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Zusammenfassung 

 

Die Theorie der selbst-organisierten Kritikalität 

als neurodynamisches Korrelat des 

Bewusstseins: Ein neurophysiologischer Ansatz 

zur Messung von Bewusstseinszuständen anhand 

EEG-basierter Komplexitätsparameter 

 

Hintergrund und Zielsetzung 

Diese Arbeit basiert auf der Hypothese, dass der aus 

der Physik stammende theoretische Ansatz der 

selbstorganisierten Kritikalität auf die neuronale 

Dynamik des menschlichen Gehirns angewendet 

werden kann. Aus der Perspektive der 

Bewusstseinsforschung ist dies besonders attraktiv, 

da die kritische Gehirndynamik eine Nähe zu einem 

Phasenübergang impliziert, der mit optimierten 

Informationsverarbeitungsfunktionen sowie dem 

größten Repertoire an Konfigurationen verbunden 

ist, die ein System während seiner zeitlichen 

Entwicklung durchläuft. Daher könnte die 

selbstorganisierte Kritikalität als neurodynamisches 



Korrelat für das Bewusstsein dienen, das die 

Möglichkeit bietet, empirisch überprüfbare 

neurophysiologische Indizes abzuleiten, die zur 

Charakterisierung und Quantifizierung von 

Bewusstseinszuständen geeignet sind. Ziel dieser 

Arbeit war es, die Anwendbarkeit der 

selbstorganisierten Kritikalität als hypothetisches 

Korrelationsmaß für das Bewusstsein experimentell 

zu untersuchen. Zu diesem Zweck sollten auf der 

Grundlage der Analyse von drei 64-Kanal-EEG-

Datensätzen die folgenden Forschungsfragen 

beantwortet werden: 

(i) Lassen sich auf der Ebene des EEGs Signaturen 

selbstorganisierter Kritikalität in Form einer 

skalenfreien Verteilung neuronaler Lawinen und des 

Vorhandenseins temporaler Autokorrelationen 

(LRTC) in der Amplitude neuronaler Oszillationen 

finden?  

(ii) Sind Kritikalitätsmerkmale geeignet, um 

Bewusstseinszustände im Spektrum des Wachseins 

zu differenzieren? 



(iii) Kann die neuronale Dynamik durch mind-body 

Interventionen in Richtung des kritischen Punktes 

eines Phasenübergangs verschoben werden, der mit 

einer optimierten Informationsverarbeitungsfunktion 

verbunden ist?  

(iv) Kann eine eindeutige Beziehung zu anderen 

nichtlinearen Komplexitätsmerkmalen und 

Leistungsspektraldichteparametern identifiziert 

werden?  

(v) Spiegeln EEG-basierte Kritikalitätsmerkmale 

individuelle Persönlichkeitsmerkmale wider?  

 

Material und Methoden  

Studie (1): Reanalyse: Dreißig meditationserfahrene 

Teilnehmer (Durchschnittsalter 47 Jahre, 11 

Frauen/19 Männer, Meditationserfahrung von 

mindestens 5 Jahren Praxis oder mehr als 1000 

Stunden Gesamtmeditationszeit) wurden mit 64-

Kanal-EEG während einer Sitzung gemessen, die 

aus einem aufgabenfreien Ruhezustand, einer 

Lesebedingung und drei Meditationsbedingungen 





aufgabenfreien Ruhezustands aufgezeichnet. Das 

individuelle Level der sensorischen 

Verarbeitungssensibilität wurde mit der High 

Sensitive Person Scale (HSPS-G) bewertet.  

Die Datensätze wurden mit Analysewerkzeugen aus 

der Theorie der selbstorganisierten Kritikalität 

(trendbereinigende Fluktuationsanalyse, neuronale 

Lawinenanalyse), nichtlinearen 

Komplexitätsalgorithmen (Multiskalenentropie, 

fraktale Dimension nach Higuchi) und der 

Leistungsspektraldichte analysiert. In Studie 1 und 2 

wurden die Aufgabenbedingungen kontrastiert und 

die Effektstärken mit einem gepaarten zweiseitigen t-

Test verglichen. Die t-Werte wurden anhand der 

Falscherkennungsrate für multiples Testen korrigiert. 

Zur Berechnung der Korrelationen zwischen den 

EEG-Merkmalen wurde die Spearman- 

Rangkorrelation verwendet, nachdem mit dem 

Shapiro-Wilk-Test festgestellt worden war, dass die 

Verteilung nicht für parametrische Tests geeignet 

war. Darüber hinaus wurde in Studie 1 eine 

Diskriminanzanalyse durchgeführt, um die 



Klassifizierungsleistung der EEG-Merkmale zu 

bestimmen. Hier wurden eine partielle Kleinste-

Quadrate-Regression (Englisch: Partial Least 

Squares Regression) und eine Analyse der 

Grenzwertoptimierungskurve (Englisch: receiver 

operating charactersitic, ROC) angewandt. Um 

festzustellen, ob die EEG-Merkmale individuelle 

Charaktereigenschaften widerspiegeln, wurde das 

individuelle Level der Absorptionskapazität (Studie 

2) und der sensorischen Verarbeitungssensibilität 

(Studie 3) mit den EEG-Merkmalen unter 

Verwendung der Spearman- Rangkorrelation 

korreliert. 

 

Ergebnisse 

Signaturen selbstorganisierter Kritikalität in Form 

einer skalenfreien Verteilung neuronaler Lawinen 

und zeitlichen Autokorrelationen (LRTCs) in der 

Amplitude neuronaler Oszillationen wurden in drei 

verschiedenen EEG-Datensätzen nachgewiesen. 

Sowohl EEG-Kritikalität als auch 

Komplexitätsmerkmale waren geeignet, 



unterschiedliche Bewusstseinszustände zu 

charakterisieren. In Studie 1 zeigten alle drei 

meditativen Zustände im Vergleich zum 

Ruhezustand signifikant reduzierte 

Autokorrelationen mit moderaten Effektgrößen 

(Präsenz: d= -0,49, p<.001; gedankenlose Leere: d= 

-0,37, p<.001; und fokussierte Aufmerksamkeit: d= -

0,28, p=.003). Der kritische Exponent war geeignet, 

um zwischen fokussierte Aufmerksamkeit und 

Präsenz zu unterscheiden (d= -0,32, p=.02). In 

Studie 2 änderten sich die Kritikalitätsparameter im 

Verlauf des Experiments signifikant, wobei die Werte 

eine Verschiebung in Richtung des kritischen 

Regimes während der Klangbedingung suggerieren. 

Beide Analysen des ersten und zweiten Datensatzes 

ergaben, dass der kritische Exponent signifikant 

negativ mit Werten der Entropie, dem aus der 

trendbereinigende Fluktuationsanalyse 

resultierenden Skalierungsexponenten, der das 

Ausmaß der zeitlichen Autokorrelationen angibt, 

sowie der fraktalen Dimension nach Higuchi in jeder 

Bedingung korreliert war. Darüber hinaus wurde 





und zu charakterisieren. Die Übereinstimmung des 

Modells mit den derzeit einflussreichsten Theorien 

auf dem Gebiet der Bewusstseinsforschung wird 

diskutiert.  

 

Schlüsselwörter 
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Abstract 

 

Self- organized criticality as a neurodynamical 

correlate of consciousness: 

A neurophysiological approach to measure states of 

consciousness based on EEG-complexity features 

 

Background and Objectives 

This thesis was based on the hypothesis that the 

physics-derived theoretical framework of self-

organized criticality can be applied to the neuronal 

dynamics of the human brain. From a consciousness 

science perspective, this is especially appealing as 

critical brain dynamics imply a vicinity a phase 

transition, which is associated with optimized 

information processing functions as well as the 

largest repertoire of configurations that a system 

explores throughout its temporal evolution. Hence, 

self-organised criticality could serve as a 

neurodynamical correlate for consciousness, which 

provides the possibility of deriving empirically 

testable neurophysiological indices suitable to 



characterise and quantify states of consciousness. 

The purpose of this work was to experimentally 

examine the feasibility of the self-organized criticality 

theory as a correlate for states of consciousness. 

Therefore, it was aimed at answering the following 

research questions based on the analysis of three 64 

channel EEG datasets: 

(i) Can signatures of self-organized criticality be 

found on the level of the EEG in terms of scale-free 

distribution of neuronal avalanches and the presence 

of long-range temporal correlations (LRTC) in 

neuronal oscillations?  

(ii) Are criticality features suitable to differentiate 

state of consciousness in the spectrum of 

wakefulness? 

(iii) Can the neuronal dynamics be shifted towards 

the critical point of a phase transition associated with 

optimized information processing function by mind-

body interventions?  

(iv) Can an explicit relationship to other nonlinear 

complexity features and power spectral density 

parameter be identified?  











association between critical dynamics and the level 

of sensory processing sensitivity could not be verified 

(study 3).  

 

Conclusion 

The findings of this thesis suggest that neuronal 

dynamics are governed by the phenomena of self-

organized criticality. EEG-based criticality features 

were shown to be sensitive to detect experimentally 

induced alterations in the state of consciousness. 

Further, an explicit relationship with nonlinear 

measures determining the degree of neuronal 

complexity was identified. Thus, self-organized 

criticality seems feasible as a neurodynamical 

correlate for consciousness with the potential to 

quantify and characterize states of consciousness. 

Its agreement with the current most influencing 

theories in the field of consciousness research is 

discussed.  

 

Keywords: Self-organised criticality, correlates of 

consciousness, neural dynamics, phase transition, 



complexity, optimal information processing, 

meditation, sensory processing sensitivity, EEG 
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consciousness classified by the method of induction. 

Here, the categories span from spontaneously 

occurring (states of drowsiness, daydreaming, 

hypnagogic states, sleep and dreaming, near-death 

experiences), physically and physiologically induced 

(extreme environmental conditions such as pressure 

or temperature, starvation and diet, sexual activity 

and orgasm, respiratory manoeuvres), 

psychologically induced (sensory deprivation, 

homogenization, and overload, rhythm-induced 

trance, relaxation, meditation, hypnosis, 

biofeedback), to disease induced (psychotic 

disorders, coma and vegetative state, epilepsy) and 

pharmacologically induced [31]. Also, it has been 

argued that ASC share certain features regardless of 

their induction method [32]. Whereas the concept of 

altered states of consciousness is still under an 

ongoing debate [33, 34], much effort has been done 

to develop measures to assess the subjective 

experience of perceptual alterations. For instance, in 

1995 a series of 11 experiments containing different 

induction methods was compiled on 1133 probands 
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organization of biological complexity, approaches 

from Statistical Physics have been transferred and 

adapted to investigate living organisms [71]. 

Especially in neuroscience, the understanding of 

how the interaction of billions of neurons coordinated 

across multiple scales produces emergent 

phenomena such as cognition, behaviour and 

consciousness has been inspired researchers to 

incorporate interdisciplinary perspectives. 

A prominent non-invasive electrophysiological 

technique to measure electrical activity arising from 

the brain is the electroencephalography (EEG). This 

method records voltage fluctuations on the scalp 

associated with neuronal ionic current representing 

the summation of inhibitory and excitatory 

postsynaptic potentials. Given its high temporal 

resolution in a millisecond range, the EEG is 

beneficial in the evaluation of dynamic neuronal 

functioning. Historically, the first EEG recording was 

performed by Richard Caton, a British physician, in 

1875, who recorded electrical activity in rabbits and 

monkeys. Half a century later, in 1929, the Germany 
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dwelling in each attractor basin, time series are characterized 

by long-tailed distributions (here shown on a logarithmic scale). 

(B) Metastable systems do not have attractors, rather a 

sequence of unstable fixed points and time series are 

associated with gamma distributions (here shown in linear 

coordinates). Modified from [92].  

 

1.2.2 Self-similarity of the EEG 

Generally, fractal geometry is associated with 

Euclidian objects, which reflect iterative processes, 

i.e. procedural repetitions and recursion, 

incorporating the previous state of the system as the 

input of a new iteration. Hence, these are dividable 

into identical segments, each reduced by a scaling 

factor (Figure 4). Such self-similarity cannot only be 

defined geometrically, but also statistically. Statistical 

self-similarity is also indicated with the term self-

affinity [93]. Moreover, fractal behaviour is not only 

evident in space, but also in the time domain [94].  
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The choice of this algorithm is motivated by several 

studies, showing that the HFD is promising for the 

discrimination of states of consciousness. For 

instance, it has been used to measure the depth of 

sedation in intensive care unit [109], showing that 

HFD values decrease with the depth of anaesthesia 

[110]. In the context of anaesthesia it has been found 

that HFD is accurate in estimating the bispectral 

index (BIS), a method which quantifies the degree of 

phase coupling between EEG components [111]. It 

has been concluded that HFD depicts an even more 

promising method for the assessment of anaesthesia 

depth [112], especially in combination with other 

measures such as the burst suppression ratio [113]. 

Further, it has been effectively used for the 

discrimination between sleep stages [114], even 

using a single EEG channel [115], as well as 

between sleep and propofol induced EEG spindles 

[116]. In the context of diseases, already over a 

decade ago, HFD has been applied in 

neurophysiology for the detection of epileptic 

seizure, providing better temporal resolution than 
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Figure 8: MSE analysis of simulated white and 1/f noise time 

series. The value of the sample entropy is plotted against the 

scale factor, which specifies the number of data points 

averaged to obtain each element of the coarse-grained time 

series [130]. 

The MSE analysis was chosen as several studies 

demonstrated that the MSE is useful for quantifying 

neural complexity in the context of states of 

consciousness [136]. For instance, Miskovic and 

colleagues showed significant MSE changes across 

the human sleep cycle in the EEG [137]. Also, in one 

study MSE values were used as input data to train an 

artificial neural network for monitoring the depth of 

anaesthesia during surgery. The effectiveness of this 
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consolidation was also proposed by other studies 

[141]. As an example, significant MSE differences 

were reported in a visual memory task, which 

involved making the executive decision of 

remembering or forgetting the visual stimuli. Hereby, 

greater complexity in the prefrontal and frontal lobe 

was observed, when participants intentionally 

memorized a visual scene [142]. 

However, to understand the complexity of brain 

activity and its function, a comprehensive theoretical 

framework is required describing the multitude of 

interaction of billions of neurons. In the following I will 

elaborate on the concept of self-organized criticality, 

which has originally been introduced as an 

explanation of ubiquitous 1/f noise [143]. In recent 

years, the hypothesis arose that self-organized 

criticality is a fundamental property of neural systems 

[144]. As described in the following, the theory states 

that the brain state space dynamics self-organize 

towards a phase transition, an attractor termed the 

critical state. This premise is especially compelling, 

as the critical state has been associated with optimal 
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Figure 9: (A) Diagram of the spins in the Ising model in an 

ordered state at low temperature, a complex state at critical 

temperature and a disordered state at high temperature, 

adapted from [150]. (B) Simulation of a 2D Ising model with 

length = 256 in subcritical, critical and supercritical states as 

temperatures increases from left to right panels. Black areas 
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parametrize the space of cellular automata. In his 

work, Langton (1990) showed the occurrence of a 

phase transition between highly ordered, 

deterministic and highly disorder, chaotic dynamics. 

Further, he outlined that the vicinity of the transition 

point supported optimal processing, transmission 

and storage of information [158] (Figure 10).  

 
Figure 10: A binary cellular automaton represents an n-

dimensional array of binary cells. The states are update 

synchronously in discrete time steps, whereby each state t+1 

depends on the state of the cells at time t. Langton (1990) 

identified different classes corresponding to different dynamical 
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the adjacent site, extending their slope. This dynamic 

was found to be governed by power laws [161]. 

Importantly, the concept of criticality as proposed by 

Bak, Tang and Wiesenfeld fundamentally differs from 

the critical point at phase transitions in equilibriums 

statistical mechanics as no tuning of a parameter, for 

instance temperature, is required. Hence, the critical 

point is an attractor, to which the system self-

organized, whereby the scaling properties are 

insensitive to the parameters of the model [161].] 

However, after a rapid increase of publications in this 

field in the 1990s, interest slowly receded [144]. 

Hence, the conjecture of critical brain dynamics has 

come a long way before it was only recently put to 

experimental testing ground and revived [162]. 

 

1.3.1 Experimental findings and functional benefits 

In vitro cultures exhibit spontaneous dynamical 

activity, brief bursts of activity followed by longer 

intervals of quiescence [163]. In 2003, Beggs and 

Plenz hypothesized that the propagation of activity in 

networks of cortical neurons is describable by 
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Further, in vivo experiments confirmed power law 

statistic and spontaneous activity in form of neuronal 

avalanches in cats under anaesthesia [170, 171], in 

awake monkeys [170, 172] and in rats traversing the 

wake-sleep cycle [173]. First signatures of criticality 

in the human brain were reported by Linkenkaer-

Hansen and colleagues, who focused on the 

temporal fluctuations employing a method called 

detrended fluctuation analysis (DFA) and reported 

scale-free temporal statistics in EEG data [174]. One 

more step towards evidencing criticality was 

achieved when Shriki and colleagues analysed 

resting-state brain activity from 124 participants 

using magnetoencephalography (MEG). Here, large 

deflections at single MEG sensors were identified 

and analysed as cascades. The authors reported that 

cascade size distribution obeyed power laws with an 

exponent of -3/2 at timescales where the branching 

parameter was close to 1. A scaling and coarse 

graining of the sensor array did not change this 

relationship [175]. Using intracranial depth 

recordings in humans it was further shown that 
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avalanche distributions follow a power law, whereby 

these differed between states of vigilance with larger 

and longer avalanches during rapid eye movement 

(REM) sleep [176]. Interestingly, Priesemann and 

colleagues analysed highly parallel spike recordings 

from animals and LFP from human, suggesting that 

the dynamic is self-organized towards a slightly 

subcritical brain state [177]. The authors suggest that 

potential advantages may be a safety margin from 

supercriticality and developed methods to precisely 

quantify the distance to the critical point [178, 179]. 

Subsequently, spatial critical dynamics were also 

described in whole brain functional neuroimaging 

(fMRI) data [180].  

Such studies provided proof-of-principle that SOC 

could be a unifying framework to understand 

complex patterns of activity in the brain and, by 

extension, cognition, behaviour and consciousness 

[92]. Work on criticality in physical systems suggest 

that systems in a critical state exhibit optimal 

computational properties [92] and it has been shown 

that critical dynamics in the brain would be 
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Figure 12: Stepwise explanation of the detrended fluctuation 

analysis. (A) shows an original time series taken from a 1/f 

signal sampled at 5 Hz with a duration of 100 s. (B) The 

cumulative sum of the time series. (C) Removal of the linear 

trend from the signal for each time window. (D) Plot of the mean 

fluctuation per window size against window size on a 
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.  

Figure 13: (A) Schematic illustration of the event identification 

process. Adapted from [175]. (B) Avalanche definition. 

Neuronal avalanches are defined as a contiguous sequence of 

time bins of activity preceded, ending with at least one time bin 

of quiescence. Modified from [202]. (C) Probability distribution 

of the relationship between size and likelihood of avalanches 

shown in double logarithmic coordinates. At criticality a scale-

free process yields a power law relationship with a critical 

exponent of -3/2. Adapted from [92].  
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same scaled mean shape as short avalanches (      

Figure 14) [203].  

 

     

Figure 14: Shape collapse procedure [149]. First, raw 

avalanche shapes are determined by averaging the profile of all 

avalanches with a given duration. Then, the avalanches are 

scaled to a uniform length and finally, the scaling parameter is 

estimated by using a quadratic polynomial. Adapted from [201]. 

 

1.3.4 Clinical relevance  

The concept of combining consciousness and 

criticality is promising for a wide range of clinical 

applications (Figure 15) [148]. For instance, findings 

suggest that criticality-based markers could 

potentially be used to assess the depth of 

anaesthesia [205]. An analysis of long-range 

temporal correlations (LRTC) combined with spectral 

data successfully differentiated between 
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be positively correlated with the scaling exponent of 

an adaption of the detrended fluctuation analyses 

(DFA) [213]. As criticality implies optimal information 

capacity and transmission in models [193], the role 

of criticality in aspects of attention, cognition and 

learning has also been a topic of investigation. As an 

example, it has been shown that power law scaling 

decreases with increased cognitive load in a MEG 

study of children with high-functional autism, who 

underwent executive function tasks [214]. Further 

studies suggested that focused cognitive tasks 

induce subcritical dynamics [215]. In contrast, an 

EEG study of 210 neurotypical adults undergoing an 

object recognition tasks demonstrated that variation 

in 1/f noise robustly predicted cognitive processing 

speed [216]. Suggesting that critical state dynamics 

are important for language acquisition, Dimitriadis et 

al. carried out a MEG study of children with reading 

difficulties. Here, temporal correlations decreased in 

the left temporoparietal region at rest compared to a 

age and IQ matched control group [217]. In line with 

these findings, increased LRTC positively correlated 
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with language score was demonstrated in a high-

density EEG study of neurotypical children [218]. 

Also, high intelligence has been associated with 

near-criticality dynamics in a resting-state as shown 

in a recent functional magnetic resonance imaging 

(fMRI) study of neurotypical adults with varying IQ 

scores [219]. Furthermore, criticality-based markers 

were used to improve the understanding of 

psychiatric conditions. For instance, in one study 

MEG was recorded from patient with major 

depressive disorder (MDD) and healthy controls 

during an eyes-closed resting state. The magnitude 

of temporal correlations over the left- temporo-

central region was suitable to predict severity of 

depression assessed with the Hamilton Depression 

Rating Scale. In comparison to controls, patients with 

MDD exhibit absent LRTC in the theta frequency 

band, which was interpreted as a possible underlying 

defect in limbic-cortical networks [220]. The latter 

could not be confirmed in an EEG study of patients 

with MDD, whereas increased LRTC scaling 

exponents were correlated positively with depression 
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with healthy participants provided evidence that 

neurofeedback can restore critical brain dynamics. It 

has been speculated that neurofeedback alters 

excitation associated with increases in temporal 

improvement and hence, could balance psychiatric 

conditions, which have been characterized by 

decreased LRTC [229, 230]. In summary, the 

concept of criticality has several domains of clinical 

application. While criticality-based markers are not 

yet part of clinical routine and despite some 

controversies, these could prove beneficial in 

diagnosis, prognosis or treatment of a variety of 

diseases and may pave an important avenue of 

future research for understanding brain-related 

disorders and the relationship between neural and 

cognitive flexibility [148]. 
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Figure 15: Illustration of long-range temporal correlations 

(LRTC) as a function of criticality in different conditions. 

Adapted from [231] and [148]. The grey area represents the 

physiological range of brain dynamics. Black arrays show the 

deviations towards a subcritical regime (left) or a supercritical 

regime (right) according to findings in the literature [148]. 

Double arrays imply contradictory evidence for both increases 

and decreases in LRTC.   
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2. Research questions and Aims 

 

I. Can signatures of self-organized criticality be 

found on the level of the EEG?  

For this purpose, electrophysiological data 

(64-channel EEG) will be analyzed in respect 

to the key experimental observations in 

support of the criticality hypothesis: (1) 

neuronal avalanches with power law 

distribution, (2) long-range temporal 

correlations (LRTCs) in the amplitude of 

neural oscillations. To note, in this thesis I will 

not aim at answering whether the brain is 

critical, rather than outline possible 

interpretations of experimental results. Many 

studies have been conducted and 

controversies emerged. To date, there is no 

study enabling to confirm or disprove the 

criticality hypothesis in neuronal networks. 

However, with this research, I aim to 

contribute to the expanding field suggesting 
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features of criticality to quantify 

consciousness.  

 

II. Are criticality features suitable to differentiate 

states in the spectrum of wakeful 

consciousness and to characterize 

electrophysiological correlates of altered 

states of consciousness?  

The framework of self-organized criticality 

seems promising for developing physiological 

markers of consciousness alterations. 

However, to identify their potential utility in 

monitoring neurophysiological changes in 

response to interventions as well as 

diagnostics, it has to be shown that EEG-

based criticality parameters are suitable to 

sufficiently differentiate mental states in the 

spectrum of wakelfulness. First, this will be 

tested on an EEG dataset of professional 

meditators performing three distinct 

meditative tasks. Second, it will be 
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investigated whether the measures are 

suitable to reflect state changes in the 

temporal course of a relaxation process.  

III. Can critical dynamics be induced by 

psychophysical (mind-body) interventions? 

Critical dynamics are associated with brain 

activity tuned towards optimized information 

processing functions, such as input 

susceptibility, maximized dynamic range, 

storage capacity and computational power. In 

other words, the optimal brain state. Here, 

criticality measures are proposed as general 

gauges of information processing. At the 

same time, findings suggest that 

psychological self-regulation techniques such 

as mindful focused attention during meditation 

enhance allocation of attentional resources 

and thereby, information processing 

capacities. However, how critical dynamics 

relate to cognitive function is poorly 

understood. Therefore, I aim at testing 
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whether altered states of consciousness, here 

specifically induced by distinct meditation 

tasks and a vibroacoustic relaxation process 

represent neuronal activity exhibiting 

dynamics closer the critical point of a phase 

transition compared to a baseline task-free 

condition.  

 

IV. Can an explicit relationship to other nonlinear 

complexity features power spectral density 

parameter be identified?  

This thesis is based on the contemporary 

proposal that consciousness represents a 

dynamic process of self-sustained 

coordinated brain-scale activity of 

simultaneous integration and differentiation 

and thus, might be quantifiable by the degree 

of neural complexity. Whereas self-organized 

criticality can be seen as a theoretical 

framework for the emergence of complex 

patterns of activity in the brain, to date, the 
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relationship between complexity and criticality 

in neural systems has not been determined 

experimentally. Therefore, besides applying 

analytical tools from criticality theory to EEG 

data recorded during meditative tasks and a 

relaxation process as well as sampled from a 

cohort with different levels of sensory 

processing sensitivity, also nonlinear methods 

to quantify neural complexity, namely fractal 

dimension analysis, and multiscale entropy 

analysis will be used. In addition, the standard 

methods using spectral decomposition will be 

applied to the datasets. The resulting EEG-

based features will then be evaluated with 

respect to their comparability in the 

discrimination of brain states. In this stance, 

correlations between criticality and complexity 

measures as well as spectral data will be 

analysed.  

 

 











91 
 

 
Figure 16: Experimental procedure. Modified from [232]. 

 

3.1.2 EEG data processing 

Matlab (MathWorks, Natrick, USA) was used for data 

processing. Data was sampled at 250 samples/sec 

in a range from DC to 70 Hz with a notch filter at 50 

Hz. After detrending the 64 EEG channels, a 

correction for eye movement was done using a linear 

correction algorithm, which detects eye blinks as well 
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3.1.3 Merging of topographic brain regions 

After calculation of complexity, criticality and spectral 

features, the 64-channel data was merged into the 

13 topographic brain regions prefrontal (PF), left 

frontal (Fl), right frontal (Fr), frontal (Fz), central (Cz), 

left central (Cl), right central (Cr), left temporal (Tl), 

right temporal (Tr), parietal (Pz), left parietal (Pl), 

right parietal (Pr) and occipital (O) (Figure 18). 

 
Figure 18: Reduction scheme into 13 major topographic 

regions. Adapted from [232]. 
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3.2 Singing bowl experience 

3.2.1 Data acquisition and participants 

Electrophysiological data (64 channels of EEG, 

EOG, ECG, skin conductance, and respiration) was 

recorded from 34 participants (mean age 36.03 

±13.43 years, 24 females/ 10 males). The study was 

approved by the institutional ethics committee of the 

University Clinic of Regensburg according to the 

Helsinki Convention (file number: 20-1995-101). All 

gave their informed consent according to the 

university ethics standards and filled in an 

introductory questionnaire assessing demographical 

data and prior experiences concerning singing bowl 

massages as well as altered states of 

consciousness. Further psychometric data was 

assessed using the Tellegen-Absorption Scale (TAS-

D) [240]. After the recording, participants ensued the 

PCI-K, a modified German version of the 

Phenomenology of Consciousness Inventory [38] 

and the CSP-14 [241]. 

TAS-D: The Tellegen-Absorption Scale (TAS-D) 

contains 34 true/false self-report items [240]. High 
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mental state consisting of three factor, namely (1)  

Integration, (2) Balance and (3) Vitality [241] The 

questionnaire contains 14 items, which are rated on 

a scale ranging from -3 to +3.  

 

Electrophysiological data was recorded using a 72 

channels QuickAmp amplifier system (BrainProducts 

GmbH, Munich, Germany). EEG was measured with 

a 64-channel ANT Waveguard electrode cap (ANT 

B.V., Enschede, The Netherlands) with active 

shielding and Ag/AgCl electrodes, which were 

arranged according to the international 10/10 

system.  

The experimental procedure started with an initial 10 

min baseline resting, including 5 min with eyes open 

and 5 min with eyes closed. Then, a singing bowl 

massage was conducted by professionals trained 

according to the Peter Hess®-method with a duration 

of 20 minutes. Afterwards 10 min of silence were 

given to integrate the experience. Directly after a 

second resting state took place, during which 

participants kept their eyes closed for 5 min and 
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subsequently opened their eyes for 5 min (Figure 

19). This final resting phase will be termed 

postresting in the following. During the whole 

procedure participants lay comfortably on a massage 

table.  

 

 
Figure 19: Experimental procedure. 

3.2.2 EEG data processing 

Matlab (MathWorks, Natrick, USA) was used for data 

processing. Data was sampled at 250 samples/sec 

in a range from DC to 70 Hz with a notch filter at 50 

Hz. After detrending the 64 EEG channels, a 
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104) and not sensitive (0-43) participants [246]. EEG 

features were compared between the two groups 

applying a Wilcoxon signed-rank test. Significance 

was set at p< 0.05. 
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4. Results 

4.1 Meditation states 

4.1.1 Kruskal-Wallis Test 

To test whether features of criticality, neuronal 

complexity and power spectra were significantly 

influenced by the task conditions, a Kruskal-Wallis-

Test was performed. The analysis revealed a 

significant main effect for state on a p<0.001 level 

concerning SE sf=1, SE sf=7, SE sf=10, SE sf=20, 

DFA and SNZ. For the power spectral density, 

significant effects were found for delta and alpha 1 

(Table 2, Figure 20). However, when calculating the 

Kruskal-Wallis- Test only over the meditation 

conditions, no significant effect for state was 

observed (Table 3, Figure 21). 
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Figure 20: Topographical maps of chi-square values resulting 

from the Kruskal-Wallis test over all conditions for the 

complexity and criticality features.  

 

 

Figure 21: Topographical maps of chi-square values resulting 

from the Kruskal-Wallis test over all conditions for the spectral 

bands. 
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4.1.2 Global comparisons of complexity parameter 

For state comparisons, effect sizes were estimated 

for each complexity and criticality feature and 

frequency band. Significant differences were 

determined by a two-tailed t-test corrected for 

multiple comparisons by the false discovery rate. 

The resting state with eyes open was associated with 

higher complexity in comparison to resting with eyes 

closed. Here, largest effect size was found for SE 

sf=1 (d= 1.47) and SE sf=10 (d= 0.93), whereby the 

HFD yielded a low effect size (d= 0.33). The DFA as 

an index of long-range temporal correlations (LRTC) 

was significantly higher in the eyes open resting 

condition with moderate effect size (d= 0.73), 

whereas the critical scaling exponent was reduced 

compared to eyes closed with a large effect size (d= 

-0.96). Further, alpha 1 and alpha 2 decreased 

during eyes open compared to eyes closed with 

small to moderate effect sizes (d= -0.58 and d= -

0.37). 

Compared to resting with eyes open, the reading 

condition further increased the neuronal complexity 
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as captured by SE sf=1, SE sf=3, SE sf=7, SE sf=10 

and HFD. Regarding the spectral data, an increase 

in the theta band and a decrease in alpha 1 and alpha 

2 was found.  

For the presence meditation condition, the increase 

of SE sf=1 and HFD did not reach statistical 

significance. However, LRTC were decreased shown 

by the DFA exponent yielding a medium effect size 

(d= -0.49) in comparison to resting with eyes closed. 

Delta, and theta band PSD were significantly 

reduced with a small effect size (d= -0.33; d= -0.22). 

In contrast comparing emptiness with the eyes 

closed resting state resulted in slightly higher 

complexity with a small effect size as shown by the 

HFD (d= 0.23), whereby less LRTC were measured 

with the DFA, also with a small effect size (d= -0.37). 

Delta (d= -0.38), theta (d= -0.25) and beta 1 band 

PSD (d= -0.12) were reduced. A similar pattern was 

observed in the comparison focused attention vs. 

eyes closed. Here, the neuronal complexity was 

higher as captured by SE sf=1 (d= 0.61) and SE sf=3 

(d= 0.48) with moderate effect sizes. The DFA and 
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the critical exponent were reduced with small effect 

sizes (d= -0.28 and d=-0.26). Further, a decrease in 

delta (d= -0.36) and theta band power (d= -0.21) was 

observed, whereas gamma band power was 

significantly enhanced (d=0.32).  

Contrasting the meditation states against each other 

revealed slightly higher complexity in emptiness 

compared to presence, whereas the global PSD was 

lower (d= -0.28). Also, alpha 1, alpha 2, beta 1, beta 

2 band power was reduced. However, in comparison 

with the focused attention meditation, the state of 

emptiness was associated with reduced complexity 

according to SE sf=1 (d= -0.33) and SE sf=3 (d= -

0.24) as well as reduced gamma band power (d= -

0.28). Also, focused attention was characterized by 

higher complexity compared to presence as captured 

by SE sf=1, SE sf=3, SE sf=5, SE sf=7 and SE sf=10, 

whereas alpha 1 band power was significantly lower 

during focused attention compared to presence (d= -

0.27). Also, here, the SNZ was lower during focused 

attention yielding a small effect size of d= -0.32 

(Figure 22, Figure 23, Table 4, Table 5).  
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Figure 22: Color-coded differences of complexity parameters 

shown as effect sizes (Cohen's d) of the meditation task 

comparisons on a global level averaged over all electrodes. 

Fields marked with a white circle were significant on the 0.05 

level after FDR adjustment. 

 

Figure 23: Color-coded differences of power spectral density 

shown as effect sizes (Cohen's d) of the task comparisons on a 

global level averaged over all electrodes. Fields marked with a 
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white circle were significant on the 0.01 level after FDR 

adjustment over conditions and frequency bands.  

 

Table 4: Values of the effect size and p-values resulting from 

the comparison between conditions. All p-values were 

corrected for multiple comparison.  
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Table 5: Values of the effect size and p-values resulting from 

the comparison between conditions. All p-values were 

corrected for multiple comparison.  
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4.1.3 Local comparisons 

In general, the detailed topographical analysis of the 

different states illustrated in Figure 24 reveals 

highest effect sizes in the comparison eyes open vs. 

eyes closed, whereby seven of the eight analyzed 

EEG features showed significance in all 13 brain 

areas. The sample entropy sufficiently discriminates 

the four comparisons eyes open vs. eyes closed, 

reading vs. eyes open, emptiness vs. eyes closed 

and emptiness vs. focused attention. SE sf=3 

showed significance in all 13 brain areas regarding 

the comparisons eyes open vs. eyes closed and 

emptiness vs. eyes closed, whereby SE sf=7 

distinguishes eyes open vs. eyes closed and reading 

vs. eyes open. SE sf=5 as the only one not showing 

significance in the brain areas prefrontal and right 

central regarding the comparison eyes open vs. eyes 

closed, however, differentiates the comparisons 

presence vs. eyes closed and emptiness vs. 

presence in all brain regions. For SE sf=10 only in 

the comparison eyes open vs. eyes closed significant 

effect size differences could be found in all brain 
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areas. Though, reading vs. eyes open and presence 

vs. eyes closed were distinguishable in 12 brain 

areas except of the left frontal and the right temporal 

region, respectively. SE sf=20 revealed significant 

effect sizes in the comparison eyes open vs. eyes 

closed in all regions and discriminated readings vs. 

eyes open in 10 areas, whereas presence vs. eyes 

closed only showed significant results in the left 

temporal area and emptiness vs. eyes closed only 

right central. HFD sufficiently differentiates eyes 

open vs. eyes closed as well as emptiness vs. eyes 

closed in all areas. For the comparison reading vs. 

eyes open effect sizes reached significance in 11 

areas and for presence vs. eyes closed in 8 areas, 

whereas emptiness vs. presence and emptiness vs. 

focused attention seem not to be discriminable by the 

fractal dimension. The scaling exponent resulting 

from the DFA distinguishes eyes open vs. eyes 

closed, presence vs. eyes closed and emptiness vs. 

eyes closed in all brain regions. Taken together, the 

sample entropy seems the best for the discrimination 

of the distinct states with 66 significant differences 
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summed up for all comparisons, whereas the DFA 

gives 60 significant brain areas and the HFD 45 

(Figure 25, Figure 26).  

Regarding the frequency bands, the comparison 

between eyes open vs. eyes closed revealed only 

one significant difference in effect size for the delta 

band in the prefrontal area, whereas effects for the 

theta band were found for the frontal and central 

area. Alpha 1 and alpha 2 discriminated the 

conditions in all 13 brain areas. Beta 1 showed 

significances in the occipital and parietal areas as 

well as central and frontal, whereas beta 2 also 

sufficiently discriminated the two states in the 

occipital and parietal, temporal prefrontal and frontal 

areas. For the gamma band, significant effects were 

revealed for all 13 topographical regions, except for 

occipital. On a global frequency band, the resting 

state task were distinguishable in the prefrontal, the 

left and right frontal, the temporal, the left central and 

central area. Contrasting reading with eyes open 

mainly resulted in significant effects regarding the 

alpha 1 and alpha 2 band power. The theta and the 
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gamma band differentiated the conditions in the 

occipital and right parietal regions, whereby theta 

also revealed an effect in the left parietal region and 

gamma in the central parietal region. Beta 1 only 

showed a significance in the parietal region, whereas 

beta 2 sufficiently discriminated the tasks in the left 

central and left temporal area. On a global level, the 

comparison of effect sizes was only significant in the 

occipital and left temporal region. Comparing the 

presence meditation with the eyes closed resting 

state resulted in significant differences in all 13 brain 

ares regarding the delta and theta band. Alpha 1 and 

alpha2 both distinguished the tasks in the right 

parietal region, whereby the latter also showed a 

significance in the occipital region. Beta 1 did was not 

suitable to discriminate the states, whereas for beta 

2 significant differences could be observed in the 

right and left parietal region as well as in the right 

temporal area. Main effects for the gamma band 

were found in the left and right temporal region. On a 

local level, only the right temporal area was 

significantly different. Emptiness vs. eyes closed 
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revealed a similar pattern for the delta and theta band 

with significant differences in effect size in all brain 

areas. Both alpha bands were not suitable to 

discriminate the states. Beta 1 was superior 

compared to beta 2, with significant effects in the 

occipital, left and central parietal, central, frontal and 

prefrontal areas. The latter distinguished the 

conditions in the parietal, the central and frontal 

region. Gamma was only able to discriminate the 

tasks in the right temporal region, whereas on a 

global level discriminability was given in the parietal 

and central area. The meditation conditions 

presence and emptiness showed significant 

differences in the right and left temporal as well as in 

the right frontal regions in the delta band, whereas no 

significance was observed for the theta band. In the 

alpha 1 band, all areas were distinguishable. This 

was also the case for the alpha 2 band, except for the 

frontal region. Beta 1 discriminated 11 of the 13 

areas and beta 2 revealed significant differences in 

all regions apart from the prefrontal and left frontal 

area. The same pattern was observed on a global 
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level, whereas differences in the gamma band were 

only found for the right and central parietal, the 

central, the right temporal and the right frontal region. 

Contrasting emptiness and focused attention 

showed mainly effects for the gamma band, with 

significances in the occipital, prefrontal, central, left 

temporal, left frontal and prefrontal area. On a global 

frequency band, the conditions were suitable 

discriminated in the right parietal, the right and left 

central, the left temporal as well as the left frontal 

region. Neither the delta, alpha 1 nor beta 1 band 

were able to sufficiently distinguish the tasks. A 

difference in the theta band was only observed in the 

right temporal area, whereas alpha 1 was distinct in 

the occipital, left and right parietal as well as the 

central and frontal region (Figure 25, Figure 27). 
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Figure 24: Color-coded feature differences shown as effect 

sizes (Cohen's d) resulting from the task comparisons. (A) 

Comparison between eyes open and eyes closed, (B) reading 

vs. eyes open, (C) presence vs. eyes closed, (D) emptiness vs 

eyes closed, (E) focused attention vs. eyes closed, (F) 

emptiness vs. presence, (G) emptiness vs focused attention, 

(H) focused attention vs. presence. T-tests were calculated 

from each participant for each location and complexity 

parameter. Fields marked with a white circle were significant on 

the 0.05 level after FDR adjustment. 
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Figure 25: Color-coded power spectral density differences 

shown as effect sizes (Cohen's d) resulting from the task 

comparisons. (A) Comparison between eyes open and eyes 

closed, (B) reading vs. eyes open, (C) presence vs. eyes 

closed, (D) emptiness vs eyes closed, (E) focused attention vs. 

eyes closed, (F) emptiness vs. presence, (G) emptiness vs 

focused attention, (H) focused attention vs. presence. T-tests 

were calculated from each participant for each location and 

complexity parameter. Fields marked with a white circle were 

significant on the 0.05 level after FDR adjustment. 
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Figure 26: Topographical maps of differences in the effect sizes 

calculated for each complexity and criticality feature, 

respectively. (A) Comparison between eyes open and eyes 

closed, (B) reading vs. eyes open, (C) presence vs. eyes 

closed, (D) emptiness vs eyes closed, (E) focused attention vs. 

eyes closed, (F) emptiness vs. presence, (G) emptiness vs 

focused attention, (H) focused attention vs. presence. 
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Figure 27: Topographical maps of differences in the effect sizes 

calculated for each frequency band, respectively. (A) 

Comparison between eyes open and eyes closed, (B) reading 
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vs. eyes open, (C) presence vs. eyes closed, (D) emptiness vs 

eyes closed, (E) focused attention vs. eyes closed, (F) 

emptiness vs. presence, (G) emptiness vs focused attention, 

(H) focused attention vs. presence. 

 

4.1.4 Complexity, criticality, and spectral features for 

each condition 

For the sample entropy and HFD higher mean values 

are observed for the individual meditation and the 

tasks presence, emptiness and focused attention in 

comparison to the resting condition with eyes closed, 

whereby the scaling exponent resulting from the DFA 

declined (Figure 28, Figure 29A and B). The critical 

exponent showed the lowest values for the 

conditions eyes open (1.371± 0.09) and reading 

(1.352± 0.07) (Figure 29C). Accordingly, the 

differences between the critical exponent resulting 

from the neuronal avalanches analysis and the 

scaling parameter obtained from the shape collapse 

function (SNZdiff) were closest to zero in the 

conditions eyes open (0.429± 0.218) and reading 

(0.322± 0.196) (Figure 29D). Regarding the power 
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spectral density, delta was slightly reduced in the 

meditation conditions. However, differences were 

small. For instance, lowest power was found for 

emptiness (4.868± 0.147) compared to highest 

power for the condition eyes open (5.059± 0.130). 

Theta activity did not show a clear trend. Alpha 1 and 

alpha 2 were lowest during the reading condition 

(4.381± 0.230 and 4.358± 0.273) with highest value 

in during the presence meditation task (4.821± 0.553 

and 4.653± 0.373). Neither beta 1 nor beta 2 activity 

revealed differences between the conditions. 

Gamma was slightly increased in the reading 

condition (3.701± 0.275) (Figure 30).  
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Figure 28: Resulting sample entropy (SE) values for the distinct 

scale factors (sf) are shown for each condition (A-F). 
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Figure 29: (A) Resulting Higuchi fractal dimension (HFD) values 

are shown for each condition. (B) Values from exponent 

resulting from detrended fluctuation analysis (DFA) are 

illustrated. (C) The critical exponents obtained from the 
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neuronal avalanches analysis are shown for each condition. 

The hypothetical value is illustrated by the dark green dotted 

line. (D) SNZdiff depicts the difference between the critical 

exponent resulting from the neuronal avalanches analysis and 

the scaling parameter obtained from the shape collapse 

function for each condition, respectively. The hypothetical value 

is illustrated by the dark green dotted line. 
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Figure 30: Power spectral density for each frequency band and 

condition, respectively. (A) shows the delta band, (B) the theta 

band, (C) alpha 1, (D) alpha 2, (E) beta 1, (F) beta 2, (G) the 

gamma band and (H) results on a global level.  
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4.1.5 Correlations between complexity, criticality, 

and spectral features 

Further, correlations were calculated from the mean 

of the time series across participants after averaging 

over channels for each condition, respectively (Table 

6-Table 11). Here, it becomes evident that the SNZ 

was significantly negatively correlated with the 

sample entropy, the scaling exponent resulting from 

the DFA as well as the HFD in each condition. Thus, 

the correlation seems to be condition independent. 

The scaling exponent from the DFA showed highest 

negative correlations with the alpha 1 and alpha 2 

frequency bands.  
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Table 6: Spearman correlations of complexity and spectral 

parameter from the mean of the time series of the condition 

eyes open across participants after averaging over channels; 

n=30. **p<0.001, *p<0.01 
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Table 7: Spearman correlations of complexity and spectral 

parameter from the mean of the time series of the condition 

eyes closed across participants after averaging over channels; 

n=30. **p<0.001, *p<0.01 
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Table 8: Spearman correlations of complexity and spectral 

parameter from the mean of the time series of the reading 

condition across participants after averaging over channels; 

n=30. **p<0.001, *p<0.01 
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Table 9: Spearman correlations of complexity and spectral 

parameter from the mean of the time series of the presence 

meditation condition across participants after averaging over 

channels; n=30. **p<0.001, *p<0.01 
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Table 10: Spearman correlations of complexity and spectral 

parameter from the mean of the time series of the emptiness 

meditation condition across participants after averaging over 

channels; n=30. **p<0.001, *p<0.01 
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Table 11: Spearman correlations of complexity and spectral 

parameter from the mean of the time series of the focused 

attention meditation condition across participants after 

averaging over channels; n=30. **p<0.001, *p<0.01 
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4.1.6 Discrimination analysis 

To determine the discrimination accuracy, ROC 

analysis was applied. Regarding the frequency 

bands, highest accuracy was found for the gamma 

band (0.83-0.98) followed by the global PSD (0.78-

0.96) (Table 12). The sample entropy was slightly 

superior to the HFD and DFA analysis in 

discriminating the meditation conditions (0.86-0.90 

vs. 0.73-0.75 and 0.74.-0.77) (Table 17). This was 

also reflected when plotting the ROC curve two-

dimensional with the false positive rate on the x-axis 

and the true positive rate on the y-axis and 

calculating the area under the curve (AUC) (Table 

14, Table 15).  
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Table 12: Accuracy of classification of the frequency bands 

determined by partial least square regression and ROC 

analysis.  
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Table 13: Accuracy of the complexity and criticality features in 

classification determined by partial least square regression and 

ROC analysis. 
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Table 14: Values of the area under the curve (AUC) for ROC 

analysis for the frequency bands.  
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Table 15: Values of the area under the curve (AUC) for ROC 

analysis for the complexity parameter.  

 

 

 

  





157 
 

Theta 0.051 .975 

Alpha 1 0.01 .998 

Alpha 2 0.18 .912 

Beta 1 0.20 .905 

Beta 2 0.68 .713 

Gamma 0.92 .632 

Global 0.57 .750 

 

4.2.2 Global comparisons 

For a comparison between the three conditions, 

effect sizes were estimated for each complexity and 

criticality feature as well as frequency band. 

Significant differences were determined by a two-

tailed t-test corrected for multiple comparisons by the 

false discovery rate. Comparing the distinct phases 

of the course of the singing bowl massage 

experiment, statistically significant differences in the 

effect size of the complexity measures are only found 

for the HFD exponent in the condition postresting vs. 

resting (d= -.11). However, the critical scaling 

exponent was suitable to discriminate all three 
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conditions sound vs. resting (d= .21), postresting vs. 

sound (d= .38) and postresting vs. resting (d= .14) 

(Figure 31, Table 17).  

The comparison of frequency bands for the 

experimental tasks on a global level revealed that 

there was less significant overall EEG power during 

the sound condition compared to the first resting 

state (d= -.30). The decrease of EEG activity was 

specifically significant for the frequency bands alpha 

2 (d= -.17), beta 1 (d= -.16), beta 2 (d= -.24), and 

gamma (d= -.35). The comparison between the 

second resting state and the sound condition 

revealed a decrease in the beta 2 (d= -.15) and the 

gamma frequency band (d= -.06). Hence, further 

reduction in global EEG power was observed during 

the second resting states compared to the first 

resting state (d= -.46), also with significantly effects 

for alpha 2 (d= -.21), beta 1 (d= -.14), beta 2 (d= -.40) 

and gamma (d= -.21) (Figure 32, Table 18).  
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Figure 31: Color-coded differences of complexity and criticality 

features shown as effect sizes (Cohen's d) of the comparisons 

between the phases of the experiment on a global level 

averaged over all electrodes. Fields marked with a black circle 

were significant on the 0.05 level after FDR adjustment. 

 

 

Figure 32: Color-coded differences of power spectral density 

shown as effect sizes (Cohen's d) of the task comparisons on a 

global level averaged over all electrodes. Fields marked with a 

black circle were significant on the 0.05 level after FDR 

adjustment over conditions and frequency bands.  
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Table 17: Values of the effect size and p-values resulting from 

the comparison of complexity and criticality features between 

the three phases of the experiment. All p-values were corrected 

for multiple comparison. 
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Table 18: Values of the effect size and p-values resulting from 

the comparison of frequency band power between the three 

phases of the experiment. All p-values were corrected for 

multiple comparison. 

 

4.2.3 Local comparisons 

In the comparison sound vs. resting the scale factors 

1, 3, 5, 7, and 10 of the MSE did not yield significant 

differences in the effect size. Highest effect sizes 

were found for the SE sf=20 in the occipital and left 

central region. The HFD effect size were only 

significant different in the occipital area, whereas the 

DFA showed significances in the prefrontal, left 

frontal, right frontal, left temporal and central brain 

region. Comparing the second resting state with the 

sound phase, the sample entropy showed the lowest 
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effect size in the right temporal region. For the SE 

sf=5 significant differences were observed in the left 

temporal, left central and left parietal area, whereas 

the SE sf=10 discriminated the conditions in the right 

temporal, left central and right central region. Neither 

the scaling exponent resulting from the DFA nor the 

HFD yielded big effect sizes. The comparison of the 

second resting state with the first resting state 

showed highest effect size differences in the left 

temporal, right temporal and left central area for the 

sample entropy. Here, the HFD yielded significant 

differences in 7 brain areas, whereas the scaling 

exponent from the DFA was not able to discriminate 

the conditions on the local level (Figure 33). 

Regarding the frequency bands, for the comparison 

sound vs. resting, highest effect sizes were found in 

the right temporal, the left temporal and left central 

area in the beta 2, gamma and the global frequency 

band. The gamma band yielded statistically 

significant differences in all brain areas, whereas 

theta and alpha 1 were not able to discriminate the 

two phases of the course of the experiment. 
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Comparing the second resting state with the sound 

phase, resulted also in highest effect sizes in the beta 

2, gamma and the global frequency band with 

significant differences in all brain regions. A similar 

picture was observed contrasting the second with the 

first resting state (Figure 34). Topographical plots of 

the condition comparisons are shown in Figure 35 

and Figure 36. 

 

Figure 33: Color-coded complexity and criticality feature 

differences shown as effect sizes (Cohen's d) resulting from the 

task comparisons (A-C). T-tests were calculated from each 

participant for each location and complexity parameter. Fields 

marked with a white circle were significant on the 0.05 level after 

FDR adjustment. 
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Figure 34: Color-coded power spectral density differences 

shown as effect sizes (Cohen's d) resulting from the task 

comparisons (A-C). T-tests were calculated from each 

participant for each location and frequency band. Fields marked 

with a white circle were significant on the 0.05 level after FDR 

adjustment. 
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Figure 35: Topographical maps of differences in the effect sizes 

calculated for each complexity and criticality feature, 
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respectively. (A) Comparison between sound vs. resting, (B) 

postresting vs. sound, (C) postresting vs. resting.  

 

Figure 36: Topographical maps of differences in the effect sizes 

calculated for each frequency band, respectively. (A) 
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Comparison between sound vs. resting, (B) postresting vs. 

sound, (C) postresting vs. resting. 

4.2.4 Complexity, criticality, and spectral features for 

each condition 

For the distinct phases during the course of the 

singing bowl massage experiment, the sample 

entropy slightly decreased during the singing bowl 

massage (mean 1.479± 0.31) compared to the first 

resting state (mean 1.491± 0.37. The complexity 

captured with the entropy was further reduced in the 

second resting state (mean 1.459± 0.30). The same 

trend can be observed for the scale factor 3 and 10 

of the multiscale entropy analysis (Figure 37). A 

decrease of complexity during the sound intervention 

was also found with the parameters SE sf=7 and SE 

sf=20, whereas here the complexity increased 

between the sound phase and the second resting 

state. Only the scale factor 5 of the sample entropy 

showed a different behaviour, with slightly increased 

value during the intervention compared to the first 

baseline (from a mean 0.131± 0.07 to 0.132± 0.06), 

while during the second resting state values further 
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decreased to 0.123± 0.05) (Figure 37). As depicted 

in Figure 38, the parameter HFD seems not be 

affected by the intervention with a mean value of 1.98 

for all three phases The scaling exponent resulting 

from the DFA slightly decreased from a mean of 

0.336± 0.09 to 0.325± 0.08 between the first resting 

and the sound intervention, whereas no difference is 

found between the first and second resting state. The 

critical scaling exponent SNZ was higher during the 

intervention phase than in the first resting state 

(1.417± 0.08 compared to 1.379± 0.114) and further 

increased in the second resting state (1.433± 0.1) 

(Figure 38). Regarding the frequency bands, no 

differences in delta, theta and alpha 1 power was 

observed. Alpha 2 slightly decreased during the 

sound phase. For beta 1 values were slightly 

increased in the second resting state, whereas beta 

2 power decreased. Gamma power slightly 

decreased during the course of the experiment from 

4.061±0.71 to 3.91±0.60 (Figure 39).  
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Figure 37: Resulting sample entropy (SE) values for the distinct 

scale factors (sf) are shown for each phase of the course of 

experiment (A-F). 
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Figure 38: (A) Resulting Higuchi fractal dimension (HFD) values 

are shown for each condition. (B) Values from exponent 

resulting from detrended fluctuation analysis (DFA) are 

illustrated. (C) The critical exponents obtained from the 

neuronal avalanches are shown for each phase of the course 

of experiment. The hypothetical value is illustrated by the dark 

green dotted line (D) SNZdiff depicts the difference between the 

critical exponent resulting from the neuronal avalanches 

analysis and the scaling parameter obtained from the shape 

collapse function for each condition, respectively. The 

hypothetical value is illustrated by the dark green dotted line 
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the DFA as well as the HFD in each condition. Also, 

a significant negative correlation with the gamma 

power was found (Table 19-Table 21). 

Table 19: Spearman correlations of complexity and spectral 

parameter from the mean of the time series of the first resting 

state across participants after averaging over channels; n=30. 

**p<0.001, *p<0.01   
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Table 20: Spearman correlations of complexity and spectral 

parameter from the mean of the time series of singing bowl 

massage condition across participants after averaging over 

channels; n=30. **p<0.001, *p<0.01 
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Table 21: Spearman correlations of complexity and spectral 

parameter from the mean of the time series of the second 

resting state across participants after averaging over channels; 

n=30. **p<0.001, *p<0.01 
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Figure 42: Spearman correlations of the TAS scores with the 

EEG features calculated from the mean of the time series of the 

first resting state averaged across participants. 

 
Figure 43: Spearman correlations of the TAS scores with the 

EEG features calculated from the mean of the time series of the 

second resting state averaged across participants.   
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Table 22: Spearman correlations of complexity, criticality, and 

spectral parameter from the mean of the time series of the eyes 

closed resting state across participants after averaging over 

channels; n=116. *p<0.05. 
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4.3.2 Differences in frequency power spectra, 

complexity, and criticality features between highly 

sensitive and not sensitive participants  

To examine whether highly sensitive and not 

sensitive participants show differences in frequency 

power spectra, complexity and criticality features, the 

cohort was grouped regarding the HSPS-G summary 

scores according to a latent class analysis performed 

by Lionetti et al. determining a frequency distribution 

of approximately 30% in the low-sensitivity, 40% in 

the medium-sensitivity and 30% in the high-

sensitivity group [246]. EEG features were compared 

between the two groups applying a Wilcoxon signed-

rank test. 

The first group (highly sensitive, HS) consisted of 

n=47 participants (mean age 41.75± 12.7 years, 24 

females/ 23 males), who scored in the range of 74- 

104 on the HSPS-G summary scale. The mean 

HSPS-G summary score was 85.14± 7.7. The 

second group (not sensitive, NS) comprised n=32 

participants (mean age 38.15 ±5.1 years, 20 females/ 

12 males) with a mean HSPS-G summary score of 
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22.97± 10.35 (range: 1- 40). The groups did not differ 

in respect to age (p= 0.869) and gender (p= 0.649). 

The NS group revealed lower beta 2 power (4.21± 

0.17 vs. 4.38± 0.32, p= .014), lower power in the 

gamma frequency band (4.00± 0.25 vs. 4.21± 0.37, 

p= .010) as well as lower global EEG power (4.25± 

0.17 vs. 4.38± 0.29, p= .041) (Figure 44).  

Regarding the complexity and criticality features, the 

only significant differences were found for the mean 

SE sf=1, which was lower in the NS group (1.77± 

0.13 vs. 1.83± 0.10, p= .018) and the mean SE sf=5, 

which was higher in the NS group (0.13± 0.05 vs. 

0.08± 0.01, p= .004) (Figure 45).  
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Figure 44: Comparison of power spectral density for each 

frequency band during resting with eyes closed between the 

highly sensitive and the not sensitive group. (A) shows the delta 

and the theta band, (B) alpha 1 and alpha 2, (C) beta 1 and beta 

2 (D) the gamma band and results on a global level. *HS= highly 

sensitive, NS= not sensitive, n.s.= not significant.  




























































































































































































































































































































































