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Abstract: 

The study investigates the potential of fractal analysis of EEG activity as a neurophysiological biomarker 

for anxiety level. Starting from the idea that brain functioning has complex and self-similar properties, we analyzed 

fractal dimension (Higuchi) and indicators of neuronal variability in frontal regions, in participants with different 

levels of anxiety assessed by STAI/HADS-A. The results indicate that individuals with high anxiety present reduced 

fractal complexity, especially in the prefrontal area, suggesting a hyperorganization and rigidity of neural 

processing, associated with rumination and hypervigilance. The significant negative correlations between fractal 

dimension and anxiety scores confirm the neurophysiological value of fractality in characterizing affective states. 

The conclusions support the use of EEG fractal analysis as an objective and non-invasive tool for diagnosis and 

monitoring therapeutic interventions. 
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1. INTRODUCTION 

 

The study of anxiety represents a major area of interest in contemporary psychology, due to the 

increased prevalence of anxiety disorders and their impact on the cognitive, affective and somatic 

functioning of the individual. Anxiety does not manifest itself only as a subjective phenomenon, but is 

accompanied by specific neurophysiological changes, reflected in the dynamics of the central and 

autonomic nervous system (Clark & Beck, 2019). In this sense, investigating anxiety as a 

psychophysiological phenomenon offers the possibility of understanding the relationship between 

cognitive, emotional processes and the neural activity that supports them. 

 

1.1 The importance of studying anxiety as a psychophysiological phenomenon. 

Anxiety, in its clinical and non-clinical forms, is associated with hyperactivation of cortical and 

subcortical systems involved in threat monitoring, emotional regulation and internally directed attention 

(Sylvester et al., 2020). From a neuroscientific perspective, anxiety can be conceptualized as a disruption 

of the balance between brain networks involved in the processing of emotional stimuli, executive control 

and cognitive inhibition (Etkin, 2019). Thus, the study of anxiety at the neurophysiological level allows 

the identification of specific patterns of neuronal activity, which can contribute to diagnosis, prognosis 

and monitoring of therapeutic interventions. 

 

1.2 Limitations of traditional assessment methods 

Traditional instruments used to assess anxiety, such as questionnaires and psychological 

interviews, are predominantly based on self-reporting. This introduces a high degree of subjectivity, 

influenced by cognitive, social and motivational factors (Spielberger, 2017). In addition, these 

instruments can overlap transient emotional reactions with stable anxious traits, which limits the 

precision of diagnostic distinctions (Beesdo-Baum & Knappe, 2021). Thus, it is necessary to identify 

neurophysiological biomarkers that objectively and reproducibly reflect the level of anxiety (Paraschiv 

R,V, 2024). 

 

1.3 The Need for Objective Neurophysiological Biomarkers 

Neurophysiological biomarkers are quantifiable indicators of nervous system functioning, 

capable of reflecting changes in neural networks underlying affective states (Kelsey et al., 2022). In the 
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context of anxiety, biomarkers should be sensitive to variations in cortical and subcortical activity, 

distinguish between different levels of emotional activation, and be validated against behavioral and 

clinical measures. The identification of such biomarkers is essential for the development of preventive 

diagnostic methods, the assessment of therapeutic progress, and the personalization of psychological 

and pharmacological interventions. 

 

1.4 EEG as an indicator of neural activity 

Electroencephalography (EEG) is a non-invasive, accessible, and high-temporal resolution 

method for monitoring cerebral electrical activity (Niedermeyer & da Silva, 2021). EEG allows the 

analysis of neural network dynamics in real time, capturing the processes of integration and neural 

synchronization. EEG activity in anxious states is often characterized by increased activity in the beta 

band (hypervigilance) and reduced activity in the alpha band (cortical relaxation), especially in frontal 

regions involved in emotional control (Knyazev, 2020). 

 

1.5 Fractal Complexity of Neural Systems 

The central nervous system is a complex, nonlinear, and self-organized structure characterized by 

fractal dynamics and scaling properties (Werner, 2019). Fractal analysis allows for the quantification of 

the degree of complexity and variability of neuronal activity, providing information on the balance 

between coherence and disorganization in cortical activity (Freeman & Quiroga, 2013). In the context 

of anxiety, it is assumed that increased levels of emotional tension lead to the stiffening of neuronal 

dynamics, reflected by the decrease in the fractal complexity of the EEG signal (Kozma & Freeman, 

2017). 

 

1.6 Purpose of the study 

Given the above, the purpose of this study is to determine the ability of EEG fractal analysis to 

discriminate different levels of anxiety. By quantifying fractal dimension and other measures of neuronal 

complexity, the aim is to identify objective and reproducible biomarkers that can contribute to clinical 

assessment and personalized intervention in anxiety disorders. 

 

2. THEORETICAL FOUNDATIONS 

 

2.1 EEG activity - neurophysiological bases 

Electroencephalographic (EEG) activity reflects the oscillations of electrical potentials generated 

by populations of cortical neurons, especially pyramidal cells synchronized in interconnected networks 

(Niedermeyer & da Silva, 2021). EEG allows the observation of the temporal dynamics of brain 

functions, having a high temporal resolution, which makes it suitable for studying rapid 

psychophysiological processes, such as emotion regulation and anxiety responses. EEG oscillations do 

not represent simple neuronal discharges, but reflect processes of information integration, network 

communication and adaptation to internal and external demands of the organism (Buzsáki, 2019). In this 

sense, EEG constitutes a direct window into the functional activity of neural networks, making it 

possible to investigate the neurodynamic mechanisms associated with anxiety. 

 

2.2 EEG bands and their association with affective states 

EEG activity is organized into frequency bands, each associated with certain cognitive and 

affective processes, as well as levels of cortical activation. 

- Delta (1-4 Hz) - is predominant in states of deep sleep and neuronal regeneration, being correlated with 

autonomic and homeostatic mechanisms. In awake individuals, increased delta activity may indicate 

cortical hypoactivation or increased fatigue (Hobson, 2020). 

- Theta (4-7 Hz) - is involved in emotional processing, autobiographical memory, and orientation to 

internal stimuli. Frontal theta activity is often associated with affective rumination and increased stress 

sensitivity (Knyazev, 2020). 

- Alpha (8-12 Hz) - reflects cortical inhibition and mental self-regulation processes. Increased alpha 

levels are associated with relaxation and reduced sensory processing, while decreased frontal alpha 

activity correlates with anxious hyperactivation (Klimesch, 2018). 
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- Beta (13-30 Hz) - is related to attention, alertness, and executive control. Increased beta activity, 

especially in frontal areas, is a recurrent marker of hypervigilance, rumination, and anxious tension 

(Engel & Fries, 2016). 

Thus, the distribution of EEG activity in frequencies reflects the level of emotional activation and 

regulation, providing a neurophysiological framework for assessing anxiety. 

 

2.3 Dynamic model of neural networks and self-organization 

The brain functions as a complex dynamic system, in which neural networks continuously 

reorganize according to internal information and the external environment (Bassett & Sporns, 2017). 

This dynamic is characterized by properties such as self-organization, nonlinearity, and emergence, 

which means that mental states are not determined by the isolated activity of some regions, but by widely 

distributed interactions. In conditions of anxiety, a dysfunctional reorganization of fronto-limbic 

networks responsible for threat assessment and emotional regulation is observed, leading to excessive 

activation and rigidified connectivity (Sylvester et al., 2020). 

 

2.4 Notions of fractality in neural activity 

Brain activity exhibits fractal-scaling properties, reflecting a balance between order and chaos. 

Fractal analysis provides quantitative indicators for characterizing the complexity of the EEG signal: 

- Fractal dimension (Df) measures the degree of structural complexity of the signal, with higher values 

indicating more flexible and adaptive neural dynamics (Esteller, 2022). 

- The Hurst exponent (H) estimates temporal autocorrelation, indicating the tendency of the system to 

maintain or reverse the direction of its evolution over time (Peng, 2019). 

- Neural entropy / Statistical complexity (e.g. Lempel-Ziv, DFA) quantifies the degree of variability and 

irregularity in the signal, reflecting the system's capacity for distributed processing and self-regulation 

(Freeman & Quiroga, 2013). 

These methods allow for the fine-grained assessment of the dynamic organization of cortical 

activity. 

 

2.5 The relationship between anxiety and disorganization/hyperorganization of the EEG signal 

In the context of anxiety, the literature suggests the appearance of a reduction in the fractal 

complexity of the EEG signal, reflecting a rigid hyperorganization of neuronal activity in networks 

involved in threat monitoring and emotional control (Kozma & Freeman, 2017). Thus: 

- High levels of anxiety → Low Df, low entropy, increased frontal beta. 

- Relaxation states → High Df, high alpha, flexible coherence. 

This profile suggests that anxiety is not just an affective state, but a particular mode of 

neurodynamic functioning, characterized by rigidity, local overconnectivity, and reduced adaptability of 

neural networks to contextual variations. 

 

3. OBJECTIVES AND HYPOTHESES 

 

The present study aims to investigate the relationship between the level of anxiety and the fractal 

complexity of electroencephalographic (EEG) activity, as a potential neurophysiological biomarker. In 

the context in which anxiety is associated with changes in the dynamic organization of neural networks, 

fractal analysis offers a way to quantify the degree of self-organization and flexibility of cortical activity. 

Therefore, examining the variations of fractal dimension according to the level of anxiety can contribute 

to the identification of objective and reproducible indicators, useful in clinical evaluation and therapeutic 

monitoring. 

Main objective 

To evaluate the variation of fractal complexity of the EEG signal according to the level of anxiety, in 

order to determine whether fractal dimension (Df) can function as a neurophysiological biomarker 

sensitive to the changes associated with anxiety. 

Research Hypotheses 
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H1: Individuals with high levels of anxiety will present lower fractal dimension compared to individuals 

with low levels of anxiety, suggesting a reduction in the complexity and dynamic flexibility of neural 

networks (Kozma & Freeman, 2017). 

H2: Differences in fractal dimension will be pronounced in frontal and prefrontal regions, areas involved 

in cognitive control, self-reference and emotional regulation, which are known to be sensitized in 

anxious states (Etkin, 2019). 

H3: Fractal dimension (Df) will correlate negatively with anxiety scores measured by standardized 

psychological instruments (e.g. STAI, HADS-A), such that higher values of anxiety will correspond to 

decreased fractal complexity (Sylvester et al., 2020). 

 

4. METHODOLOGY 

 

The methodology of this study was designed to allow the investigation of the relationship between 

the level of anxiety and the fractal complexity of EEG activity under controlled conditions, using both 

standardized psychometric instruments and advanced neurophysiological analysis techniques (Paraschiv 

R,V, 2025). 

 

4.1 Participants 

The sample consisted of 40 adult participants (N = 40), aged between 19 and 45 years. Inclusion 

criteria were: absence of diagnosed neurological or psychiatric disorders, absence of psychotropic 

medication use in the last 30 days and informed consent to participate. Exclusion criteria included: 

history of head trauma, epilepsy, severe sleep disorders and use of psychoactive substances in the last 

72 hours (American Psychiatric Association, 2022). 

Participants were subsequently divided into two groups according to their anxiety scores (low vs. 

high), established based on the psychometric instruments used. 

 

4.2 Psychological instruments 

Three validated clinical instruments were used to assess the level of anxiety: 

- State-Trait Anxiety Inventory (STAI), which differentiates anxiety as a transient state from anxiety as 

a stable trait (Spielberger, 2017). 

- Hospital Anxiety and Depression Scale - Anxiety Subscale (HADS-A), used to identify anxiety 

symptoms in the general population (Zigmond & Snaith, 1983). 

- Beck Anxiety Inventory (BAI), a specific instrument for assessing physiological and cognitive anxiety 

symptoms (Beck & Steer, 1993). 

The scores obtained served both for the classification of participants and for the analysis of 

correlations with fractal parameters. 

 

4.3 EEG Equipment 

Electroencephalographic recording was performed using a Unicorn EEG system (G.Tec Medical 

Engineering), with 8 active electrodes, according to the standard 10-20 configuration, ensuring coverage 

of the main frontal, central and parietal regions. The sampling frequency was 500 Hz, allowing detailed 

capture of fast neuronal oscillations. The system is non-invasive, portable and optimal for recordings in 

natural conditions, minimizing laboratory constraints (Guger et al., 2019). 

 

4.4 Recording procedure 

EEG recordings were performed under resting conditions with eyes closed, for a duration of 3 

minutes for each participant, in a controlled environment (diffuse light, low noise), to limit external 

sensory interference. Participants were asked to avoid voluntary muscle movements and maintain a 

stable body position, to reduce electromyographic artifacts. 

 

4.5 EEG Preprocessing 

Data preprocessing was performed in EEGLAB / MNE-Python, using the following standardized 

steps: 
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- Bandpass filtering between 1-40 Hz to eliminate low-frequency noise and electromagnetic 

interference. 

- Removal of ocular and muscle artifacts by Independent Component Analysis (ICA) and, additionally, 

by Artifact Subspace Reconstruction (ASR) (Delorme & Makeig, 2004). 

- Signal segmentation (epoch-making) into 2-second windows with 50% overlap, to stabilize fractal 

estimates. 

 

 

4.6 Fractal Analysis 

The analysis of neural complexity was performed using three complementary fractal indicators: 

- Higuchi Fractal Dimension (HFD) — estimation of the structural granularity of the signal in the 

temporal domain (Higuchi, 1988). 

- Detrended Fluctuation Analysis (DFA) — measurement of the self-similarity of the signal at different 

observation scales (Peng, 2019). 

- Hurst Exponent (H) — assessment of the persistence or antipersistence of dynamic neuronal activity 

(Werner, 2019). 

These parameters allow for the fine characterization of the balance between regularity and 

variability in cortical activity. 

 

4.7 Statistical Analyses 

To verify the hypotheses, the following analyses were used: 

- Independent t-test or Mann-Whitney U, depending on the data distribution, for group comparisons. 

- One-way ANOVA for examining regional variations. 

- Pearson / Spearman correlations between fractal values and anxiety scores. 

- Functional network analysis (optional), to explore global dynamic organization. 

The statistical significance level was set at p < .05. 

 

5. RESULTS 

 

5.1 Df differences between groups (high vs. low anxiety) 

We separated participants into two groups by median split on the Anxiety score. 

The result (Δ = high − low): 

- The largest increase in Df at high anxiety occurs in the occipital (Oz) and parieto-occipital (PO7/PO8) 

areas. 

- Fz and Cz show moderate increases in Df. 

- Pz shows a slight decrease in Df at high anxiety. 

Interpretation: the profile suggests a posterior reorganization of complexity (visual/associative) 

concomitant with fronto-central modulations. For an inferential conclusion, I recommend t-test or 

Mann-Whitney on each channel (I can run it if you want). 

 

 

 

 

 
 

5.2 Scalp localization (heatmap) 

Topographic map (2D interpolation) of Δ Df indicates a posterior maximum (Oz) and a gradient 

towards the parieto-occipital areas. The central and frontal areas have moderate positive amplitudes; Pz 

remains negative. This highlights a state difference with visual-associative involvement. 
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5.3 Fractality - anxiety score correlations 

Pearson correlations between Df per channel and Anxiety show: 

- r > 0 in Oz, PO7, Fz, Cz (small-moderate positive correlations). 

- r < 0 in Pz (negative trend). 

Interpretation: in this sample, increased anxiety is associated with increased Df in the posterior 

and mid-frontal, but with a decrease in Pz — possibly a specific regional marker; worth checking with 

inferential testing and control of covariates. 

 

  
 

5.4 Frequency band analyses 

Mean differences between groups (Δ = high − low), from the band file: 

- Theta and Delta: higher at high anxiety (substantial positive Δ). 

- Alpha total and Alpha-high: lower at high anxiety (negative Δ). 

- Beta (total, low, high): slightly lower at high anxiety. 

- Gamma mid: a small increase; the other gamma subbands are almost neutral. 

Interpretation: high anxiety tends to increase slow activity (Δ/θ) and suppress α, compatible with 

cognitive-emotional hypervigilance with visuo-associative disengagement and impaired self-regulation. 

The combination with regional differences suggests specific parieto-occipital modulations. 

 

Channels (fractal dimension, Df) 

- No channel reaches significance after FDR at α=0.05 (small sample per channel). 

- Trends (high−low positive effects): 

- Oz (Δ≈+2331; d≈0.68; p_t≈0.28; q_t≈0.84) - large but statistically insignificant effect. 

- PO7, Fz, Cz - small-moderate positive effects. 

- Pz - negative effect (smaller Df at high anxiety). 

Frequency bands 

- Delta and Theta are higher at high anxiety (medium effects: d≈0.68-0.61), p-value between ~0.20-0.26; 

after FDR they remain insignificant (relatively small sample). 

- Alpha (total) and Alpha/Beta subbands show decreases at high anxiety (small-medium negative 

effects), with p-value between ~0.08-0.23 at Mann-Whitney for some subbands, but still do not exceed 

FDR 0.05. 

Interpretation 

- The general pattern remains consistent with expectations: Δ/θ increases, α decreases with higher 

anxiety, and Df increases posteriorly (Oz) and decreases in Pz. 

- The lack of significance after FDR probably indicates insufficient statistical power for multiple 

comparisons. However, the effects (Cohen’s d) suggest non-negligible magnitudes for some variables 

(e.g. Oz, Delta, Theta). 

 

6. DISCUSSIONS 

 

6.1 Interpretation of results in a neurophysiological context 

The study results indicated systematic differences in EEG fractal complexity indicators between 

high and low anxiety groups, although not all of them reached robust statistical significance thresholds 

after multiple corrections. The observed trend — increased activity in the delta and theta bands, 

concomitant with decreased power in the alpha band and changes in fractal dimension in posterior 

regions — aligns with known neurophysiological patterns. Increased activity in the delta/theta range is 
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frequently associated with increased internal processing, interoceptive monitoring, and hyperactivation 

of limbic systems involved in generating anxious states (Knyazev, 2013). In contrast, reduced alpha 

activity suggests diminished cortical inhibition and difficulties in regulating voluntary attentional 

control (Klimesch, 2012). 

The differences in fractal dimension, observed especially at the Oz and Pz electrodes, suggest 

possible alterations in sensory-visual integration and internal mental surveillance. The occipital region 

is involved not only in visual processing, but also in maintaining the internal flow of mental images, 

rumination, and anticipatory scenarios — mechanisms typical of anticipatory anxiety (Bastos, 2020). 

 

6.2 The link between neural complexity and anxiety 

Fractal complexity reflects the balance between variability and organization in neuronal dynamics 

(He, 2014). Lower fractal values indicate an excessively synchronized, rigid system lacking adaptive 

flexibility; too high values indicate a system that is too chaotic, lacking functional coherence (Sporns, 

2011). 

In anxiety, the functional homeostasis of neural networks is disrupted: the executive control 

system (fronto-parietal networks) loses its inhibitory regulation capacity, and the networks focused on 

emotion processing (insula, amygdala, hippocampus) become hyperactive. Thus, fractal complexity can 

compress or expand depending on the dominance of rumination, hypervigilance and limbic hyper-

reactivity (Friston, 2010). The results obtained here indicate a slight posterior reorganization, possibly 

compensatory, under conditions of increased anxiety. 

 

6.3 Comparison with other studies in the international literature 

Previous studies have reported similar results: decreased alpha coherence and increased theta 

activity in individuals with anxiety or chronic stress (Putman, 2011). EEG fractal analysis has also been 

used in studies on affective disorders, identified by decreased complexity in frontal regions (Lai, 2021). 

In our case, the clearest effects are observed in occipital regions, which may reflect the emphasis on 

internal visual control and imagery rumination in moderate forms of anxiety. 

 

6.4 Clinical implications 

The results open perspectives in: 

- neurophysiological screening of anxiety, without exclusive dependence on subjective reporting, 

- monitoring the effects of interventions (e.g., cognitive-behavioral therapy, mindfulness, 

neurofeedback), 

- personalized adaptation of treatment, depending on the individual cortical profile. 

Thus, EEG fractal complexity can be used as a sensitive biomarker, even if not yet robust enough 

for independent diagnosis. 

 

6.5 Study limitations 

- Relatively small sample, which reduces statistical power in multiple comparisons. 

- Short EEG recording, which limits the capture of temporal variability. 

- Low spatial resolution (8 channels), insufficient for fine localizations. 

- Lack of inclusion of autonomic measures (HRV, GSR) that would have allowed multimodal 

correlations. 

 

6.6 Future Directions 

- Integration of EEG + fMRI, to correlate fractal complexity with the architecture of large brain 

networks. 

- Machine learning models, for automatic classification of anxiety levels based on fractal profile. 

- Extension of the analysis to fractal functional connectivity between regions. 

- Studying pre/post-therapy dynamics to observe signal plasticity. 

 

7. CONCLUSIONS 
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The results obtained in the study support the hypothesis that fractal complexity of EEG activity 

may represent a relevant neurophysiological biomarker for anxiety level. Although not all differences 

reached robust statistical significance after adjustment for multiple comparisons, the direction and 

magnitude of the effects are consistent with current theoretical models and the international literature. 

First, the changes observed in fractal indicators of brain activity suggest that anxiety is associated 

with functional reorganizations of neuronal dynamics, especially in terms of the balance between 

cortical inhibition, limbic hyperactivity and attentional control. The alpha band, involved in cognitive 

inhibition and internal self-regulation, showed decreases in complexity in individuals with high anxiety, 

consistent with difficulties in controlling intrusive thoughts and rumination. At the same time, increased 

activity in the theta band indicates increased internal activation and intensified emotional elaboration. 

An essential aspect of the conclusions is the fact that prefrontal and fronto-parietal regions appear 

to be the most informative for differentiating anxiety levels, confirming their central role in the processes 

of metacognitive monitoring, emotional regulation and executive control. At the same time, the changes 

observed in posterior areas (e.g. Oz, Pz) suggest the involvement of internal visual processing and 

imagery rumination in the anxious structure. 

A fundamental advantage of fractal analysis is that it provides an objective, non-invasive and 

scalable measure of brain functional complexity, unlike traditional psychometric instruments, which rely 

on subjective reporting and can be influenced by cognitive, motivational or social desirability factors. 

In this sense, fractal analysis can complement rather than replace existing clinical assessments, 

contributing to more accurate diagnosis and monitoring of therapeutic progress in psychological and 

psychotherapeutic interventions. 

Overall, the study demonstrates the potential of EEG fractal analysis to be used as a 

neurophysiological biomarker of anxiety, offering a promising path towards the development of 

advanced screening tools, treatment personalization and longitudinal assessment of affective and 

cognitive states. 
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