry 
between the exposed and the sham-exposed recordings for 2 subjects (15%) at 14 
Hz and 5 subjects (35%) at 40 Hz modulation frequency.  

 
The spectral asymmetry index (SASI) for the evaluation of small hidden 

changes in the EEG caused by microwave exposure was used in the study 
summarized in Publication III. The 450 MHz microwave exposure modulated at 40 
Hz frequency with the SAR value of 0.303 W/kg was applied.   

The experimental results showed negative average values of SASI in both 
microwave exposure and sham conditions, but average SASI values were more 
positive in the microwave exposed condition. The increase in SASI values 
indicates increased power in the higher beta band as a response to microwave 
radiation and it is in good agreement with the results reported in other studies 
[Huber et al., 2005; Hinrikus et al., 2008b; Curcio et al., 2005].  Changes in the 
EEG produced in the case of microwave exposure are very similar with the human 
nervous system reaction to such chemical (toxic) stressors like alcohol and cocaine: 
the increase in the beta EEG power has been reported in several studies [Herning et 
al., 1997; Costa et al., 1997; Rangaswamy et al., 2002]. 

The Student t-test revealed changes between the sham and the microwave 
conditions to be statistically significant for the whole group in parietal (P3, P4 
channels), temporal (T3, T4 channels) and occipital (O1, O2 channels) brain areas.  

The SASI values calculated for individual subjects were also more positive with 
the exposure for the majority of subjects. The percentage of the subjects showing 
more positive values as a reaction to microwaves was the same for all the analyzed 
channels. 

In summary, it was reported that the ID and SASI methods revealed a 
significant increase in the EEG power for the group of subjects and for a number of 
individual subjects. However, the IhA method detected significant alterations only 
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for a smaller number of individual subjects. Thus, it can be concluded that the 
result of the evaluation of microwave induced effect depends on the EEG analysis 
procedure, pointing out that statistically significant changes may vary with the 
analysis method applied. 

The observation that microwave induced alteration in the EEG signal were 
demonstrated at different non-thermal levels of exposure using different analysis 
methods provides strong evidence for the presence of the effect that has been a 
topic of debate for decades. 

 

3.3 Evaluation of depressive disorder 
 

Subjective symptoms of depression are accompanied by objective alterations in 
the brain activity and in the EEG signal.  

As we proposed in Publication IV, the detection of depression can be based on 
the analysis of the EEG frequency spectrum.  The proposed spectral asymmetry 
index (SASI) is calculated as relative differences in the power of two EEG special 
frequency bands selected higher and lower of the EEG spectrum maximum (beta 
and theta bands). The EEG central frequency band round the spectrum maximum 
(alpha band) was excluded from the calculations. The boundary frequencies of the 
bands, as related to the frequency of the EEG spectrum maximum, were selected 
for each individual. The selected beta and theta bands can be shifted in the case of 
low or high spectrum maximum.  

In the study reviewed in Publication V the sensitivity of different well-known 
electroencephalographic indicators (IhA and IhC) for the detection of depression 
and introduced novel spectral asymmetry index SASI were compared using the 
database of EEG signals collected from the same subjects.  

 Previous papers conclude that the EEG beta band differentiates the depressive 
patients and the healthy controls [Yamada et al., 1995; Flor-Henry et al., 2004; 
Grin-Yatsenko et al., 2010] and that the EEG beta band is associated with mental 
depression [Sun et al, 2008]. 

The calculated EEG asymmetry between the left and right brain hemisphere was 
similar in both groups and no statistically significant differences between 
depressive patients and healthy controls were detected. Neither did the EEG 
coherence analysis reveal any significant differences between the depressive and 
the control group. The EEG IhC showed even an opposite direction of differences 
between depressive and healthy subjects in different brain regions. 

At the same time, the difference in SASI between the depressive and the control 
group is remarkable in all channels, showing positive values for patients with 
depressive disorder (except for 2 of 18) and negative values for healthy subjects 
(except for 3 of 18). The changes in polarity of SASI were determined by the 
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balance of the higher and the lower EEG frequency band power. The SASI is well 
correlated with the 17-item Hamilton Depression Rating Scale scores traditionally 
applied for those diagnosed of depression. The SASI values calculated between the 
depressive and the healthy group differ significantly in all channels (p<0.005). 
Hence, it was suggested that the method is a promising measure for the evaluation 
of depression.  

On the basis of the results it can be concluded that the introduced SASI provides 
better results in the detection of depression than the EEG inter-hemispheric 
asymmetry and coherence measures.  

 
Results presented in Publication VI demonstrate the dependence of SASI on the 

EEG signal length of 1, 5 and 30 min. The results for the control group showed the 
same trend as reported by Maltez et al. (2004), demonstrating a decrease in the beta 
power towards the end of the recording session in resting conditions, whereas the 
theta power showed a systematic increase. At the same time, the stability of the 
SASI values for depressive subjects at different signal lengths indicate a constant 
high level of the EEG beta band power during long-term recordings. 

In the SASI method the bandwidths of the higher and lower EEG frequency 
bands are selected depending on the EEG alpha maximum. The individual alpha 
frequency varies normally in the range of 8 to 12 Hz. The maximum alpha 
frequency changes over the lifespan, increasing up to adolescence and decreasing 
after that. The importance of evaluation on the individual alpha maximum was 
discussed in Publication VII. It was pointed out  that  individual  tuning  of  the  
EEG frequency  bands  provides much more  consistent  results  in the calculation 
of  the spectral asymmetry  index than by use of fixed traditional EEG frequency 
bands. Therefore, while applying the SASI method, the individual selection of EEG 
frequency bands is recommended. 
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CONCLUSIONS 
 

The study explores the capability of different EEG signal analysis methods to 
detect changes in the human EEG signal produced by different stressors. In this 
thesis the alteration in the EEG signal produced by the microwave exposure and 
depressive disorders were evaluated. Grouped according to the research topic, the 
main conclusions are listed below: 

 
Microwave radiation studies: 

a) The effect of microwave radiation on the brain electrical activity depends on the 
level of exposure. The results showed that the decrease of the microwave field 
20 dB reduces microwave related changes in the EEG signal 5-8 dB.  

b) Microwave exposure induced effects were demonstrated using all three methods 
selected for the EEG analysis (the methods of integration of differences, inter-
hemispheric asymmetry and spectral asymmetry index). 

c)  Resulting from microwave induced alterations in the EEG signal demonstrated 
by different analysis methods and at different non-thermal levels of exposure, 
strong evidence of the effect is demonstrated; to emphasize that it has been a 
topic of debate for decades. 

Depressive disorder evaluation: 
a) Traditional methods in the evaluation of depression induced changes in the EEG 

signal, like inter-hemispheric asymmetry and coherence, are not sensitive 
enough in the evaluation of disorder specific changes in the EEG signal. 

b) The Spectral Asymmetry Index introduced provides promising results in 
evaluating depressive disorder. Results show positive SASI values for the 
depressive group and negative SASI values for the control group.  The SASI is 
also well correlated with HAM-D scores traditionally applied for diagnoses of 
depression.  

Overall conclusions: 

1. The result of the evaluation of microwave induced effect and alterations 
produced by mental disorder depend on the EEG analysis procedure; 
statistically significant changes may vary with the analysis method applied.  

2. SASI method is sensitive to evaluation changes in the EEG signals produced by 
modulated microwave radiation and depressive disorder implying that the 
method detects changes in the brain bioelectrical activity caused by different 
stressors. 
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KOKKUVÕTE 

Nõrkade stressorite mõju avastamine inimese puhkeoleku 
elektroentsefalograafilises signaalis 

 
Käesolev töö hindab erinevate EEG analüüsi meetodite sobilikkust avastamaks 
väikeseid muutusi EEG signaalis, mis on põhjustatud a) mikrolainekiirguse või b) 
depressiooni poolt. 

 
Esimeses osas esitatakse ülevaade madalasagedusliku pulss-moduleeritud 

mikrolainekiirguse mõjust inimajule. Vaadeldakse mõju puhkeoleku- ja une EEG-
le. Lisaks antakse ülevaade teadustöödest, mille käigus uuriti efekti inimajule 
rakendades eri tasemega mikrolainekiirgust. 

Töö teises osas on toodud ülevaade uurimustöödest, mille põhisuundadeks on 
depressioonist tingitud muutuste uurimine EEG signaalis. Samuti antakse  
kokkuvõttev ülevaade erinevatest depressioonist tingitud muutuste hindamistest 
kasutades signaali analüüsi meetodeid.  

Kolmandas osas annab autor ülevaate teostatud eksperimentaalsetest 
uurimistöödest, esitletakse nelja signaali analüüsi meetodit ja hinnatakse nende 
võimekust väikeste muutuste avastamisel EEG signaalis. 

 
Töö tulemusena leiti järgmist: 
1. Mikrolainekiirguse mõju inimajule sõltub rakendatud kiirguse tasemest. Töö 
tulemused näitavad, et mikrolainekiirguse taseme vähendamine 20 dB vähendab 
muutusi EEG signaalis 5-8 dB. 
2. Mikrolainekiirguse mõju EEG signaalile demonstreeriti kasutades kõiki kolme 
analüüsi meetodit (ID, IhA, SASI)  
3. Depressiooni mõju EEG signaalile oli näidatud SASI meetodi abil, IhA ja IhC 
meetodiga jäid spetsiifilised muutused tuvastamata. 
  
Kokkuvõtvalt saab väita, et erinevate stressorite poolt avaldatud mõju tuvastamine 
on sõltuvuses kasutatud analüüsimeetodist, statistiliselt oluliste muutuste arv võib 
varieeruda lähtuvalt kasutatud analüüsi meetodist. SASI meetodit kasutades saab 
hinnata EEG signaalis muutusi, mis olid esile kutsutud nii mikrolainekiirguse kui 
ka depressiooni poolt.  
 

Võtmesõnad: mikrolainekiirguse mõju, EM-välja mõju, depressioon, EEG 
signaal, analüüsi meetodid. 
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ABSTRACT 

Detection of the Effect of Weak Stressors on Human Resting 
Electroencephalographic Signal 
 

The thesis focuses on the evaluation of the capability of different EEG analysis 
methods to detect small changes in human resting EEG signal caused by a) an 
external stressor such as microwave radiation and b) mental disorders such as 
depression. 

 

Section 1 summarized the effects of low-level pulse-modulated microwave 
radiation on brain bioelectrical activity. The effects on resting and sleep EEG are 
discussed. In addition, comparison of the effect of microwave radiation at two 
different levels of exposure is reviewed. 

Section 2 covers addresses the problems of how the EEG signal is affected by 
mental disorders like depression. Different analysis methods in the evaluation of 
depression related changes in brain bioelectrical activity are summarized. 

Section 3 summarizes the results of the experimental studies of the author and 
reviews four different signal analysis methods and capability of the methods of 
evaluating small hidden changes in the EEG signal. 

The results of the study add knowledge to understanding signal methods 
capability in evaluating different stressor impact on brain bioelectrical activity:  
1. The effect of microwave radiation on the brain electrical activity depends on 
the level of exposure. The results showed that the 20 dB decrease of the microwave 
field reduces microwave related changes in the EEG signal 5-8 dB.  
2. Microwave exposure induced effects were demonstrated using all three 
methods selected for the EEG analysis (ID, IhA, SASI). 
3. Depression related alterations in the EEG signal were not detected using the 
IhA and IhC signal analysis methods, thus spectral asymmetry index provides 
promising results in evaluating depressive disorders.  

 

In summary, it can be concluded that the result of the evaluation of the microwave 
induced effect and alteration produced by mental disorder depends on the EEG 
analysis procedure; statistically significant changes may vary with the analysis 
method applied. Changes in the EEG signals produced by modulated microwave 
radiation and depressive disorder were demonstrated using the SASI method, 
implying that the method detects changes in brain bioelectrical activity caused by 
different stressors. 

 

Keywords: microwave effect, EMF effect, depressive disorder, EEG signal, 
analysis methods. 
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APPENDIX 1 

PUBLICATIONS 
 
 
 
 

Publication I 
 
 
 
Suhhova, A., Bachmann, M., Karai, D., Lass, J., Hinrikus, H. (2012). Effect of 
microwave radiation on human EEG at two different levels of exposure. 
Bioelectromagnetics (in press) 

 

 

 

 
 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

























 



57 

 

APPENDIX 1 Continued 

PUBLICATIONS 

 
 
 
 

Publication II 
 
 
 

Suhhova, A., Bachmann, M., Lass, J., Karai, D., Hinrikus, H. (2009). Effect of 
modulated microwave radiation on human EEG asymmetry. The Environmentalist, 
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VWXYZ[\]̂_Z̀ âb̂VWXZ[cdcecf g̀V[̂
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APPENDIX 2 

ELULOOKIRJELDUS 
 

1. Isikuandmed 
 

 Ees- ja perekonnanimi  Anna Suhhova 
 Sünniaeg ja -koht  30.09.1982, Sindi, Pärnumaa, Eesti 
 Kodakondsus   eestlane 
 
2. Kontaktandmed 

   
 Aadress   Uue-Maailma, 24-24, 10131, Tallinn  
 Telefon   + 372 6202203 
 E-posti aadress  anna@cb.ttu.ee 
 
3. Hariduskäik  

   
 
4. Keelteoskus (alg-, kesk- või kõrgtase) 
 

 

 
 

Õppeasutus  
(nimetus lõpetamise ajal) 

Lõpetamise aeg Haridus  
(eriala/kraad) 

Tallinna Tehnikaülikool 2005 Infotehnoloogia  
teaduskond/tehnikateaduste 
bakalaureus 

Tallinna Tehnikaülikool 2007 Matemaatika-loodusteaduskond/ 
loodusteaduste magister 

Tallinna Tehnikaülikool  Matemaatika-
loodusteaduskond/doktorant 

Keel Tase 
Eesti Kõrgtase 
Inglise Kõrgtase 
Vene Kõrgtase 
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APPENDIX 2 Continued 

 
5. Teenistuskäik    
 

Töötamise aeg Tööandja nimetus Ametikoht 

2005–2007 Tallinna Tehnikaülikool Tehnik 
2006 – Põhja-Eesti 

Regionaalhaigla 
Medistiinitehnika 

vanemhaldur 
2007 – k.a Tallinna Tehnikaülikool Erakorraline 

teadur 

2012 – Põhja-Eesti 
Regionaalhaigla 

Meditsiinitehnika 
vaneminsener 

 
7. Teadustegevus 

Madala tasemega elektromagnetkiirguse mõju uurimine inemese EEG-le 
8. Teadustöö põhisuunad 

SF0142084As02, Bioelektriliste signaalide interpreteerimine, 2002–2006 
SF0140027s07, Biosignaalide interpreteerimine meditsiinitehnikas, 2007–2012 
ETF6632, Elektromagnetvälja mõju aju rühmidele, 2006–2009 
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APPENDIX 3 

 

CURRICULUM VITAE 
 

 

1. Personal data 

Name    Anna Suhhova 
Date and place of birth  30.09.1982, Sindi, Estonia 

 

2. Contact information 
 Address    Uue-Maailma, 24-24, 10131 Tallinn 
 Phone    + 372 6202203 
 E-mail    anna@cb.ttu.ee 
 

3. Education 
 

Educational institution Graduation year Education 
Tallinn University of 
Technology 

2005 Faculty of Information 
Technology/BSc. 

Tallinn University of 
Technology 

2007 Faculty of Science/MSc. 

Tallinn University of 
Technology 

 Faculty of Science/PhD 
Student 

 
   

4. Language competence/skills (fluent; average, basic skills) 
 

Language Level 
Estonian Fluent 
English Fluent 
Russian Fluent 
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APPENDIX 3 Continued 
 

 
5. Professional Employment 

 
Period Organisation Position 
2005–2007 Tallinn University of 

Technology 
Technician 

2006 – North Estonian Medical 
Centre 

Senior manager of 
medical devices 

2007 – Tallinn University of 
Technology 

Researcher 

2012 – North Estonian Medical 
Centre 

Senior engineer 

 
 

6. Scientific work 
 

Effect of low-level microwave radiation on human EEG 
 
7. Main areas of scientific work/Current research topics 

 
SF0142084As02, Interpretation of Bioelectrical Signals, 2002–2006 
SF0140027s07, Interpretation of Biosignals in Biomedical Engineering, 2007–2012 
ETF6632, Effect of electromagnetic radiation on brain oscillations, 2006–2009 
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DISSERTATIONS DEFENDED AT  
TALLINN UNIVERSITY OF TECHNOLOGY ON  

NATURAL AND EXACT SCIENCES 

1. Olav Kongas. Nonlinear Dynamics in Modeling Cardiac Arrhytmias. 1998. 

2. Kalju Vanatalu. Optimization of Processes of Microbial Biosynthesis of Isotopically 
Labeled Biomolecules and Their Complexes. 1999. 

3. Ahto Buldas. An Algebraic Approach to the Structure of Graphs. 1999. 

4. Monika Drews. A Metabolic Study of Insect Cells in Batch and Continuous Culture: 
Application of Chemostat and Turbidostat to the Production of Recombinant Proteins. 
1999. 

5. Eola Valdre. Endothelial-Specific Regulation of Vessel Formation: Role of Receptor 
Tyrosine Kinases. 2000. 

6. Kalju Lott. Doping and Defect Thermodynamic Equilibrium in ZnS. 2000. 

7. Reet Koljak. Novel Fatty Acid Dioxygenases from the Corals Plexaura homomalla and 
Gersemia fruticosa. 2001. 

8. Anne Paju. Asymmetric oxidation of Prochiral and Racemic Ketones by Using 
Sharpless Catalyst. 2001. 

9. Marko Vendelin. Cardiac Mechanoenergetics in silico. 2001. 

10. Pearu Peterson. Multi-Soliton Interactions and the Inverse Problem of Wave Crest. 
2001. 

11. Anne Menert. Microcalorimetry of Anaerobic Digestion. 2001. 

12. Toomas Tiivel. The Role of the Mitochondrial Outer Membrane in in vivo Regulation 
of Respiration in Normal Heart and Skeletal Muscle Cell. 2002. 

13. Olle Hints. Ordovician Scolecodonts of Estonia and Neighbouring Areas: Taxonomy, 
Distribution, Palaeoecology, and Application. 2002. 

14. Jaak Nõlvak. Chitinozoan Biostratigrapy in the Ordovician of Baltoscandia. 2002. 

15. Liivi Kluge. On Algebraic Structure of Pre-Operad. 2002. 

16. Jaanus Lass. Biosignal Interpretation: Study of Cardiac Arrhytmias and 
Electromagnetic Field Effects on Human Nervous System. 2002. 

17. Janek Peterson. Synthesis, Structural Characterization and Modification of PAMAM 
Dendrimers. 2002. 

18. Merike Vaher. Room Temperature Ionic Liquids as Background Electrolyte Additives 
in Capillary Electrophoresis. 2002. 

19. Valdek Mikli. Electron Microscopy and Image Analysis Study of Powdered 
Hardmetal Materials and Optoelectronic Thin Films. 2003. 

20. Mart Viljus. The Microstructure and Properties of Fine-Grained Cermets. 2003. 
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21. Signe Kask. Identification and Characterization of Dairy-Related Lactobacillus. 2003 

22. Tiiu-Mai Laht. Influence of Microstructure of the Curd on Enzymatic and 
Microbiological Processes in Swiss-Type Cheese. 2003. 

23. Anne Kuusksalu. 2–5A Synthetase in the Marine Sponge Geodia cydonium. 2003. 

24. Sergei Bereznev. Solar Cells Based on Polycristalline Copper-Indium Chalcogenides 
and Conductive Polymers. 2003. 

25. Kadri Kriis. Asymmetric Synthesis of C2-Symmetric Bimorpholines and Their 
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