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Abstract 

Neurological disorders represent a growing global health burden due to their high 

prevalence, complex pathophysiology, and long-term impact on quality of life. 

Early detection of such conditions remains a critical challenge, as clinical 

symptoms often appear only after significant neural damage has occurred. In this 

context, the integration of biophysical signal analysis with artificial intelligence 

(AI) offers promising opportunities for improving early diagnostic accuracy. 

Brain signals such as electroencephalography (EEG) and other 

neurophysiological recordings contain rich biophysical information reflecting 

neuronal electrical activity, synaptic interactions, and network dynamics. 

However, the complexity and high dimensionality of these signals limit the 

effectiveness of traditional analytical approaches. 

This study explores AI-based methods for the biophysical analysis of brain 

signals aimed at the early detection of neurological disorders. Machine learning 

and deep learning techniques are applied to extract informative features related 

to signal amplitude, frequency distribution, temporal dynamics, and nonlinear 

characteristics. The proposed approach enhances the identification of subtle 

pathological patterns that may not be detectable through conventional visual or 

statistical analysis. By combining biophysical modeling principles with advanced 
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AI algorithms, the study demonstrates the potential to improve sensitivity and 

specificity in early-stage neurological disorder detection. The findings highlight 

the significance of interdisciplinary approaches that merge biophysics, 

neuroscience, and artificial intelligence to support clinical decision-making and 

advance preventive neurology. 

 

Keywords: Artificial intelligence; biophysics; brain signals; EEG analysis; 

neurological disorders; early diagnosis; machine learning 

Introduction 

 

Neurological disorders constitute one of the most significant challenges in 

modern healthcare due to their increasing incidence, complex biological 

mechanisms, and substantial social and economic consequences. Disorders such 

as epilepsy, stroke, neurodegenerative diseases, and cognitive impairments are 

often associated with irreversible neuronal damage, making early diagnosis a 

decisive factor for effective treatment and prevention of disease progression. 

Despite advances in clinical neuroscience, timely identification of neurological 

abnormalities remains limited by the subjective nature of clinical assessments and 

the delayed manifestation of observable symptoms. 

From a biophysical perspective, brain activity is governed by complex electrical 

and electrochemical processes arising from neuronal membrane dynamics, 

synaptic transmission, and large-scale neural network interactions. These 

processes generate measurable brain signals, including electroencephalography 

(EEG), magnetoencephalography (MEG), and other neurophysiological 

recordings, which reflect both normal and pathological brain states. EEG, in 

particular, is widely used due to its non-invasive nature, high temporal resolution, 

and ability to capture real-time neuronal activity. However, the interpretation of 

EEG signals is complicated by their nonlinear behavior, susceptibility to noise, 

and high inter-individual variability. 
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Traditional signal processing and statistical analysis methods have provided 

valuable insights into brain function but often fail to capture subtle biophysical 

changes associated with early-stage neurological disorders. Many pathological 

alterations manifest as minor deviations in signal frequency bands, 

synchronization patterns, or nonlinear dynamics that may not be easily detected 

through conventional techniques. This limitation has driven growing interest in 

artificial intelligence (AI) approaches, which are capable of handling large 

datasets, learning complex patterns, and identifying hidden relationships within 

multidimensional signals. 

Artificial intelligence, particularly machine learning and deep learning, has 

demonstrated strong potential in biomedical signal analysis by enabling 

automated feature extraction, classification, and prediction. When combined with 

biophysical principles, AI-based models can incorporate meaningful 

physiological interpretations rather than relying solely on data-driven 

correlations. Such integration allows for a more robust understanding of how 

pathological processes alter neuronal electrical activity and network behavior at 

early stages of disease development. 

In recent years, AI-driven analysis of brain signals has been increasingly explored 

for applications such as seizure prediction, early detection of neurodegenerative 

disorders, and assessment of cognitive and functional brain states. Nevertheless, 

challenges remain in ensuring model interpretability, clinical reliability, and 

generalizability across diverse populations. Addressing these challenges requires 

interdisciplinary research that bridges biophysics, neuroscience, and artificial 

intelligence. 

Therefore, the aim of this study is to investigate AI-based biophysical analysis 

methods for brain signals with a focus on early detection of neurological 

disorders. By leveraging advanced computational techniques alongside 

fundamental biophysical concepts, this research seeks to enhance diagnostic 
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accuracy and contribute to the development of intelligent, non-invasive tools for 

early neurological assessment. 

 

Materials and Methods 

This study is based on the analysis of brain bioelectrical signals obtained through 

electroencephalography (EEG), which was selected due to its non-invasive 

nature, high temporal resolution, and ability to reflect dynamic neuronal electrical 

activity. EEG data were collected from individuals with early-stage neurological 

disorders and from healthy control subjects under standardized recording 

conditions using multi-channel EEG systems. All procedures were conducted in 

accordance with ethical standards, and the collected data were anonymized prior 

to analysis to ensure confidentiality. 

Prior to analysis, the EEG signals underwent a comprehensive preprocessing 

procedure to enhance signal quality while preserving essential biophysical 

characteristics. Band-pass filtering was applied to eliminate low-frequency 

baseline drift and high-frequency noise. In addition, artifact removal techniques 

were used to reduce the influence of ocular, muscular, and environmental 

interferences. Signal normalization was performed to minimize inter-subject 

variability and to ensure comparability across recordings. 

Biophysical feature extraction was carried out to characterize neuronal electrical 

activity from multiple perspectives. Time-domain features, including signal 

amplitude and variance, were analyzed alongside frequency-domain features such 

as power spectral density and relative power distribution across conventional 

EEG frequency bands, including delta, theta, alpha, beta, and gamma. 

Furthermore, nonlinear features reflecting signal complexity and irregularity 

were computed to capture subtle alterations in neural dynamics that are often 

associated with early pathological changes. The selection of these features was 

guided by established biophysical principles and prior neuroscientific evidence. 
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Artificial intelligence techniques, including machine learning and deep learning 

models, were employed to analyze the extracted features and to classify brain 

signals into pathological and non-pathological categories. Supervised learning 

approaches were trained using labeled datasets, and model optimization was 

performed to improve predictive performance and generalization. Model 

evaluation was conducted using widely accepted metrics such as accuracy, 

sensitivity, specificity, and the area under the receiver operating characteristic 

curve. Cross-validation strategies were applied to assess the robustness and 

reliability of the proposed models. 

Statistical analysis complemented the AI-based approach by enabling quantitative 

comparison of biophysical features between subject groups. Appropriate 

statistical tests were used to identify significant differences in signal 

characteristics, ensuring that the detected patterns were not only computationally 

accurate but also physiologically meaningful. This integrated methodology 

allowed for a comprehensive assessment of AI-based biophysical analysis in the 

early detection of neurological disorders. 

 

Results 

The analysis of EEG signals revealed clear differences in biophysical 

characteristics between individuals with early-stage neurological disorders and 

healthy control subjects. After preprocessing, the quality of the brain signals was 

significantly improved, allowing for reliable extraction of informative features 

related to neuronal electrical activity. Time-domain analysis demonstrated 

increased variability in signal amplitude among the neurological disorder group, 

suggesting altered neuronal excitability and disrupted synaptic regulation. In 

contrast, control subjects exhibited more stable and consistent amplitude patterns, 

reflecting balanced neural network activity. 

Frequency-domain analysis showed notable changes in the distribution of spectral 

power across EEG frequency bands. Subjects with neurological disorders 
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demonstrated a relative increase in low-frequency activity, particularly within the 

delta and theta bands, accompanied by a reduction in alpha and beta band power. 

These alterations are indicative of impaired cortical processing and reduced 

functional connectivity, which are commonly associated with early pathological 

brain states. Healthy individuals, on the other hand, displayed well-defined 

frequency band organization with dominant alpha activity during resting 

conditions. 

Nonlinear feature analysis further highlighted differences in neural dynamics 

between the two groups. Measures of signal complexity and entropy were 

generally reduced in the neurological disorder group, indicating a loss of adaptive 

variability and flexibility in neuronal networks. This reduction in complexity 

suggests that early-stage neurological disorders are associated with a tendency 

toward more regular and less responsive brain activity patterns. In comparison, 

EEG signals from healthy subjects exhibited higher complexity, reflecting 

efficient information processing and dynamic network interactions. 

The application of AI-based models to the extracted biophysical features resulted 

in accurate classification of brain signals. The models demonstrated high 

sensitivity in identifying early pathological patterns, even in cases where 

conventional visual inspection of EEG signals showed minimal abnormalities. 

Specificity was also enhanced, reducing the likelihood of false-positive 

classifications among healthy subjects. Cross-validation results confirmed the 

stability and generalizability of the models across different subsets of data. 

Overall, the integration of biophysical feature analysis with artificial intelligence 

enabled the detection of subtle EEG alterations associated with early neurological 

disorders. The results indicate that AI-based biophysical analysis provides a 

robust and reliable framework for distinguishing pathological brain activity from 

normal physiological patterns, supporting its potential use as an early diagnostic 

tool in clinical and research settings. 
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Discussion 

The findings of this study demonstrate that the integration of biophysical analysis 

and artificial intelligence provides a powerful approach for the early detection of 

neurological disorders. The observed alterations in EEG signal characteristics 

reflect fundamental changes in neuronal electrical activity and network 

organization that occur during the initial stages of neurological pathology. 

Increased amplitude variability and shifts toward low-frequency dominance 

suggest dysregulation of cortical excitability and impaired synaptic 

communication, which are consistent with known biophysical mechanisms 

underlying early brain dysfunction. 

The reduction in alpha and beta band power observed in individuals with 

neurological disorders indicates diminished cortical efficiency and weakened 

functional connectivity. From a biophysical standpoint, these changes may be 

associated with altered membrane potentials, disrupted ion channel function, and 

imbalances in excitatory and inhibitory neurotransmission. Such abnormalities 

can precede overt clinical symptoms, highlighting the importance of sensitive 

analytical techniques capable of capturing subtle deviations in brain dynamics. 

Nonlinear analysis further supports the notion that early neurological disorders 

are characterized by a loss of complexity in neuronal networks. Healthy brain 

function relies on a high degree of variability and adaptability, allowing neural 

systems to efficiently respond to internal and external stimuli. The decreased 

entropy and complexity observed in pathological EEG signals suggest a shift 

toward more rigid and less adaptive network behavior. This finding aligns with 

previous biophysical and neuroscientific studies indicating that reduced 

complexity is a hallmark of compromised neural systems. 

The application of AI-based models significantly enhanced the detection of early 

pathological patterns compared to traditional analytical methods. Machine 

learning and deep learning algorithms demonstrated the ability to learn complex 

relationships among multiple biophysical features, enabling accurate 
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classification of brain states even when individual features showed only minor 

differences. Importantly, the combination of AI with biophysical feature selection 

improved the interpretability of the results, as the detected patterns could be 

linked to known physiological processes rather than treated as purely data-driven 

outcomes. 

Despite these promising results, several limitations should be considered. 

Variability in EEG recordings due to individual differences, recording conditions, 

and signal noise may influence model performance. Additionally, the 

generalizability of AI models across different populations and neurological 

conditions requires further validation using larger and more diverse datasets. 

Future research should focus on integrating multimodal neurophysiological data, 

improving model transparency, and exploring real-time implementation of AI-

based biophysical analysis in clinical settings. 

Overall, this study underscores the potential of interdisciplinary approaches that 

combine biophysics, neuroscience, and artificial intelligence to advance early 

neurological disorder detection. By capturing subtle changes in brain signal 

dynamics, AI-based biophysical analysis may contribute to more timely 

diagnosis, personalized intervention strategies, and improved neurological 

outcomes. 

 

Conclusion 

This study demonstrates that AI-based biophysical analysis of brain signals 

represents an effective and promising approach for the early detection of 

neurological disorders. The results confirm that subtle alterations in EEG signal 

characteristics, including changes in amplitude variability, frequency band 

distribution, and nonlinear dynamics, can serve as early indicators of pathological 

brain states. These changes reflect underlying biophysical disruptions in neuronal 

electrical activity and network organization that often precede clinically 

observable symptoms. 
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By integrating biophysically meaningful feature extraction with advanced 

artificial intelligence techniques, the proposed approach enhances both diagnostic 

sensitivity and specificity. Unlike traditional methods that rely heavily on visual 

inspection or limited statistical analysis, AI-driven models are capable of 

capturing complex, multidimensional patterns within brain signals. Importantly, 

grounding AI analysis in biophysical principles improves interpretability and 

supports its relevance for clinical decision-making. 

The findings highlight the value of interdisciplinary collaboration between 

biophysics, neuroscience, and artificial intelligence in addressing challenges 

associated with early neurological diagnosis. Although further validation using 

larger and more diverse datasets is required, the proposed framework provides a 

solid foundation for the development of intelligent, non-invasive diagnostic tools. 

Ultimately, AI-based biophysical analysis has the potential to support early 

intervention, improve patient outcomes, and contribute to the advancement of 

preventive and personalized neurology. 
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