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Abstract 

Aims: This thesis investigates electrophysiological changes and relationship with clinical 

and biochemical measures in depressive and suicidal patients during and following a 6-

week low-dose oral ketamine treatment using electroencephalography (EEG) spectral 

analysis. Previous studies have found low-dose ketamine to be effective in alleviating 

clinical symptoms and inducing electrophysiological changes, but to our knowledge, this 

is the first study investigating these changes and correlation with clinical and biochemical 

measures in long term, i.e., during the 6-week treatment period and 4 weeks after. 

Methods: Participants were diagnosed with major depressive disorder (MDD) and 

chronic suicidality. 4-minutes eyes closed resting EEG was recorded (N=25); blood tests 

were collected for biochemical measurements (N=20). Data analysis pipeline was created 

using the most recent methods and tools with an aim to create a semi-automated and time-

saving solution to prepare EEG data for analysis. Spectral analysis was performed using 

Welch’s power spectrum density (PSD) method. Theta, alpha, low-beta, and high-beta 

band powers were calculated at frontal, temporal, centro-parietal, and occipital regions. 

Correlation analysis was conducted using Spearman’s method. 

Results: Spectra changes were prominent in theta, alpha, and low-beta bands. Ketamine 

treatment significantly decreased alpha band power at centro-parietal region during the 

treatment but normalised back to baseline level after the treatment had stopped, 

suggesting that the effects of ketamine treatment to be transient in terms of alpha activity. 

However, power changes in centro-parietal, temporal and occipital theta; temporal alpha; 

temporal and occipital low-beta occurred after the treatment had ended, which could be 

explained by possible delayed ketamine-induced neuroplastic changes. Theta band 

changes displayed significant correlations with Depression Anxiety Stress Scale 21 

(DASS). Beck Scale for Suicidal Ideation (BSS) had no correlation with band power 

changes. Brain-derived neurotrophic factor (BDNF) correlated with theta band changes 

after the treatment had stopped and interleukin 6 (IL-6) with alpha band during the 

treatment. Endothelin 1 (ET-1) did not correlate with any significant band power changes. 

This thesis is written in English and is 29 pages long, including 6 chapters, 18 figures and 

14 tables. 
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Annotatsioon 

Eesmärgid: Käesolev lõputöö uurib depressiooni ja enesetapumõtetega täiskasvanute 

elektrofüsioloogilisi muutusi ja nende seost kliiniliste ja biokeemiliste teguritega 6-

nädalase suukaudse ketamiiniravi jooksul, kasutades elektroentsefalograafia (EEG) 

spektraalanalüüsi. Varasemad uuringud on tõendanud ketamiiniravist tulenenud 

kliiniliste sümptomite leevendamist ja elektrofüsioloogilisi muutusi, kuid antud lõputöö 

uurib esmakordselt ketamiinist tulenevaid elektrofüsioloogilisi muutusi ja suhet kliiniliste 

ja biokeemiliste teguritega pikaajaliselt. 

Meetodid: Uuringust osavõtjatel oli diagnoositud kliiniline depressioon (MDD) ja 

krooniline suitsiidsus. Silmad kinni puhkeoleku EEG salvestus kestis neli minutit (N=25) 

ning võeti vereproovid biokeemiliste muutujate saamiseks (N=20). Töö käigus kasutati 

uusimaid meetodeid ja tööriistu eesmärgiga luua poolautomaatne ja aega säästev lahendus 

EEG andmete eeltöötluseks ja analüüsiks. Uuritav aju jaotati regiooniti neljaks sagaraks: 

otsmikusagar, oimusagar, tsentro-parietaalsagar ja kuklasagar. Spektraalanalüüs teostati 

Welch’i võimsuse spektraaltiheduse (PSD) meetodiga. Võimsus leiti neljast erinevast 

sagedusribast: teeta, alfa, madal beeta ja kõrge beeta. Korrelatsioonid kalkuleeriti 

Spearmani meetodiga. 

Tulemused: Ketamiiniravi tõi esile muutused teeta, alfa ja madala beeta sagedusribades. 

Tsentro-parietaalse alfa võimsus vähenes raviperioodi ajal, kuid normaliseerus pärast ravi 

lõppu, näidates ketamiini mõju mööduvust. Teistes sagedusribades (tsentro-parietaalne, 

oimu ja kukla teeta; oimu alfa; oimu ja kukla madal beeta) toimusid muutused ainult 

pärast raviperioodi lõppu, mida võib seletada ketamiinist põhjustatud võimalike hilinenud 

neuroplastiliste muutustega. Teeta riba muutused näitasid märkimisväärset korrelatsiooni 

depressiooni-ärevuse-stressi skaalaga (DASS), kuid Becki enesetapumõtete skaalal 

(BSS) ei korreleerunud ühegi sagedusriba võimsuse muutusega. Tserebraalne 

neurotroofne faktor (BDNF) korreleerus teeta riba muutustega pärast ravi lõppu ja 

interleukiin 6 (IL-6) alfa ribaga ravi ajal. Endoteliin 1 (ET-1) ei olnud korrelatsioonis 

ühegi sagedusriba statistiliselt olulise võimsuse muutusega. 

Lõputöö on kirjutatud inglise keeles ning sisaldab teksti 29 leheküljel, 6 peatükki, 18 

joonist, 14 tabelit. 
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1 Introduction 

Major depressive disorder (MDD) is one of the most prevalent and disabling psychiatric 

disorders in the world, affecting one in six adults in their lifetime [3]. Besides the 

significant burden conferred by MDD alone, evidence suggests it can be a preliminary 

condition to many other psychiatric illnesses and is a major risk factor for suicidal 

ideation [3]. Clinically, suicidal ideation is commonly associated with recurrent and 

intrusive contemplations, wishes, and preoccupations with death and suicide. Annually, 

more than 700,000 deaths are attributed to suicide [5], which due to the high prevalence 

in MDD, substantially contributes to the 10.6 and 7.2 life years lost in men and women, 

respectively [5]. Currently, the clinical diagnosis and suicidal ideation rely on self-report 

measures in combination with psychiatrist screening within the confines of the Diagnostic 

and Statistical Manual of Mental Disorders 5th edition (DSM-5) criteria [6], which both 

are subjective in nature. To establish more robust diagnostic certainty that can address the 

significant variability in disorder pathogenesis and presentation, significant research has 

been focused on finding biomarkers for neuropsychiatric disorders (including MDD and 

suicidality) as reviewed in [7]–[9]. 

Previously, structural and functional brain abnormalities have formed the primary focus 

of biomarker identification in MDD [10] and suicidality [11]. Recently, there has been 

increasing interest in how these changes relate to dysfunctional neural circuit dynamics 

in suicidality [12] and MDD [13]. The spatio-temporal profile of neural circuit dynamics, 

and therefore information processing within the brain, is predominantly defined by the 

dynamic balance of excitatory and inhibitory transmission [14]. An emergent property of 

excitatory and inhibitory neural transmission that lends itself to measurement is the 

synchronised activity that arises from populations of neurons [15]. 

Electroencephalography (EEG) is a non-invasive imaging modality frequently used to 

measure these brain activity signals [16], which owing to technological advancements, 

has garnered renewed interest as a valuable method for determining biomarkers for MDD 

[7]–[9]. In recent clinical studies, EEG has shown promise in classifying depressed (and 
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suicidal) patients from healthy individuals [17]–[20] and in assessing ketamine as 

treatment for depression [21], [22]. 

Ketamine, a non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist, has 

shown considerable therapeutic potential in alleviating symptoms of MDD and suicidality 

at low-doses (0.5 mg/kg; reviewed in [23]). Mechanistically, these effects are associated 

with NMDA receptor mediated changes in excitatory and inhibitory transmission in the 

medial pre-frontal cortex, anterior cingulate cortex, and hippocampus [24], driving a 

period of plasticity-induced structural and functional remodelling [25]. 

One of the most common techniques to acquire information from EEG data is to transform 

the signals from time domain to frequency domain and describe the power of signals 

within well-known frequency bands: delta, theta, alpha, beta, and gamma [7]. This 

method, called band power or spectral analysis, of both global and region-specific EEG 

signals formed from cortical and sub-cortical circuits has yielded valuable insight into the 

influence of ketamine on neural circuit dynamics. One study compared 111 depressed and 

526 healthy subjects, and found increased power in theta, alpha, and beta bands at parietal 

and occipital regions for the depressed group [17]. In addition, increased relative theta 

band power has been found in healthy individuals with higher suicidality in frontal and 

central regions [19]. Furthermore, alpha band power has been found to be greater in 

frontal and parietal regions for unmedicated MDD patients compared with healthy 

controls [18]. A recent randomised double-blind trial including participants with 

treatment-resistant MDD found that intravenous sub-anaesthetic (0.5mg/kg) ketamine 

decreased power in theta, alpha (parietal region), and beta (centro-parietal region) bands 

shortly after infusion while decreasing depressive symptoms and suicidal ideation [22]. 

However, in contrast, another study found alpha band power to be increased at pre-frontal 

region early after sub-anaesthetic ketamine infusion for participants with treatment-

resistant depression [21]. 

This study aims to identify changes in the spectral properties of EEG after a 6-week oral 

ketamine treatment and determine if there are any correlations between EEG spectral 

results and clinical/biochemical measures, clinical outcomes included self-reported 

questionnaires, Beck Scale for Suicidal Ideation (BSS) and Depression Anxiety Stress 

Scale 21 (DASS). Biochemical measures included brain-derived neurotrophic factor 

(BDNF), interleukin 6 (IL-6), and endothelin 1 (ET-1). Considering previous findings in 
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[17]–[19], [21], [22], it was hypothesised that compared to baseline, EEG patterns at the 

post-treatment (6-week) timepoint would show; 1) a significant decrease of theta band 

power in all regions (frontal, temporal, centro-parietal, occipital), 2) a decrease of alpha 

band power in centro-parietal region, and 3) a decrease of low- and/or high-beta band 

power in centro-parietal region. At the final follow-up timepoint (10-week), it was 

predicted that the direction of changes in EEG power spectra would be trending back 

towards the baseline values based on findings in [22]. To our knowledge, this is the first 

study investigating electrophysiological changes and correlation with clinical and 

biochemical measures in long term, i.e., during the 6-week treatment period and 4 weeks 

after. 

The main part of this thesis firstly introduces the topic of the study including previous 

findings and states the hypotheses. The second chapter provides background information 

on MDD and suicidality, ketamine’s uses and neurobiology, basics of EEG, and brief 

explaination of the biochemical measures used in the study. The third chapter explains 

the methodology used for the data acquistion and analysis, including a link to the project 

source code. The fourth chapter provides an overview of the findings (i.e., spectral 

changes of EEG between three timepoints and correlations with clinical and biochemical 

measures). The fifth chapter provides a discussion on the results and draws comparisons 

with previous findings.  
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2 Background 

2.1 Major depressive disorder (MDD) and suicidality 

MDD is a mental disorder that is characterised by depressed mood, diminished interests, 

impaired cognitive function, and vegetative symptoms (i.e., disturbed sleep or appetite). 

The disorder is diagnosed when one has at least one discrete depressive episode lasting at 

least 2 weeks according to DSM-5, which was released in 2013 [6]. 

MDD is directly linked with suicidal ideation and suicidal attempts, which can drastically 

reduce the quality of life of the person suffering from the disorder along with that of their 

family’s [3]. People with MDD have an approximate 1.8-fold increase overall mortality 

and lose an estimated 10.6 and 7.2 life years for men and women, respectively [5]. 

Annually, approximately 800,000 deaths are attributed to suicide [26]. 

Presently, in treating MDD, there are two main options – psychotherapy and 

pharmacotherapy. Mild depressive episodes are usually treated with psychotherapy alone, 

but moderate-to-severe episodes combine the two therapies. Common psychotherapies 

used to treat MDD include cognitive-behavioural therapy, behavioural activation therapy, 

psychodynamic therapy, problem-solving therapy, interpersonal therapy, and 

mindfulness-based therapy. Accepted antidepressant drugs used within pharmacotherapy 

are serotonin reuptake inhibitors and serotonin-noradrenaline reuptake inhibitors, named 

after their pharmacological actions. However, it is estimated that other neurobiological 

systems could be involved in MDD as well, which are targeted by more experimental 

antidepressive agents, such as ketamine [3]. 

2.2 Ketamine 

2.2.1 Clinical applications 

Ketamine as treatment was initially introduced as an anaesthetic in 1964 and initially used 

on American soldiers during the Vietnam War. Currently, it is still a common anaesthetic 
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in paediatrics, field, and veterinary medicine due to its good safety profile. However, 

ketamine is also an addictive recreational drug and can result in physical harm (e.g., 

ulcerative cystitis), neurocognitive impairment, and deficits in working and episodic 

memory [27]. 

Historically, low dose (0.1-0.5 mg/kg) ketamine has been used for pain relief [28], in 

cases of prolonged epileptic seizures [29], and in MDD [30]. A review conducted in 2019 

[31] suggests that intravenous low dose ketamine could be used to treat MDD, but its 

long-term effects need further studies. Similarly, low-dose ketamine for treatment of 

suicidality was reviewed in [23] and found compelling results to treat acute suicidal 

ideation, but long-term effectiveness of the drug needs to be further studied. Additionally, 

oral ketamine administration for depression was systematically reviewed in [32] due to 

its ease of use with the potential for high accessibility; significant antidepressant 

properties and good overall tolerability, but the effects were not as rapid as those 

associated with intravenous ketamine infusion. 

2.2.2 Neurobiological mechanisms 

Ketamine is a non-competitive NMDA receptor antagonist, meaning it blocks NMDA 

receptors binding glutamate predominantly. The resultant antidepressant effects are 

hypothesised to occur via two different pathways (Figure 1). Firstly, by direct blockage 

of NMDA receptors on postsynaptic glutamate neurons, levels of BDNF increase, and α-

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamate receptors get 

shuttled to the synapse, enhancing synaptic efficacy; all that due to not enabling the 

activation of eukaryotic elongation factor-2 (eEF2) from the blockage of NMDA receptor. 

Secondly, by indirectly blocking NMDA receptors on γ-aminobutyric acid (GABA) 

interneurons, inhibition of glutamate release in presynaptic glutamate neurons gets 

decreased, resulting in enhanced stimulation of AMPA receptors; thereby, creating a 

signalling cascade that raises BDNF levels. Release of BDNF results in the stimulation 

of tropomyosin receptor kinase B (TrkB) receptors which therefore activates the 

mammalian target of rapamycin complex 1 (mTORC1). Finally, local protein synthesis 

takes place increasing dendritic spine growth and restoring synaptic connectivity. 

Conclusively, these pathways and final changes are expected to be involved with 

antidepressant effects of ketamine [33], [34]. 
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Figure 1. Antidepressant effects of ketamine are hypothesised to take place via two different pathways – 
by directly blocking NMDA receptors of postsynaptic glutamate neurons and/or blockade of NMDA 
receptors on GABA interneurons; both resulting in increased BDNF levels which increases dendritic 

spine growth and restores synaptic connectivity [33]. 

In addition to ketamine’s antidepressant effects, it also has anti-inflammatory and 

epigenetic effects which require further study. Furthermore, its efficacy may come from 

additional sites besides NMDA receptors. Also, ketamine’s isomers and metabolites 

differ in their mechanism of action and may have complementary or additive 

antidepressant effects [33], [35]. Other presumed antidepressants that increase glutamate 

release are serotonergic-based hallucinogens (e.g., LSD, psilocybin) which could serve 

as an entirely new class of antidepressant medications which could be the focus of MDD 

in future [33], [34], [36].  

2.3 Electroencephalography 

2.3.1 Neuronal activity 

EEG is a non-invasive electrophysiology modality used to measure brain’s electric fields 

from the surface of the scalp (Figure 2). The measurement is done through a set of 

electrodes placed on the scalp of the subject. These electrodes record the difference of 

voltage potentials between the electrode and reference, which depend on the synchronous 
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electrical activity of underlying neuronal populations. However, because of its non-

invasive nature, the neuronal signals reaching the electrodes get attenuated and distorted 

by volume conduction through various intracranial media and the scalp. Additionally, 

neuronal populations need to be active simultaneously (i.e., synchronous) for the voltage 

to be measurable at the scalp surface as this results in summation of currents that travel 

from the source to the electrodes [16]. 

 

Figure 2. Fundamental logic of EEG measurement. The electrode approximates the signal from 
underlying neuronal population and their generated dipoles. The signal is the summation of the neurons’ 

electrical activity – either irregular or synchronized. Figure adapted from [37].  

More specifically, in case of excitatory activity, the postsynaptic neuron generates an 

extracellular voltage close to the neural dendrites that is more negative than elsewhere 

along the neuron. This region of negative charge is referred to as a ‘sink’ and positive 

charge ‘source’ – collectively called ‘dipoles’. These neuronal current dipoles summed 

together from populations of neurons are measured by EEG electrodes. However, an 

electrode can only detect dipoles when it is closer to either the sink or the source side as 

otherwise the negative and positive sides will cancel each other out, resulting in net zero 

measurement [15]. 

2.3.2 Frequency domain analysis 

EEG signals can be described by three main components – frequency, phase, and 

amplitude. The concept of analysing EEG waveforms based on their frequency 

components goes back to the inventor of the method. EEG was invented by a German 

psychiatrist Hans Berger (1873-1941) in 1924 when he used the new technique to record 
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the first human electroencephalogram. He later published an article “Über das 

Elektrenkephalogramm des Menschen” (“On the Human Electroencephalogram”), where 

he first characterised two types of brainwaves – alpha and beta [38]. 

In present day, the most common way to quantify EEG signals for psychiatric disorders 

functionally is by frequency bands – delta, theta, alpha, beta, and gamma (Figure 3; 

reviewed in [7]–[9]). This technique is called spectral analysis, frequency domain/band 

analysis, or band power analysis. Delta rhythms (<4 Hz) are prominent when the subject 

is in deep sleep [39], [40]. Theta rhythms (4-8 Hz) have been found to be related to 

emotional processing [41], [42] and are present when the subject is experiencing 

drowsiness [43]. Alpha rhythms (8-12 Hz) are inversely related to the electrical activity 

in the brain, meaning greater alpha band power reflects inactivity in the brain and vice 

versa [39]. This rhythm is best seen when the subject’s eyes are closed and during mental 

relaxation and is attenuated by opened eyes and mental effort [40], [43]. Beta rhythms 

(12-30 Hz) have been related to expectancy, anxiety, and introverted concentration [39], 

[44]. Gamma rhythms (>30 Hz) have been found to reflect attention and sensory systems 

[39] and mood swings [45]. 

 

Figure 3. Commonly used predefined frequency bands and their EEG signals in time domain [46]. 

2.3.3 Signal artefacts and noise 

When recording EEG, it is inevitable that the recorded signals include artefacts and noise 

from other sources besides neuronal activity in the brain (Figure 4). These sources can be 

environmental or biological. Some of the environmental artefacts are power line noise 

(around 50 or 60 Hz), electromagnetic fields (i.e., nearby cell phones), and mechanical 

vibrations (i.e., door slamming). Biological artefacts include physiological electrical 
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activity, such as cardiac, ocular, and muscular activity [16]. These artefacts are usually 

removed prior to analysis in a process referred to as signal pre-processing. 

 

Figure 4. EEG signal artefacts and noise. Examples of these signals in time domain (left) and their 
corresponding power spectra in frequency domain (right) at various channel locations for (a) clean signal; 

(b) with power line noise; (c) with ocular artefacts; (d) with muscular artefacts [47]. 

2.4 Biochemistry 

2.4.1 Brain-derived neurotrophic factor 

BDNF is a neurotrophin that promotes the survival, growth, and maintenance of neurons 

in brain circuits involved in emotional and cognitive functions. More specifically, BDNF 

is synthesised as a precursor, pro-BDNF, which further transforms into mature BDNF 

which is then released into the extracellular space and processed [48]. Evidence suggests 

that abnormal levels of BDNF contributes to atrophy, synaptic disconnection, and 

dysfunction of brain circuits related to MDD [49]; in contrast, optimal levels of BDNF 

facilitate synaptic plasticity and remodelling, induction of long-term potentiation, 

modulation of gene expression for plasticity, resilience to neuronal insults, and alleviation 

of depressive symptoms [35], [50], [51]. 
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Clinical studies have shown that the level and function of BDNF are altered in MDD 

patients. Reductions in mature BDNF in serum and plasma have been measured in people 

with depression [52], [53] and suicidality [54], [55]. A systematic review done in 2014 

found significantly lower levels of serum mature and pro-BDNF in patients with 

unmedicated MDD compared to healthy controls [56]. On the other hand, the levels of 

BDNF seem to normalise with antidepressant and ketamine treatment [57]. 

2.4.2 Interleukin 6 

IL-6 is a cytokine which is associated with an inflammatory response within the brain and 

several clinical studies have confirmed its role in stress and depression [58]. Additionally, 

it is thought that psychological stress is linked to elevated inflammation [59]. Regarding 

depression, IL-6 has been found to be elevated in patients with MDD compared to healthy 

controls according to three meta-analyses [60]–[62]. Furthermore, one clinical study 

found that the elevated IL-6 in a depressed population decreased at 4 hours after ketamine 

infusion, but then returned to baseline 24 h after infusion had ceased [63]. 

2.4.3 Endothelin 1 

ET-1 is a peptide hormone responsible for various biological actions, including 

cardiovascular and neurological functions. Depression and cardiovascular morbidity and 

mortality are known to be related [64]. Supporting this, one previous study found that 

depression symptom severity predicted ET-1 elevation in patients with coronary artery 

disease [65]. 
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3 Methodology 

3.1 Study design 

The whole project started with a pilot study which assessed safety, feasibility, and clinical 

outcomes of oral ketamine treatment [1]. This thesis is based on a follow-up study 

describing electrophysiological changes of the treatment (Anijärv, Can et al. 2023; 

publication under review) and its relationship with clinical outcomes and biochemical 

measures. 

3.1.1 Clinical trial 

An open-label clinical trial, Oral Ketamine Trial on Suicidality (OKTOS), was conducted 

at the Thompson Institute of University of the Sunshine Coast between August 2018 and 

November 2019 [1]. The intervention consisted of 6 weeks flexible-dose (0.5-3.0 mg/kg) 

treatment with oral ketamine and 4 weeks follow-up phase without the treatment. 30 

participants received a total of six oral, sub-anaesthetic doses of ketamine for 6 weeks: 

one dose per week. 

The trial had three major timepoints (Figure 5): (1) ‘baseline’ or ‘Pre’ (i.e., up to 2 weeks 

prior to treatment); (2) ‘post-treatment’, ‘Post’ or ‘6 weeks’ (i.e., 1-7 days after the final 

treatment); (3) ‘follow-up’, ‘FUP’ or ’10 weeks’ (i.e., 28-32 days after the final 

treatment). The primary clinical outcome measure was reduction in suicidality with 

ketamine treatment and was determined by BSS. One of the secondary clinical measures 

was DASS, which is also included in this study. 

 

Figure 5. Clinical trial time schedule. Participants underwent treatment and follow-up phases, and three 
timepoints (i) baseline (‘Pre-ketamine’), (ii) post-treatment, and (iii) follow-up [1]. 
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3.1.2 Participants 

Of the total 32 participants who completed the trial, 25 were included in the analysis of 

EEG changes and correlations with clinical outcomes due to participant withdrawal (n=2 

after 6 weeks) and missing electrophysiological recording session(s) (n=1 for Pre, n=1 

for Post, n=3 for FUP). The final cohort of n= 25 participants included 11 males and 14 

females who were aged from 22 to 71 years (mean = 46.41, standard deviation = 14.12). 

20 participants out of these 25 were included in biochemical analysis due to missing 

datapoints for either BDNF, IL-6, or ET-1. These 20 participants included 10 males and 

10 females who were aged from 22 to 71 years (mean = 47.45, standard deviation = 

14.74). 

All participants were clinically diagnosed with MDD and chronic suicidality (as per the 

DSM-5) and 76% had comorbid mental health conditions including generalised anxiety 

disorder (GAD), borderline personality disorder (BPD), post-traumatic stress disorder 

(PTSD), and/or substance use disorder (SUD). All but three subjects were reported 

ongoing use of psychotropic medications. See Table 2 in Appendix 2 for the full overview 

of the demographics, diagnosed disorders, and medications. 

3.2 Data acquisition 

3.2.1 Electrophysiological recordings 

Participants were seated in a quiet, dimly lit room. Four minutes of eyes closed resting 

EEG data was acquired according to standard pharmaco-EEG procedures [66] with 

BioSemi ActiveTwo 32-channel system (Biosemi B.V, Amsterdam, Netherlands; Figure 

6) at sampling rate of 1024 Hz. Scalp electrodes (Ag/AgCl active electrodes impedances 

< 40 kΩ) were localised according to the international 10/10 layout. Six additional 

electrodes were placed including left and right mastoids for reference and four 

electrooculographic (EOG) electrodes for obtaining horizontal and vertical eye 

movements. 
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Figure 6. Electrode placement for BioSemi ActiveTwo 32-channel system with left and right mastoids, 
LM and RM, respectively, and horizontal and vertical EOG electrodes. 

3.2.2 Blood testing 

Peripheral blood samples were obtained from participants at all three timepoints. The 

plasma was extracted by centrifugating fresh blood samples with 

ethylenediaminetetraacetic acid as an anticoagulant and stored at -20°C until it was used 

for the study. Blood testing was always carried out in the morning to exclude any 

circadian or seasonal effect on BDNF, IL-6, or ET-1 concentrations. The concentrations 

were measured by the enzyme-linked immunoassay (ELISA) method. 

3.3 Electroencephalographic analysis 

An in-house EEG data processing pipeline ‘EEG-pyline’ was created and used for this 

study [2]. Using these scripts, acquired EEG signals were pre-processed, and spectral 

analysis was completed in brain regions of interest (Figure 11). 
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3.3.1 Signal pre-processing 

All the signals were filtered with 0.5-30 Hz band-pass, finite impulse response (FIR), 

zero-phase, non-causal filter with Hamming window. In terms of filter characteristics, 

passband ripple and stopband attenuation depend on the chosen window in filter design. 

The chosen Hamming window provides up to 53 dB of stopband attenuation with 

relatively small 0.0194 dB passband ripple [67].  

Required filter order was determined by the shortest transition bandwidth to ensure decent 

attenuation at the stop frequencies. Equation (1) displays the computation for filter order 

𝑚, where 𝐶 is a coefficient describing normalized transition width for a specific window 

type, 𝐷𝑓 is the shortest transition bandwidth, 𝐹! is the sampling frequency [68]. 

𝑚 =
𝐶

𝐷𝑓 𝐹!⁄  (1) 

In this case, the shortest transition bandwidth was 𝐷𝑓 = 0.5	𝐻𝑧, coefficient for Hamming 

window 𝐶 = 3.3, and sampling frequency	𝐹! = 1024	𝐻𝑧. In result, the calculated filter 

order was 𝑚 = 6758. Table 1 displays the filter parameters and Figure 7 illustrates the 

designed filter graphically. 

Table 1. Filter parameters. 

Parameter 
 

Type/value used Description/comments 

Filter type 
 

Band-pass, finite impulse response (FIR)  

Passband edges 
 

0.5-30 Hz Pre-defined frequency range of interest 

Cut-off frequency 
 

0.25 Hz; 33.75 Hz As -6 dB cut-off 

Filter order 
 

6758 Based on Hamming window and the 
shortest transition bandwidth 

Transition bandwidth 0.5 Hz (lower); 7.5 Hz (upper) 
 

 

Passband ripple 
 

0.0194 dB Based on Hamming window 

Stopband attenuation 
 

53 dB Based on Hamming window 

Filter delay 
 

Zero-phase, non-causal Delay is constant for all frequencies; zero 
phase distortion 

Direction of 
computation 

One-pass forward  
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Figure 7. Amplitude response in frequency-domain of the designed filter (order 6758, zero-phase, band-
pass, FIR). The graph displays the ideal filter (red dashed line) for 0.5-30 Hz band-pass but in reality, the 

transition bandwidths, passband ripples and stopband attenuation are never perfect. 

EOG artefacts, including eye blinks and movements, were removed by computing signal-

space projection [69] vectors using specific EOG channels acquired during EEG 

recording and applying these projections to the EEG signal to remove the artefacts. The 

previously mentioned steps were done using MNE package for Python [70]. 

Moreover, the signal was divided into equal-sized consecutive 5-second epochs without 

any overlap between epochs. Epochs were cleaned from artefacts in all channels using 

the Python package Autoreject (AR) (Figure 8) [71], [72]. This algorithm automates the 

EEG signal artefact rejection process, which is usually carried out via time-consuming 

manual visual inspection. The strategy of this algorithm is to estimate peak-to-peak 

thresholds for the signal amplitude for each channel using cross-validation (CV) with a 

robust error metric to remove or repair the artefactual epoch(s). AR has two methods for 

finding the threshold: global and local. Shortly, global AR finds one rejection threshold 

for all the channels and local AR goes through all channels separately and tries to repair 

artefactual epochs of a channel by interpreting from nearby channels, but if most of the 

channels for a given epoch are artefactual, the epoch is rejected. 

In this study, both (global and local) AR procedures were applied. Firstly, global AR 

found a single threshold based on epochs in all channels and rejected epochs that 

exceeded this value. Secondly, local AR, with consensus level (κ = 13) and maximum 

channels to interpolate (ρ = 4), was run on all channels separately meaning when less than 

13 channels were artefactual, a maximum of 4 channels were repaired, and if the before 

mentioned requirement was not satisfied, the whole epoch was rejected. The resulting 

EEG signals for each subject were screened visually using global field power plots to 
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check whether the magnitude of a signal is in similar scale throughout the whole signal 

meaning not having large artefacts in it (Figure 9). 

   

Figure 8. Artefact rejection process by Autoreject algorithm [72]. Left: global AR threshold estimation 
compared with manual human-set threshold where the used CV metric is the root mean squared error 

(RMSE) between the mean of the training set and the median of the validation set; for low threshold, the 
RMSE is high as most of the epochs are rejected (underfit) and for high threshold, the model does not 

drop any epochs (overfit); optimal threshold is in-between. Right: basis of local AR per each sensor (i.e., 
channel): the trial (i.e., epoch) is rejected if the number of bad channels > κ and otherwise, the worst ρ 

sensors are interpolated (i.e., repaired). 

 

Figure 9. Global Field Power plots of one participant’s EEG signals before (left) and after (right) artefact 
rejection. 

3.3.2 Spectral analysis 

The processed EEG signals were transformed into the frequency domain by estimating 

PSD using Welch’s method [73], with 2-second Hamming window, 50% overlap. 

Average absolute power values (µV2/Hz) were calculated for four frequency bands: delta 

(1-3.9 Hz), theta (4-7.9 Hz), alpha (8-12 Hz), low-beta (12.1-18 Hz), and high-beta (18.1-

30 Hz). All 32 channels were averaged together into four brain regions: frontal (Fp1/2, 

AF3/4, F3/4, F7/8, Fz), temporal (FC5/6. T7/8, CP5/6, P7/8), centro-parietal (FC1/2, 

C3/4, Cz, CP1/2, P3/4, Pz), and occipital (PO3/4, O1/2, Oz). 
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Additionally, signal reliability was checked for each band by calculating z-scores using 

median (M) and median absolute deviation (MAD) [74] across all the epochs to determine 

if the PSD values fluctuated across time. As the participants were recorded in resting 

state, the power spectra were expected to not change more than two MADs across epochs. 

Each time the z-score was more than the before mentioned level, visual check was done 

by comparing first and second half of the signal topographically (Figure 10). If visual 

inspection confirmed that the given band was unreliable for multiple participants, the 

band was dropped. Delta band (1-3.9 Hz) values did not pass this reliability test within 

most of the subjects, thereby was not included in further analysis. 

 

Figure 10. An example of the manual signal reliability check step via topographical plots. Two random 
cases where z-score > 2 MAD and topographical plots for signal reliability were prompted to the analyst 
for visual check to make the final decision. The left plot shows clear power differences between the first 

and the second half of the EEG signal, thereby was marked ‘bad delta’ for the given participant. The right 
plot was allowed through to the analysis after the visual inspection. 

 

Figure 11. Flowchart of the EEG pipeline starting from pre-processing and ending with spectral analysis. 
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3.4 Correlation analysis 

Correlation coefficients for changes between timepoints (i.e., baseline, post-treatment, 

and follow-up) were found for EEG power at all four frequency bands with biochemical 

results (BDNF, IL-6, ET-1) and two self-reported clinical measures (BSS, DASS). DASS 

includes three different measures which were used in the analysis separately: DASS-D 

for depression, DASS-A for anxiety, and DASS-S for stress. For calculating the 

coefficients, Spearman correlation was used due to the nature of non-gaussian distribution 

of the data [75]. Thresholds for the coefficients were set as the following: ±0.3-0.5 for 

low correlation; ±0.5-0.7 for moderate correlation; and ±0.7-1.0 for high correlation. 

3.5 Statistics 

To evaluate EEG power differences across different timepoints (i.e., baseline, post-

treatment, and follow-up), a Wilcoxon signed-rank test was used. The non-parametric test 

was required since the EEG data did not meet the parametric assumptions (i.e., not 

normally distributed), and participants were compared to themselves across timepoints 

(i.e., paired samples). For statistical testing of the Spearman correlation coefficients, two-

tailed t-test distributions were used. The significance threshold was set at p < 0.05. The 

statistical analysis and data visualisation were performed with the support of Pandas [76], 

[77], NumPy [78], SciPy [79], Matplotlib [80], [81], Seaborn [82] packages for Python. 

The EEG data is summarized and presented by measures of central tendency and 

dispersion – both by median (M) with interquartile range (IQR) and mean with standard 

deviation (SD) [83]. 
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4 Results 

4.1 Changes in band powers 

4.1.1 Theta band 

Theta band displayed significant changes only between post-treatment and follow-up 

timepoints. There were increases in power between post-treatment and follow-up 

timepoints at temporal (MPost = 2.641, IQRPost = [1.194; 4.694] → MFUP = 2.784, IQRFUP 

= [1.334; 5.932]; pPost- FUP = 0.006) and centro-parietal (MPost = 0.857, IQRPost = [0.399; 

1.492] → MFUP = 1.025, IQRFUP = [0.437; 1.698]; pPost-FUP = 0.019) regions and a decrease 

in power for occipital region (MPost = 3.670, IQRPost = [1.189; 5.140] → MFUP = 2.854, 

IQRFUP = [1.375; 5.874]; pPost-FUP = 0.012) (Figure 12; Table 3). 

 

Figure 12. Theta band power for different timepoints and brain regions. Power spectra values have been 
plotted in a logarithmic scale y-axis. Statistical significance annotations are following: * p<.05; ** p<.01, 

and exact p-values can be found in Table 3. 
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4.1.2 Alpha band 

Alpha band power at centro-parietal region was decreased between pre-treatment and 

post-treatment (MPre = 2.248, IQRPre = [0.758; 3.605] → MPost = 1.635, IQRPost = [0.871; 

3.077]; pPre-Post = 0.048), followed by an increase in power between post-treatment and 

follow-up timepoints (MPost = 1.635, IQRPost = [0.871; 3.077] → MFUP = 2.004, IQRFUP = 

[1.109; 3.574]; pPost-FUP = 0.007). Analyses similarly revealed an increase in power 

between post-treatment and follow-up timepoints at the temporal region (MPost = 3.989, 

IQRPost = [2.263; 5.742] → MFUP = 4.130, IQRFUP = [3.321; 8.034]; pPost-FUP = 0.003) 

(Figure 13; Table 4). 

 

Figure 13. Alpha band power for different timepoints and brain regions. Power spectra values have been 
plotted in a logarithmic scale y-axis. Statistical significance annotations are following: * p<.05; ** p<.01, 

and exact p-values can be found in Table 4. 

4.1.3 Low-beta band 

Low-Beta band showed increase in power between post-treatment and follow-up 

timepoints at the occipital region (MPost = 0.987, IQRPost = [0.708; 2.297] → MFUP = 

1.170, IQRFUP = [0.767; 2.224]; pPost-FUP = 0.027). Also, the power decreased between 

post-treatment and follow-up at temporal region (MPost = 1.042, IQRPost = [0.701; 1.388] 

→ MFUP = 0.953, IQRFUP = [0.781; 1.665]; pPost-FUP = 0.042) (Figure 14; Table 5). 
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Figure 14. Low-beta band power for different timepoints and brain regions. Power spectra values have 
been plotted in a logarithmic scale y-axis. Statistical significance annotations are following: * p<.05, and 

exact p-values can be found in Table 5. 

4.1.4 High-beta band 

When comparing high-beta band power between pre-treatment-vs-post-treatment, post-

treatment-vs-follow-up, or pre-treatment-vs-follow-up, no statistically significant 

differences were found (Figure 15; Table 6). 
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Figure 15. High-beta band power for different timepoints and brain regions. Power spectra values have 
been plotted in a logarithmic scale y-axis. Statistical significance levels can be found in Table 6. 

4.2 Correlation with clinical outcomes 

None of the power spectra changes within the four bands displayed any correlation with 

the main clinical outcome, BSS. However, the secondary clinical outcome measure, 

DASS, showed several significant correlations with the EEG spectral analysis results. 

Change in DASS-D correlated with Post-FUP change in occipital theta (r = 0.431, p = 

0.032; Figure 16); frontal low-beta (r = -0.464, p = 0.019); frontal high-beta (r = -0.571, 

p = 0.003), and with Pre-FUP change in occipital low-beta (r = -0.421, p = 0.036); 

temporal high-beta (r = -0.504, p = 0.010); and centro-parietal high-beta (r = -0.420, p = 

0.036).  

Change in DASS-A correlated with Pre-Post changes in occipital theta (r = -0.522, p = 

0.007) and with Pre-FUP changes in centro-parietal theta (r = -0.404, p = 0.045); temporal 

alpha (r = -0.455, p = 0.022); and temporal high-beta (r = -0.443, p = 0.027).  

Change in DASS-S correlated with Pre-Post changes in temporal theta (r = -0.585, p = 

0.002); occipital low-beta (r = -0.506, p = 0.010); occipital theta (r = -0.659, p = 0.0003); 

temporal low-beta (r = -0.528, p = 0.007), and with Post-FUP changes in occipital theta 
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(r = 0.526, p = 0.007, Figure 16), and with Pre-FUP changes in temporal alpha (r = -0.402, 

p = 0.046); temporal high-beta (r = -0.595, p = 0.002); and occipital high-beta (r = -0.399, 

p = 0.048). Tables 7-10 in Appendix 4 contain all mentioned correlation coefficients. 

 

Figure 16. Theta at occipital region between post-treatment and follow-up timepoints (also had significant 
change in power, see Figure 12) correlates positively with DASS-D (left) and DASS-S (right). Displayed 

data is ranked and plotted in percentiles. 

4.3 Correlation with biochemical measures 

Power changes correlated with biochemical measures mostly between baseline and post-

treatment timepoints in theta and alpha bands. Most correlated biochemical measure was 

IL-6 and least BDNF. 

Change in BDNF correlated with Post-FUP change in centro-parietal theta (r = -0.478, p 

= 0.033, Figure 17) whereas the change of power between the timepoints was also 

statistically significant (Figure 12). 

Change in IL-6 correlated with Pre-Post change in centro-parietal alpha (r = 0.534, p = 

0.015, Figure 17) whereas the change of power between the timepoints was also 

statistically significant (Figure 13). Additionally, change in IL-6 correlated with Pre-Post 

change in frontal theta (r = 0.519, p = 0.019); temporal theta (r = 0.496, p = 0.026); centro-

parietal theta (r = 0.651, p = 0.002); frontal alpha (r = 0.568, p = 0.009); frontal low-beta 

(r = 0.677, p = 0.001); temporal low-beta (r = 0.481, p = 0.032); centro-parietal low-beta 



34 

(r = 0.549, p = 0.012); frontal high-beta (r = 0.552, p = 0.012); centro-parietal high-beta 

(r = 0.537, p = 0.015). 

Change in ET-1 correlated with Pre-Post change in temporal theta (r = 0.565, p = 0.009) 

and occipital theta (r = 0.477, p = 0.034). Tables 11-14 in Appendix 5 contain all 

mentioned correlation coefficients.  

 

Figure 17. At centro-parietal region, theta between post-treatment and follow-up timepoints correlates 
negatively with BDNF (left) and alpha between baseline and post-treatment correlates positively with IL-

6 (right). Both changes of band powers were also statistically significant (Figure 12, Figure 13). 
Displayed data is ranked and plotted in percentiles. 
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5 Discussion 

The main objective of this study was to explore spectral changes of EEG in patients with 

MDD and chronic suicidality following 6 weeks of low-dose oral ketamine treatment. 

Secondly, it was to investigate correlations between changes in EEG spectral results and 

changes in clinical and biochemical measures. 

The most conclusive finding was the hypothesized alpha band power change at the centro-

parietal region. Between baseline and post-treatment timepoints, the power decreased and 

after the treatment period (i.e., between post-treatment and follow-up) it increased again 

at centro-parietal region (Figure 13, Figure 18). Similar changes were also reported in 

another recent study including ketamine as treatment for depression [22]. Similarly, we 

found alpha band power significantly increasing between the post-treatment and follow-

up timepoints at temporal region. However, at that same region a decrease in power 

before, between baseline and post-treatment, was not statistically significant. As alpha 

band power has been found to be higher in depressive subjects compared to healthy 

controls [17], [18], our findings suggest that low-dose oral ketamine decreases alpha band 

power at centro-parietal region, but the changes revert close to pre-treatment levels after 

ketamine treatment has ceased. We did not find any statistically significant change 

between alpha band power between pre-treatment and follow-up (Figure 13), which 

suggests the effects of ketamine are transient in terms of changes in alpha activity. 

For theta band, we did not find any power changes immediately following the treatment 

period (i.e., week 6), but there were significant changes between post-treatment and 

follow-up timepoints – power was decreased at the occipital region and increased at 

temporal and centro-parietal regions (Figure 12, Figure 18). Similar to our results, another 

study reported an increase in theta band power after some period of time had passed after 

stopping the treatment [22]. However, in our case, the follow-up was 4 weeks, and in their 

study, it was after 2 hours, so the results are not directly comparable. Other clinical studies 

(which did not include ketamine treatment) have found theta power to be higher in 

participants with depression compared to healthy controls. For example, theta power has 
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been found to be increased at parietal and occipital regions [17] and frontal and central 

regions [19]. Based on these studies, the occipital theta decrease observed here could 

represent a delayed positive treatment effect due to ketamine-induced neuroplastic 

changes. In contrast, an increase in temporal and centro-parietal theta power would 

suggest the opposite – that treatment effects have ceased, and the depressive 

pathophysiology returns. Thereby, theta band power changes in our study are 

inconclusive, and more studies are needed to confirm the function of theta band power in 

depression and suicidality, and whether this is ameliorated by ketamine treatment. 

High-beta band showed no significant power changes across timepoints (Figure 15), but 

low-beta power between post-treatment and follow-up decreased at temporal region and 

increased at occipital region (Figure 14, Figure 18). Our findings for beta bands were not 

consistent with previous findings [22]. In terms of cognitive functions, a recent study 

found that low-beta (and alpha) band powers at parieto-occipital region reflect one’s sense 

of agency [84], whereas distorted sense of agency has been suggested to be linked to 

several neuropsychiatric disorders including depression [85]. Beta band activity has also 

been related to anxiety previously [39], [44], which itself has been used to predict suicidal 

ideation [86]; indicating an indirect relationship. Therefore, ketamine’s therapeutic effect 

on depression and suicidality reported here could be mediated by changes in beta band 

activity that influence sense of agency and/or symptoms of anxiety, but further studies 

are needed for more precise conclusions. 

 

Figure 18. Illustrative visualisation of brain regions and significant changes in band powers between 
baseline and post-treatment (left), between post-treatment and follow-up (middle), and between pre-

treatment and follow-up timepoints. Created with BioRender.com. 
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Whilst none of the power spectra changes correlated with the main clinical outcome 

(BSS), several significant relationships with the secondary measure (DASS) were found. 

One of the most relevant correlation findings was the theta band power change at occipital 

region showed a moderate positive correlation with DASS-S and weak positive 

correlation with DASS-D between post-treatment and follow-up timepoints (Figure 16). 

This is relevant because the changes at occipital region for theta band power between 

post-treatment and follow-up were also statistically significant (Figure 12). 

Correlation with biochemical measures emerged mostly during the treatment (i.e., 

between baseline and post-treatment) in the case of IL-6 and ET-1. One of the notable 

correlations between IL-6 was positive correlation with alpha band change during the 

treatment period at centro-parietal region (Figure 17) whereas that band power change 

was also statistically significant (Figure 18). BDNF displayed less correlation with EEG 

band power changes, but its changes correlated mostly after the treatment had ended. 

Between post-treatment and follow-up timepoints, theta band power change at centro-

parietal region correlated negatively with BDNF (Figure 17) whereas the power change 

was also statistically significant (Figure 12). 

In this study, there were several limitations which may have impacted the results. Firstly, 

the sample size was relatively small, which may have impacted the results. Secondly, the 

neurological effects of concurrent medications could not be excluded as most of the 

participants were taking various psychotropic medications throughout the trial. Finally, 

this study focused on chronic suicidality (i.e., patients with suicidality for at least six 

months), and there may be different outcomes if this period of duration changes. 

This study found that long-term low-dose oral ketamine treatment resulted in significant 

changes in EEG power spectra in adults with MDD and chronic suicidality. However, 

further studies of low-dose oral ketamine in suicidality are needed using a randomised 

control study design and larger sample size to address the limitations of the current open-

label trial. 
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6 Summary 

The main aim of this thesis was to investigate electrophysiological changes during and 

after 6-week low-dose oral ketamine treatment in depressive and suicidal adults. It was 

found that ketamine treatment decreased alpha band power during the active treatment 

phase, but these changes returned towards the baseline after the treatment ceased – 

suggesting ketamine’s effects are transient. However, multiple other power changes in 

theta, alpha, and low-beta bands occurred after the treatment had stopped which could be 

explained by delayed ketamine-induced neuroplastic changes. Some of the changes in 

band power between time points were associated with DASS, but not with BSS. BDNF 

had a correlation with the changes in band power after the treatment phase, while IL-6 

and ET-1 showed correlations during treatment. 

In addition to studying the effects of ketamine, the EEG pipeline used in this analysis was 

proposed and created with an aim to make signal pre-processing semi-automated and less 

time-consuming using the most recent reliable methods and tools. There are software 

solutions which handle most of the signal processing and analysis automatically, but they 

are expensive and use a so-called “black-box” approach, meaning it is often hard to know 

what the code is actually “doing”. 
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Appendix 2 – Demographics table of the participants 

Table 2. Demographics, diagnosis, concurrent medications, and gathered data of the subjects (* ‘in 
addition to Chronic Suicidality’) 

Subject 
 

Data acquisition Gender Age, 
years 

DSM-5 diagnosis* Psychotropic medication(s) 

01 
 

EEG + blood test Male 63.16 MDD, GAD Quetiapine, Tranylcypromine, 
Chlorpromazine 

02 
 

EEG + blood test Male 32.35 MDD, GAD Escitalopram 

03 
 

EEG + blood test Female 45.62 MDD Sertraline 

06 EEG + blood test Female 58.63 MDD, GAD Quetiapine, Lithium, Imipramine, 
Chlorpromazine 

07 
 

EEG + blood test Male 42.34 MDD, GAD Escitalopram, Propranolol 

08 
 

EEG + blood test Male 63.71 MDD, GAD Sertraline 

10 
 

EEG + blood test Female 22.19 MDD, GAD Fluoxetine 

11 
 

EEG + blood test Male 47.30 MDD Duloxetine, Mirtazapine, 
Pregabalin 

12 
 

EEG + blood test Female 27.17 MDD, GAD, BPD Vortioxetine, Valium, Fluoxetine 

15 
 

EEG Female 50.23 MDD Asenapine, Lithium, Sertraline, 
Bupropion 

16 
 

EEG Male 58.33 MDD Amitriptyline 

18 
 

EEG + blood test Male 30.21 OCD, MDD - 

20 
 

EEG + blood test Male 48.34 MDD, PTSD Olanzapine, Mirtazapine, 
Duloxetine 

22 
 

EEG + blood test Male 45.62 MDD, PTSD Desvenlafaxine, Mirtazapine, 
Lithium 

23 
 

EEG Female 30.51 MDD, BPD Paroxetine 

25 
 

EEG + blood test Female 36.04 MDD, GAD, BPD Duloxetine, Lithium, Lorazepam 

26 
 

EEG + blood test Female 55.70 OCD, PTSD, MDD - 

27 
 

EEG + blood test Male 64.06 GAD, MDD Lithium, Clomipramine, 
Olanzapine, Zolpidem, Asenapine 

28 
 

EEG + blood test Female 57.65 MDD, GAD Duloxetine, Amitriptyline 

29 
 

EEG + blood test Male 71.80 MDD - 

31 
 

EEG Female 38.71 MDD, GAD Sertraline, Quetiapine 

33 
 

EEG Female 33.33 MDD, GAD, BPD, 
SUD 

Fluoxetine, Asenapine 

35 
 

EEG + blood test Female 55.86 MDD Fluoxetine 

38 
 

EEG + blood test Female 24.11 MDD, GAD Duloxetine, Amitriptyline, 
Pregabalin 

40 
 

EEG + blood test Female 57.19 MDD, PTSD Oxazepam 
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Appendix 3 – Tables for band powers and comparisons across 

timepoints 

Table 3. Theta band power descriptive values for different timepoints and brain regions with statistical 
significance levels for comparisons (* p<.05; ** p<.01). 

 Baseline 6 weeks 10 weeks Comparison 
 Mean 

(SD) 
Median 
(IQR) 

Mean 
(SD) 

Median 
(IQR) 

Mean 
(SD) 

Median 
(IQR) 

p0-6 p6-10 p0-10 

Frontal 
 

2.227 
(3.251) 

1.375 
(0.743- 
2.677) 

1.680 
(1.590) 

1.111 
(0.638- 
1.769) 

1.814 
(1.782) 

1.218 
(0.699- 
2.397) 

0.220 0.287 0.396 

Temporal 
 

3.453 
(3.698) 

2.252 
(1.387- 
3.762) 

3.018 
(2.173) 

2.641 
(1.194- 
4.694) 

3.763 
(2.939) 

2.784 
(1.334- 
5.932) 

0.634 0.006** 0.090 

Centro-
parietal 
 

1.286 
(1.353) 

0.853 
(0.559- 
1.449) 

1.145 
(0.939) 

0.857 
(0.399- 
1.492) 

1.268 
(1.006) 

1.025 
(0.437- 
1.698) 

0.751 0.019* 0.508 

Occipital 
 

3.899 
(3.986) 

2.630 
(1.612- 
4.236) 

3.410 
(2.525) 

3.670 
(1.189- 
5.140) 

3.986 
(3.136) 

2.854 
(1.375- 
5.874) 

0.525 0.012* 0.312 

 

Table 4. Alpha band power descriptive values for different timepoints and brain regions with statistical 
significance levels for comparisons (* p<.05; ** p<.01). 

 Baseline 6 weeks 10 weeks Comparison 
 Mean 

(SD) 
Median 
(IQR) 

Mean 
(SD) 

Median 
(IQR) 

Mean 
(SD) 

Median 
(IQR) 

p0-6 p6-10 p0-10 

Frontal 
 

2.556 
(2.193) 

1.328 
(0.867- 
3.755) 

2.107 
(1.964) 

1.343 
(0.820- 
2.613) 

2.543 
(2.343) 

1.738 
(0.759- 
3.439) 

0.381 0.200 0.596 

Temporal 
 

5.513 
(4.505) 

4.302 
(1.999- 
8.163) 

4.408 
(2.952) 

3.989 
(2.263- 
5.742) 

6.288 
(5.264) 

4.130 
(3.321- 
8.034) 

0.173 0.003** 0.113 

Centro-
parietal 
 

2.509 
(2.017) 

2.248 
(0.758- 
3.605) 

1.937 
(1.361) 

1.635 
(0.871- 
3.077) 

2.522 
(2.068) 

2.004 
(1.109- 
3.574) 

0.048* 0.007** 0.634 

Occipital 
 

11.417 
(15.845) 

5.802 
(3.177- 
13.386) 

9.316 
(11.217) 

6.499 
(3.066- 
9.136) 

12.914 
(16.872) 

8.094 
(4.424- 
12.789) 

0.411 0.113 0.287 

 

Table 5. Low-Beta band power descriptive values for different timepoints and brain regions with 
statistical significance levels for comparisons (* p<.05). 

 Baseline 6 weeks 10 weeks Comparison 
 Mean 

(SD) 
Median 
(IQR) 

Mean 
(SD) 

Median 
(IQR) 

Mean 
(SD) 

Median 
(IQR) 

p0-6 p6-10 p0-10 
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Frontal 
 

0.713 
(0.525) 

0.544 
(0.305- 
0.938) 

0.559 
(0.342) 

0.403 
(0.300- 
0.749) 

0.593 
(0.428) 

0.435 
(0.301- 
0.833) 

0.113 0.634 0.141 

Temporal 
 

1.367 
(1.009) 

1.043 
(0.731- 
1.508) 

1.202 
(0.673) 

1.042 
(0.701- 
1.388) 

1.449 
(1.114) 

0.953 
(0.781- 
1.665) 

0.751 0.042* 0.396 

Centro-
parietal 
 

0.602 
(0.544) 

0.510 
(0.257- 
0.704) 

0.492 
(0.393) 

0.390 
(0.284- 
0.550) 

0.572 
(0.540) 

0.414 
(0.218- 
0.701) 

0.134 0.252 0.895 

Occipital 
 

1.712 
(1.297) 

1.167 
(0.865- 
2.135) 

1.517 
(1.231) 

0.987 
(0.708- 
2.297) 

1.885 
(1.743) 

1.170 
(0.767- 
2.224) 

0.353 0.027* 0.312 

 

Table 6. High-Beta band power descriptive values for different timepoints and brain regions with 
statistical significance levels for comparisons. 

 Baseline 6 weeks 10 weeks Comparison 
 Mean 

(SD) 
Median 
(IQR) 

Mean 
(SD) 

Median 
(IQR) 

Mean 
(SD) 

Median 
(IQR) 

p0-6 p6-10 p0-10 

Frontal 
 

0.490 
(0.441) 

0.353 
(0.213-  
0.534) 

0.390 
(0.270) 

0.335 
(0.151- 
0.513) 

0.373 
(0.258) 

0.294 
(0.228- 
0.489) 

0.312 1.000 0.426 

Temporal 
 

0.679 
(0.537) 

0.473 
(0.389- 
0.789) 

0.628 
(0.427) 

0.468 
(0.345- 
0.771) 

0.695 
(0.494) 

0.545 
(0.430- 
0.758) 

0.958 0.263 0.474 

Centro-
parietal 
 

0.285 
(0.247) 

0.221 
(0.150- 
0.288) 

0.241 
(0.171) 

0.176 
(0.152- 
0.281) 

0.279 
(0.275) 

0.188 
(0.138- 
0.317) 

0.275 0.300 0.937 

Occipital 
 

0.710 
(0.636) 

0.469 
(0.384- 
0.889) 

0.604 
(0.443) 

0.415 
(0.310- 
0.831) 

0.835 
(0.939) 

0.537 
(0.345- 
1.133) 

0.230 0.156 0.325 
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Appendix 4 – Correlation tables between band powers and 

clinical outcomes 

Table 7. Theta band power correlation coefficients with clinical outcomes for different timepoints and 
brain regions (* p<.05; ** p<.01, *** p<.001). 

 Baseline - 6 weeks 6 weeks - 10 weeks Baseline - 10 weeks 
 BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
Frontal 
 

-0.027 -0.177 -0.076 -0.205 -0.056 -0.313 -0.055 -0.132 0.033 -0.046 0.024 -0.113 

Temporal 
 

-0.305 -0.289 -0.377 -0.585 
** 

-0.044 0.143 -0.055 0.099 0.102 -0.064 -0.283 -0.062 

Centro-
parietal 

-0.088 -0.313 -0.221 -0.299 0.128 -0.072 -0.198 0.039 0.058 -0.150 -0.404 
* 

-0.139 

Occipital 
 

-0.309 -0.358 -0.522 
** 

-0.659 
*** 

0.162 0.431
* 

0.235 0.526 
** 

0.084 -0.111 -0.235 0.014 

 

Table 8. Alpha band power correlation coefficients with clinical outcomes for different timepoints and 
brain regions (* p<.05). 

 Baseline - 6 weeks 6 weeks - 10 weeks Baseline - 10 weeks 
 BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
Frontal 
 

0.005 -0.056 0.029 -0.150 0.011 -0.376 -0.241 -0.372 -0.088 -0.130 0.057 -0.189 

Temporal 
 

-0.143 -0.159 -0.231 -0.358 0.100 0.213 0.278 0.110 -0.109 -0.196 -0.455 
* 

-0.402 
* 

Centro-
parietal 

0.089 -0.115 -0.053 -0.120 0.312 0.055 0.150 0.083 0.008 -0.092 -0.349 -0.248 

Occipital 
 

-0.058 -0.108 -0.152 -0.222 0.015 0.286 0.310 0.229 -0.156 -0.305 -0.284 -0.335 

 

Table 9. Low-beta band power correlation coefficients with clinical outcomes f for different timepoints 
and brain regions (* p<.05; ** p<.01). 

 Baseline - 6 weeks 6 weeks - 10 weeks Baseline - 10 weeks 
 BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
Frontal 
 

0.012 -0.190 0.067 -0.176 -0.151 -0.464 
* 

-0.224 -0.375 -0.057 -0.203 0.032 -0.288 

Temporal 
 

-0.394 -0.356 -0.251 -0.528 
** 

-0.151 -0.024 0.006 -0.078 -0.256 -0.384 -0.375 -0.331 

Centro-
parietal 

-0.106 -0.276 -0.152 -0.312 0.009 -0.032 0.044 0.053 -0.044 -0.284 -0.336 -0.171 

Occipital 
 

-0.248 -0.249 -0.234 -0.506 
** 

0.044 0.379 0.169 0.318 -0.149 -0.421 
* 

-0.282 -0.216 
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Table 10. High-beta band power correlation coefficients with clinical outcomes for different timepoints 
and brain regions (* p<.05; ** p<.01). 

 Baseline - 6 weeks 6 weeks - 10 weeks Baseline - 10 weeks 
 BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
BSS DASS 

(D) 
DASS 

(A) 
DASS 

(S) 
Frontal 
 

0.097 0.030 0.315 0.055 -0.388 -0.571 
** 

-0.211 -0.365 0.075 -0.070 0.215 -0.181 

Temporal 
 

-0.324 -0.227 -0.033 -0.334 -0.215 -0.120 0.176 -0.073 -0.365 -0.504 
* 

-0.443 
* 

-0.595 
** 

Centro-
parietal 

-0.093 -0.092 0.181 -0.165 -0.008 -0.101 0.114 -0.029 -0.186 -0.420 
* 

-0.181 -0.204 

Occipital 
 

-0.228 -0.167 -0.159 -0.391 -0.130 0.135 -0.006 0.051 -0.236 -0.396 -0.364 -0.399 
* 
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Appendix 5 – Correlation tables between band powers and 

biochemical measures 

Table 11. Theta band power correlation coefficients with biochemical measures for different timepoints 
and brain regions (* p<.05; ** p<.01). 

 Baseline - 6 weeks 6 weeks - 10 weeks Baseline - 10 weeks 
 BDNF IL-6 ET-1 BDNF IL-6 ET-1 BDNF IL-6 ET-1 
Frontal 
 

0.265 0.519 
* 

0.307 -0.024 0.238 0.347 0.086 -0.030 0.038 

Temporal 
 

0.235 0.496 
* 

0.565 
** 

-0.026 0.053 0.149 -0.057 0.152 0.147 

Centro-
parietal 

0.096 0.651 
** 

0.355 -0.478 
* 

0.141 0.170 -0.146 -0.036 0.153 

Occipital 
 

0.170 0.182 0.477 
* 

-0.203 0.117 0.092 0.081 0.202 0.035 

 

Table 12. Alpha band power correlation coefficients with biochemical measures for different timepoints 
and brain regions (* p<.05; ** p<.01). 

 Baseline - 6 weeks 6 weeks - 10 weeks Baseline - 10 weeks 
 BDNF IL-6 ET-1 BDNF IL-6 ET-1 BDNF IL-6 ET-1 
Frontal 
 

0.338 0.568 
** 

0.289 -0.144 -0.119 0.168 0.211 -0.131 -0.156 

Temporal 
 

-0.012 0.191 0.194 -0.078 0.173 -0.120 0.054 0.003 0.092 

Centro-
parietal 

0.026 0.534 
* 

-0.033 -0.223 -0.006 0.186 -0.177 -0.077 0.027 

Occipital 
 

-0.093 0.182 0.135 -0.014 0.138 -0.314 0.296 0.198 0.009 

 

Table 13. Low-beta band power correlation coefficients with biochemical measures for different 
timepoints and brain regions (* p<.05; ** p<.01). 

 Baseline - 6 weeks 6 weeks - 10 weeks Baseline - 10 weeks 
 BDNF IL-6 ET-1 BDNF IL-6 ET-1 BDNF IL-6 ET-1 
Frontal 
 

0.095 0.677 
** 

0.295 -0.149 -0.107 0.194 0.080 -0.194 -0.123 

Temporal 
 

0.099 0.481 
* 

0.353 -0.008 -0.113 -0.011 0.092 -0.063 -0.128 

Centro-
parietal 

0.117 0.549 
* 

0.104 -0.426 -0.218 0.060 -0.135 -0.102 -0.176 

Occipital 
 

0.176 0.241 0.296 -0.298 -0.128 -0.183 -0.075 0.062 -0.164 
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Table 14. High-beta band power correlation coefficients with biochemical measures for different 
timepoints and brain regions (* p<.05). 

 Baseline - 6 weeks 6 weeks - 10 weeks Baseline - 10 weeks 
 BDNF IL-6 ET-1 BDNF IL-6 ET-1 BDNF IL-6 ET-1 
Frontal 
 

-0.200 0.552 
* 

0.107 -0.174 -0.141 -0.053 0.002 -0.150 -0.140 

Temporal 
 

-0.250 0.389 0.223 0.134 -0.205 -0.171 0.117 0.048 0.224 

Centro-
parietal 

-0.158 0.537 
* 

0.164 -0.250 -0.205 0.029 -0.141 -0.131 -0.048 

Occipital 
 

-0.191 0.165 0.065 -0.248 -0.111 -0.418 -0.005 0.205 0.165 

 


