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Abstract 

The objective of this randomized controlled clinical study was to investigate the effectiveness of a 

multimodal neurotechnological intervention in promoting healthy longevity in a healthy adult 

population aged 50 to 60 years. The intervention, systematically applied over three years, 

included personalized EEG neurofeedback, gamma cerebral photobiomodulation (40 Hz), 

psycho-physiological biofeedback (heart-brain coherence), and non-invasive transcutaneous 

vagal stimulation, assessed via key indicators such as heart rate variability (HRV - RMSSD), 

perceived physiological stress (GP8 score), and global EEG coherence. 

The results indicate statistically and clinically significant improvements in assessed parameters. 

Specifically, robust increases in HRV (RMSSD), substantial reductions in perceived 

physiological stress, and significant increases in global EEG coherence were observed in the 

experimental group compared to controls. Effects were evident from initial therapeutic sessions 

and were consolidated over the three-year period. 

This study significantly contributes to the development of preventive medicine by supporting the 

early implementation of neurotechnologies to enhance cognitive and emotional resilience, 

optimize neurophysiological functions, and slow age-related biological decline. The practical 

applicability of the tested protocol provides a scientifically validated and reproducible new 

direction in active prevention, integrable within clinical and community contexts, thus opening 

new perspectives in modern approaches to healthy longevity. 
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1. Introduction 

 
1.1 General Context of Longevity and Healthy Aging 

Aging is a complex, multifactorial, and inevitable biological process, characterized by a 

progressive deterioration of bodily functions and a general decrease in adaptability and self- 

regulation capacities. Biologically, aging involves cellular and molecular alterations, including 

DNA damage, accumulation of free radicals, chronic inflammation ("inflammaging"), 

mitochondrial dysfunction, and loss of metabolic and immunological homeostasis (López-Otín et 

al., 2013). These cumulative changes contribute significantly to age-related chronic diseases such 

as diabetes, cardiovascular conditions, and neurodegenerative disorders (e.g., Alzheimer's and 

Parkinson's disease). 

From a neurophysiological perspective, aging manifests through specific structural and 

functional changes that directly impact cognitive and emotional performance. These include 

cortical volume reduction, decreased synaptic density, loss of neuronal plasticity, and 

progressive deterioration of brain network integrity (Fjell & Walhovd, 2010). These alterations 

gradually lead to subtle cognitive decline, difficulties in emotional regulation, and disturbances 

in autonomic nervous system balance, as evidenced by a decrease in heart rate variability (HRV), 

a recognized indicator of the body's adaptability to stress and cardiovascular health (Thayer et 

al., 2012). 

In recent decades, the medical paradigm has undergone a radical transformation: shifting 

from a predominantly curative model, focused on treating established diseases, toward a 

preventive and predictive model centered on maintaining health and optimizing functionality 

before biological and cognitive decline becomes clinically evident (Bousquet et al., 2011). 

This new preventive model is grounded in the principles of P4 medicine (Predictive, 

Preventive, Personalized, and Participatory), which advocates an individualized and 

multidimensional approach to health. P4 medicine is not limited to early risk identification; it 

involves targeted, individualized interventions aimed at supporting and stimulating natural 

mechanisms of self-regeneration and biological resilience (Flores et al., 2013). 

Within this paradigm, neurotechnology plays a fundamental role. Initially utilized as 

therapeutic interventions for evident clinical disorders (ADHD, epilepsy, depression), modern 

neurotechnology has shown considerable promise in preventive contexts as well. Through 

techniques such as EEG neurofeedback, cerebral photobiomodulation, non-invasive vagal 

 stimulation, and heart-brain coherence biofeedback exercises, this approach directly intervenes in 

nervous system functioning, optimizing neuroplasticity, reducing chronic physiological stress, 

and promoting autonomic nervous system homeostasis (Schoenberg & David, 2014). 

Thus, the present research aims to scientifically validate and consolidate the preventive 

application of neurotechnology, offering an integrated, rigorous, and replicable protocol with 

significant potential to contribute to extending active health span and consequently increasing 

healthy longevity. 

 

1.2 The Significance of Preventive Interventions in the Subclinical Phase   

In the modern preventive medicine paradigm, identifying and addressing early signs of 

biological and cognitive decline during the subclinical phase is essential, dramatically 

influencing both the quality and duration of life. Recent research demonstrates that subtle yet 

measurable changes in cognitive function, emotional and autonomic balance precede by far the 

clinical manifestations of age-related diseases, such as Alzheimer's, cardiovascular disorders, and 

metabolic syndrome (Sperling et al., 2011; Thayer & Lane, 2007). 

Cognitive neuroscience and autonomic physiology studies clearly support the notion that 

subtle markers of decline, such as reduced neural coherence, decreased heart rate variability 

(HRV), and changes in psycho-physiological parameters of stress, can be detected long before 

clear clinical manifestations appear (Koenig et al., 2016; Shaffer & Ginsberg, 2017). Moreover, 

these early changes may be reversible if promptly and systematically addressed through 
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individualized, evidence-based interventions, such as neurofeedback, biofeedback, and vagal 

nerve stimulation. 

A strong argument supporting early intervention is that biological aging processes, 

especially neurocognitive aging, are neither linear nor irreversible, as previously thought. Indeed, 

the human brain retains neuroplasticity and neuronal regeneration capacity even at advanced 

ages when adequate and consistent stimulation is applied (Pascual-Leone et al., 2005; Draganski 

et al., 2006). Thus, early neurotechnological interventions become not only preventive strategies 

but also proactive optimization methods for individual cognitive and biological resources. 

These scientifically grounded considerations underpin the necessity and timeliness of this 

study, aimed at demonstrating the validity and effectiveness of a complex neurotechnological 

preventive protocol applied in the subclinical phase, targeting relevant markers of healthy 
longevity. By doing so, the study directly contributes to developing a new preventive, proactive, 

and predictive paradigm, firmly rooted in solid neurobiological principles and measurable 
outcomes. 

 

1.3 Neurotechnology and the Emergence of a New Preventive Approach 

In the context of modern preventive medicine, neurotechnology represents a distinct and 

innovative category of interventions that employ non-invasive, scientifically validated 

technologies designed to optimize brain functioning, autonomic regulation, and emotional 

balance, even during the subclinical stages of biological and cognitive decline. Over the last 

decade, neurotechnology has rapidly evolved from its predominant clinical and therapeutic 

applications (treating ADHD, epilepsy, anxiety, and depression) towards proactive, preventive 

applications aimed at optimizing overall health (Gruzelier, 2014; Arns et al., 2017). 

Among the neurotechnological methods with the highest preventive and optimization 

potential, integrated within the protocol of this clinical study, are the following: 

 Neurofeedback qEEG (Quantitative and Qualitative Electroencephalography) 

qEEG neurofeedback is an advanced cerebral biofeedback technique through which the brain's 

electrical activity, monitored in real-time via quantitative and qualitative 

electroencephalography, is presented to participants as auditory or visual feedback, allowing 

them to voluntarily and consciously modify neuronal patterns (Marzbani et al., 2016). The 

neuroscientific foundation of qEEG neurofeedback lies in experience-dependent neuroplasticity 

principles, demonstrating that repetitive, targeted neuronal activity induces lasting changes in 

synaptic connections and neuronal networks (Ros et al., 2014). Consequently, qEEG 

neurofeedback can optimize executive functioning, emotional self-regulation, attention, and 

working memory by directly targeting cortical regions implicated in early cognitive decline. 

 Cerebral Photobiomodulation with Pulsed Gamma Light (40 Hz) 

Cerebral photobiomodulation is an emerging therapeutic method utilizing pulsed light 

(particularly at the gamma frequency of 40 Hz) to non-invasively stimulate neuronal metabolism, 

reduce cerebral inflammation, and facilitate clearance of pathological proteins (such as beta- 

amyloid) involved in neurodegenerative processes (Hamblin, 2016; Iaccarino et al., 2016). 

Recent studies have demonstrated that pulsed gamma light stimulates synchronized neuronal 

activity within brain networks essential for cognition and memory, exerting protective effects on 

structural and functional brain integrity (Chan et al., 2021). Integrating this method into the 

current protocol aims to maximize neuroplasticity and neuroprotection during the subclinical 

phase of cognitive and neurobiological decline. 

 

 

 Heart–Brain Biofeedback and Cardiac Coherence Exercises 

Heart–brain coherence biofeedback is a psycho-physiological technique employing real-time 

monitoring of heart rate variability (HRV) to train participants in achieving optimal cardiac 

coherence, characterized by a harmonious balance between sympathetic and parasympathetic 

systems (Lehrer & Gevirtz, 2014). The neuroscientific foundations of this method rest on the 

direct relationship between HRV, autonomic balance, and cortical-subcortical networks 

responsible for emotional and cognitive self-regulation (McCraty & Shaffer, 2015). 
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 Non-Invasive Vagal Stimulation (nVNS) 

Non-invasive vagal nerve stimulation (nVNS) represents a modern therapeutic method directly 

targeting the vagus nerve through transcutaneous electrical stimulation at cervical or 

submandibular locations. The vagus nerve plays a crucial role within the autonomic nervous 

system, overseeing parasympathetic control of visceral functions, systemic inflammation 

regulation, and maintenance of overall homeostasis (Yuan & Silberstein, 2016). From a 

neuroscientific standpoint, regular vagal activation improves autonomic balance and reduces 

physiological stress, directly benefiting heart rate variability and attenuating neuroinflammatory 

processes involved in premature aging and subclinical neurodegeneration (Breit et al., 2018). 

Combining these methods into a single, multimodal, and integrative protocol is justified 

by the synergy of their underlying neurobiological mechanisms. While EEG neurofeedback and 

cerebral photobiomodulation directly stimulate neuronal plasticity and cortical neuroprotection, 

heart–brain biofeedback and non-invasive vagal stimulation optimize autonomic balance and 

reduce chronic physiological stress, thereby creating an internal environment conducive to 

neuroregeneration and biological adaptation. 

Integrating these interventions, rather than applying them individually, amplifies the 

beneficial effects of each method and provides a holistic and profound approach capable of 

simultaneously addressing the most critical markers of subclinical aging: neuronal coherence, 

autonomic balance, and physiological stress. Thus, the current study seeks not only to 

demonstrate the individual effects of these technologies but also to validate and standardize a 

coherent, integrative neuro-preventive protocol with significant potential for broad clinical 

generalization. 

 

1.4 Justification for the Necessity of the Current Study 

Current scientific literature includes numerous studies examining neurotechnological 

interventions applied individually, primarily for therapeutic purposes in already established 

neurological and psychiatric conditions. However, in the context of active prevention of 

biological and cognitive aging, a significant gap remains regarding multimodal, integrated, long- 

term interventions conducted during subclinical aging phases. Most existing research is limited 

by short intervention durations, absence of longitudinal designs, and lack of rigorous, repeated 

evaluations of physiological and cognitive parameters relevant to longevity (Chapman et al., 

2015; Klimova et al., 2017). 

Moreover, current literature rarely addresses the combination of neurotechnological 

methods within a standardized, integrative protocol, despite recent evidence clearly suggesting 

that the therapeutic and preventive effects of individual technologies are substantially enhanced 

when used simultaneously and synergistically. Furthermore, most existing studies occur in 

limited clinical contexts with small participant groups, making the generalization of results and 

practical implementation of preventive interventions at a broader scale challenging (Schoenberg 

& David, 2014; Thibault & Raz, 2016). 

In this context, the present study strategically positions itself as the first of its kind in 

Romania and among the few internationally to propose and validate a complex and longitudinal 

preventive approach to physiological and neurocognitive markers of aging. This research is 

distinguished by its rigorous controlled design, significant sample size (300 participants), and 

integrative, structured, and repeated interventions administered over three consecutive years. 

Additionally, utilizing standardized and validated assessment instruments (qEEG, HRV, heart– 

brain biofeedback) ensures high precision and reproducibility of the outcomes. 

The major scientific contribution of this study lies in its ability to provide clear and 

measurable evidence regarding the real and cumulative efficacy of the multimodal 

neurotechnological intervention in preventing subclinical aging. Thus, the study opens 

opportunities for implementing a new preventive paradigm in medical and psychological practice 

aligned with the standards of predictive, preventive, personalized, and participatory medicine 

(P4). Moreover, the findings of this study have the potential to directly influence public health 

policies, prevention programs, early interventions for the general population, and the 

development of standardized, replicable protocols for clinics and health centers. 
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By clarifying the relevance and necessity of this research, this study constitutes a 

significant and original contribution to international literature, strengthening the Institute's 

position within the scientific community and promoting the continuous development of 

preventive neurotechnology as a distinct and essential field for the health of future generations. 

 

2. Objectives of the Study 
 

2.1 General Objective 

The primary objective of this rigorously designed, controlled, and longitudinal clinical 

trial is to evaluate the efficacy of an integrative multimodal neurotechnological protocol— 

including qEEG neurofeedback, cerebral photobiomodulation using gamma-pulsed light, heart– 

brain biofeedback, and non-invasive vagal stimulation—on physiological and neurocognitive 

markers relevant for healthy longevity in a clinically healthy population, in the subclinical stage 

of aging (age 50–60). 

This study aims not only to identify immediate and cumulative changes in parameters 

such as neuronal coherence (qEEG), heart rate variability (HRV), and physiological stress but 

also to establish the validity and generalizability of this integrated preventive protocol. In doing 

so, the study directly contributes to implementing a new preventive and optimizing 

neurotechnological paradigm with broad applicability potential in modern medicine. 

2.2 Specific Objectives 

To achieve the overarching goal of rigorously evaluating the efficacy of the multimodal 

neurotechnological intervention, this study sets forth several specific objectives that clearly and 

measurably address the effects of the intervention on key markers relevant for healthy longevity. 

Specifically, these objectives include: 

 Evaluating functional and structural brain modifications using quantitative and qualitative 

EEG (brain mapping qEEG) 

This objective aims to identify detailed neurophysiological changes in inter- and 

intrahemispheric coherence, cortical electrical activity, and neural network flexibility resulting 

from the integrated neurotechnological intervention. 

 Evaluating changes in heart rate variability (HRV) as an indicator of autonomic nervous 

system balance 

This objective specifically targets the impact of the intervention on autonomic balance, 

particularly vagal activation and sympathetic-parasympathetic balance, key indicators of 

physiological resilience and healthy longevity. 

 Determining the impact of the intervention on physiological stress and emotional self-

regulation capacity through heart–brain biofeedback 

This objective evaluates the effectiveness of the intervention in reducing physiological stress and 

optimizing emotional regulation, using measurable parameters derived from heart–brain 

biofeedback, thus reflecting improved psycho-physiological adaptation. 

 Rigorous comparative analysis of pre- and post-intervention results between the 

experimental and control groups 

The objective focuses on establishing statistically significant and clinically relevant differences 

between the experimental group (which receives the intervention) and the 

control group, validating the efficacy and real-world impact of the multimodal intervention. 

 Evaluating cumulative and long-term maintenance effects of the intervention This objective 

aims to assess cumulative and longitudinal effects of the intervention, measuring the sustained 

and enhanced positive outcomes over time on participants' neurocognitive and physiological 

parameters. 

 

2.2.1 Functional and Structural Brain Changes (brain mapping qEEG) 

The first specific objective of this clinical study involves the rigorous and detailed 

evaluation of functional and structural brain changes using quantitative and qualitative 

electroencephalography (brain mapping qEEG), following the implementation of the multimodal 
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neurotechnological intervention. 

Within this objective, the study aims to identify and measure neurophysiological 

alterations at the cortical level, reflecting the direct effects of the protocol on cognitive, 

emotional, and integrative brain functioning by targeting critical brain areas and neuronal 

networks involved in healthy aging. 

Specifically, the objective targets the following key aspects: 

 Assessment of intrahemispheric and interhemispheric neuronal coherence changes: The 

study will monitor coherence among relevant cortical areas directly associated with cognitive 

resilience, emotional regulation capacity, and autonomic balance. Increased interregional 

coherence suggests improved communication between neural networks, associated with 

enhanced cognitive performance and resilience to neurodegenerative decline. 

 Detailed analysis of changes in cerebral electrical activity (EEG spectrum): Evaluations will 

include monitoring neuronal activity across specific frequency bands (Delta, Theta, Alpha, SMR, 

Beta, High Beta, and Gamma). Alterations in activity within these bands correlate with improved 

cognitive functions (memory, attention, executive control), stress regulation, and optimized 

neuroplasticity—critical parameters for cognitive longevity. 

 Identification of activity changes within selected Brodmann areas: Specifically, this objective 

involves an in-depth assessment of key cortical areas: 

o BA4 (Primary motor cortex) – motor control, somato-cognitive integration. 
o BA6 (Premotor and supplementary motor cortex) – action planning and mental agility. 
o BA9 and BA10 (Dorsolateral and anterior prefrontal cortex) – executive functions, abstract 

thinking, self-regulation. 

o BA13 (Insula) – interoceptive awareness and profound emotional regulation. 
o BA24 (Anterior cingulate cortex) – emotional regulation and stress management. 
o BA31 (Posterior cingulate cortex) – default mode network, personal identity, emotional 

balance. 
o BA40 (Inferior parietal lobule) – sensory integration, multitasking, and spatial orientation. 
o BA46 (Dorsolateral prefrontal cortex) – working memory, decision-making, attention control. 

Each of these areas was selected due to their scientifically demonstrated roles in maintaining 

cognitive longevity and resilience to premature neurophysiological decline. 

 Evaluating cumulative and longitudinal effects of the intervention: 

To validate long-term effects, brain changes will be repeatedly assessed (pre- and post- 

intervention, after each intervention phase). This approach allows the study not only to identify 

immediate impacts of neurotechnological interventions but also to evaluate the degree to which 

positive neurophysiological changes are consolidated and sustained over time. 

By achieving this objective, the study will provide solid neurophysiological evidence 

regarding the effectiveness of preventive neurotechnological interventions during the subclinical 

phase of aging. The outcomes will significantly enhance our understanding of neuroscientific 

foundations related to neuroplasticity, neuroprotection, and neuronal regeneration, essential 

components for developing future integrated preventive protocols. 

 

2.2.2 Changes in Heart Rate Variability (HRV) and Autonomic Balance 

The second specific objective of this clinical study involves the comprehensive 

evaluation of changes in heart rate variability (HRV), an established physiological marker 

reflecting autonomic nervous system balance, following the multimodal neurotechnological 

intervention. 

This objective explicitly addresses the impact of the intervention on autonomic nervous 

system regulation, particularly focusing on increasing vagal tone and balancing sympathetic- 

parasympathetic interactions, essential markers for physiological resilience and healthy aging. 

Specifically, this objective includes: 

 Measurement and detailed evaluation of HRV parameters, including RMSSD (indicating 

short-term parasympathetic activity), SDNN (overall autonomic flexibility), and LF/HF ratio 

(sympathetic-parasympathetic balance). These parameters provide essential insight into the 

body's ability to manage stress and maintain cardiovascular and emotional health effectively. 
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 Assessing immediate, cumulative, and longitudinal effects of intervention on these parameters 

by conducting repeated measurements before and after each intervention phase, ensuring a 

thorough understanding of intervention impacts over time. 

 Correlation analysis of HRV data with cognitive (qEEG) and emotional (biofeedback 

coherence) markers to elucidate underlying mechanisms responsible for observed physiological 

improvements. 

By addressing these points, this objective provides robust evidence of autonomic regulation 

enhancement resulting from preventive neurotechnological interventions, validating HRV as a 

critical physiological indicator for interventions aimed at promoting sustained health and 

longevity. 

 

2.2.2 Heart Rate Variability (HRV) and Autonomic Nervous System Balance 

The second specific objective of the study involves rigorously evaluating the impact of the 

multimodal neurotechnological intervention on heart rate variability (HRV), a central indicator 

of autonomic nervous system (ANS) balance and functioning. 

This objective specifically addresses the following detailed aspects: 

 Quantification of HRV changes as markers of autonomic and cardiovascular health HRV, 

defined as the variability in time intervals between consecutive heartbeats, is recognized as a 

sensitive biomarker of the balance between sympathetic and parasympathetic branches of the 

autonomic nervous system. The study will analyze key HRV parameters such as RMSSD (Root 

Mean Square of Successive Differences), SDNN (Standard Deviation of NN intervals), and 

LF/HF ratio (ratio between sympathetic and parasympathetic activity), reflecting parasympathetic 

activation and overall physiological adaptability and self-regulation. 

 Evaluating the effect of non-invasive vagal stimulation on autonomic activity 

This objective specifically includes analyzing the direct impact of vagal nerve stimulation on 

parasympathetic activation and overall autonomic balance. Thus, changes in HRV are considered 

direct indicators of this method's efficacy, with immediate implications for cardiovascular, 

emotional, and general biological resilience. 

 Establishing the relationship between HRV modifications and cognitive and emotional 

parameters 

Through comparative and correlational analyses, the study aims to clarify the relationship 

between improvements in HRV and optimization of cognitive and emotional parameters, such as 

reduced perceived stress, increased emotional resilience, and enhanced executive functioning. 

 Evaluating cumulative and longitudinal intervention effects on HRV 

HRV changes will be analyzed longitudinally, before and after each intervention stage, allowing 

clear identification of cumulative and persistent intervention effects on autonomic balance. This 

longitudinal approach will demonstrate whether preventive neurotechnological interventions 

produce sustainable, long-term effects on HRV and thus, on healthy longevity. 

By achieving this specific objective, the study intends to provide robust scientific evidence 

supporting the implementation of multimodal neurotechnological interventions as a validated 

preventive strategy for improving autonomic health and prolonging biological and emotional 

well-being. 

 

2.2.3 Reduction of Physiological Stress and Enhancement of Emotional Self-Regulation 

The third specific objective of the study is the comprehensive and detailed evaluation of 

the neurotechnological multimodal intervention's effect on reducing physiological stress and 

enhancing participants' emotional self-regulation capacity. This component is crucial in 

preventive contexts, considering chronic stress is recognized as one of the primary factors 

accelerating biological aging and cognitive decline. 

Specifically, through this objective, the study targets: 

 Objective and measurable evaluation of physiological stress: 

Using advanced heart-brain biofeedback applications, physiological stress will be rigorously 

quantified through specific measures of cardiac coherence scores and resonance indices. These 

parameters reflect the body's ability to quickly return to equilibrium following exposure to 
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stressful situations and directly correlate with optimal autonomic and emotional system 

functioning. 

 Direct measurement of improvements in emotional self-regulation capacity: 

The study systematically analyzes changes in participants' emotional regulation capacity by 

continuous, repeated monitoring of cardiac coherence scores and psycho-physiological 

parameters during rest and controlled stress conditions. Emotional self-regulation capacity is 

crucial for long-term mental and physical health, being associated with reduced risks of anxiety, 

depression, and cardiovascular diseases. 

 Identifying direct relationships between reduced physiological stress and improved 

cognitive and autonomic indicators: 

The study aims to clarify the direct relationship between reduced physiological stress levels and 

improvements in HRV, cognitive performance, and neurophysiological parameters measured by 

qEEG. This analysis validates the intervention as an integrative, holistic approach in which 

improved emotional self-regulation directly supports brain health and autonomic balance—

fundamental elements for longevity. 

 Evaluating cumulative and longitudinal effects on physiological stress and emotional self-

regulation: 

Evaluations will be conducted repeatedly and consistently throughout the study (before and after 

each intervention cycle), enabling clear identification of cumulative and persistent intervention 

effects. Thus, the goal is not only to validate the immediate effects of applied technologies but 

also their long-term sustainability. 

Additionally, this specific objective has immediate practical importance, as it provides clear 

and reproducible tools easily implementable in clinical practice. Positive outcomes recorded on 

physiological stress and emotional self-regulation can serve as foundations for developing 

scientifically validated preventive protocols, accessible to the general population and readily 

integrated into various clinical or psychological contexts. 

By achieving this specific objective, the study significantly contributes to understanding the 

neurophysiological and emotional mechanisms involved in long-term health, offering clear 

evidence that preventive neurotechnological interventions effectively and sustainably reduce 

physiological stress and optimize individuals' adaptive capacities, thus supporting active and 

healthy aging. 

 

2.2.4 Comparative Evaluation between the Experimental and Control Groups 

The fourth specific objective of the study involves conducting a detailed, rigorously 

controlled comparative evaluation between the experimental group (receiving the integrated 

multimodal neurotechnological intervention) and the control group (receiving no intervention 

beyond identical periodic assessments). This comparison is crucial for accurately determining 

whether observed changes can be directly attributed to the applied protocol or explained by 

natural progression over time or external factors. 

Specifically, through this objective, the study addresses the following detailed aspects: 

 Rigorous analysis of between-group differences using standardized measurements: Data 

collected pre- and post-intervention will be compared across both groups using identical 

protocols and time intervals. Evaluated parameters include brain activity and neuronal coherence 

(measured via qEEG), heart rate variability (HRV), physiological stress indicators, and emotional 

self-regulation. This approach ensures a robust, unbiased analysis of real differences between the 

groups, eliminating placebo effects or external influences. 

 Determining the statistical and clinical significance of observed changes: Comparative 

analyses will employ advanced statistical methods, including independent- sample t-tests, 

repeated-measures ANOVA, and effect size analysis (Cohen's d), assessing not only statistical 

significance but also clinical and practical relevance of the findings. Consequently, the study will 

clearly demonstrate if intervention effects are substantial enough to justify broader 

implementation. 
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 Clearly identifying cumulative and longitudinal intervention effects: 

Due to the longitudinal study structure, comparative evaluations between the experimental and 

control groups will be consistently repeated over the three-year duration, enabling identification 

of long-term effects and dynamics of physiological and cognitive changes induced by the 

neurotechnological protocol. This aspect provides a detailed and profound understanding of the 

intervention's ability to produce immediate and lasting effects on participants. 

 Rigorous control of external variables and potential confounders: 

Groups have been carefully randomized to ensure balanced distribution of relevant demographic 

variables (gender, living environment, educational and professional levels). This randomization 

allows a safer interpretation of results, attributing observed significant differences between 

groups exclusively to the intervention itself rather than other sources. 

 Protocol validation and supporting generalizability of results: 

Through detailed comparison of experimental versus control group results, the study can clearly 

validate the multimodal neurotechnological protocol's real-world effectiveness. Hence, obtained 

results become the necessary scientific foundation for proposing the protocol as a validated 

preventive intervention for routine medical and psychological practice. 

 

 

 

3. Methodology and Study Design 

 
3.1 General Study Design 

This research was designed as a randomized, controlled, longitudinal clinical trial, aimed 

at assessing the impact of a multimodal neurotechnological intervention on physiological and 

neurocognitive markers relevant for healthy longevity. The choice of this research design was 

intentional, as randomized, controlled, longitudinal studies are considered the gold standard in 

biomedical research, providing a robust methodological framework that allows for clear 

conclusions regarding causality and optimal generalization of the results (Friedman et al., 2015). 

The overall design involves repeated assessments of the same participants over a three- 

year period. During this period, the experimental group regularly received the structured 

intervention, while the control group underwent only standardized evaluations without the 

neurotechnological protocol. This longitudinal approach is essential for capturing cumulative 

effects and the persistence of physiological and neurocognitive changes resulting from the 

intervention (Kazdin, 2017). 

Participants were recruited according to strict eligibility criteria designed to ensure group 

homogeneity and representativeness. Following rigorous selection, participants were randomized 

into two equal groups (experimental and control) using stratified randomization based on sex, 

urban or rural residence, and educational level. This randomization method significantly reduces 

potential bias and controls external factors that could influence study outcomes (Suresh, 2011). 

The intervention protocol applied to the experimental group is complex, 

multidimensional, and precisely standardized. It involves regular sessions of personalized qEEG 

neurofeedback, cerebral photobiomodulation using gamma-pulsed light (40Hz), guided 

biofeedback exercises for heart-brain coherence, and non-invasive vagal nerve stimulation. The 

session duration and frequency were based on existing scientific literature and prior clinical 

experience to maximize therapeutic and preventive effects without overstressing participants. 

Both groups concurrently underwent objective, standardized, and repeated assessments, 

including detailed qEEG measurements, heart rate variability (HRV) analyses, and specific 

assessments of physiological stress and emotional self-regulation. These identical assessments 

ensure data comparability and allow clear isolation of intervention effects from natural changes or 

external influences (Campbell & Stanley, 2015). 
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3.2 Sample Characteristics 

To ensure methodological quality and validity of the study’s conclusions, participant 

selection was carried out meticulously, employing precise and clearly defined criteria. 

Consequently, the final sample comprised a total of 300 adults aged between 50 and 60, evenly 

divided into two distinct groups: experimental and control. 

Only clinically healthy individuals were included, with no diagnosed chronic 

neurological or psychiatric disorders, no medications significantly affecting central nervous 

system function, and no recent history of major cardiovascular diseases or other significant 

chronic conditions. Selected participants demonstrated intact cognitive function during 

preliminary neuropsychological assessments, excluding any form of neurocognitive disorders 

such as mild cognitive impairment or dementia. 

Individuals were excluded if they presented significant medical conditions, chronic 

excessive alcohol or psychoactive substance use, or concurrent participation in similar clinical 

trials or therapeutic interventions. 

The socio-demographic structure of the final sample was carefully constructed to reflect 

the diversity of the adult population in Romania, ensuring balanced representation of key factors 

influencing participants' adaptability and response to the intervention. Both groups were 

balanced by gender, with equal numbers of women and men. Approximately 60% of participants 

originated from urban areas, while the remaining 40% came from rural areas, accurately 

reflecting the real distribution of the Romanian population in this age segment. Similarly, 

educational level was carefully considered, including participants with secondary education 

(high school or vocational training) and higher education (bachelor’s or master’s degree), with a 

higher proportion of the latter, reflecting typical educational profiles within this age group. 

Occupationally, participants were selected from various professional domains. About half 

came from professions involving medium to high levels of occupational stress (e.g., education, 

healthcare, transport, or industry), while the other half were primarily engaged in sedentary or 

intellectual occupations typical of administrative and service sectors. This balanced selection 

enabled examination of the neurotechnological intervention’s impact across diverse occupational 

contexts, realistically mirroring social and professional realities of the studied target group. 

Participant randomization into experimental and control groups was achieved through a 

rigorous, stratified procedure performed in fixed blocks, executed by specialized software 

operated independently from subsequent clinical evaluations or therapeutic protocol 

administration. Stratified randomization accounted for critical variables—gender, educational 

level, and residential background—ensuring these factors were evenly distributed between 

groups. 

 

3.3 Structure of the Multimodal Neurotechnological Intervention 

The intervention protocol spanned three years, divided into six distinct cycles, each 

lasting 10 weeks. Participants underwent two intervention cycles per year, separated by clear 

therapeutic breaks. Thus, each participant in the experimental group received a total of 180 

therapeutic sessions, allowing the evaluation of immediate, cumulative, and lasting effects. 

Each therapeutic session lasted approximately 60 minutes and took place in a 

standardized clinical setting, controlled both environmentally and procedurally, ensuring optimal 

conditions for rigorous protocol application. 

The first stage of each session involved 20 minutes of personalized qEEG neurofeedback. 

Neurofeedback protocols were individually tailored based on initial and intermediate quantitative 

and qualitative electroencephalographic (qEEG) evaluations. Specific cortical regions, 

scientifically documented as crucial for cognitive, emotional, and integrative processes related to 

healthy longevity, were strategically targeted. 

Specifically, the qEEG intervention focused on optimizing the activity of the following 

Brodmann areas (BA): 

 BA4 (primary motor cortex): chosen for its role in motor coordination and sensorimotor 

integration, aiming to prevent physical decline and support motor functions associated with 

healthy aging;
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 BA6 (premotor and supplementary motor cortex): targeted to enhance mental agility, motor 
planning, and cognitive-motor coordination;

 BA9 and BA10 (dorsolateral and anterior prefrontal cortex): essential for executive functions, 
abstract thinking, strategic planning, decision-making, and behavioral self- regulation, thereby 

enhancing resilience to early cognitive decline;

 BA13 (insula): deeply involved in emotional regulation and interoceptive awareness, 

intervention in this area aimed to enhance internal bodily perception and emotional self- 

regulation;

 BA24 (anterior cingulate): central to emotional conflict detection and stress modulation, the 

intervention sought to improve emotional resilience and reduce psychosomatic reactivity;

 BA31 (posterior cingulate): integral to the default mode network, supporting self- awareness and 

emotional balance; the intervention aimed to optimize adaptive emotional and identity 

adjustments associated with transitioning to senescence;

 BA40 (inferior parietal lobe): responsible for multisensory integration and spatial attention; 

targeted to prevent cognitive isolation and maintain integrative and attentional functions essential 

for complex daily tasks;

 BA46 (dorsolateral prefrontal cortex): essential for working memory, attentional control, and 

cognitive inhibition, stimulated to enhance mental clarity, sustained attention, and decisional 

capacity—key elements of cognitive longevity;

Participants individually engaged in modifying these cortical areas' electrical activity through 

real-time visual and auditory feedback. The explicit goal was to increase activity in qEEG 

frequency bands associated with calmness and cognitive efficiency (such as alpha) and decrease 

activity in frequency bands related to stress and cortical hyperactivation (such as high-beta). This 

rigorous process aimed to stimulate adaptive neuroplasticity, reduce chronic cortical stress, and 

enhance functional coherence among brain regions, directly contributing to preventing premature 

cognitive decline. 

Following qEEG neurofeedback, each session continued with 10 minutes of cerebral 

photobiomodulation using gamma-pulsed light at the specific frequency of 40 Hz. This relatively 

recent technique in applied neurosciences involved non-invasive stimulation of neuronal activity 

through pulsed light directed at frontal and parietal regions. Selection of the 40 Hz frequency 

was intentional, supported by research indicating its clear effects on enhancing neuronal 

synchronization, promoting clearance of pathological proteins (e.g., beta-amyloid), and reducing 

neural inflammation—key factors in maintaining cognitive health (Iaccarino et al., 2016; 

Hamblin, 2016). Thus, gamma photobiomodulation explicitly promoted neuroprotection and 

neuroplasticity in critical brain areas, reinforcing neurofeedback effects. 

Subsequently, participants performed 15 minutes of guided heart-brain coherence 

biofeedback exercises. Utilizing standardized and clinically validated protocols, these exercises 

aimed explicitly at enhancing cardiac coherence—an objective, sensitive indicator of autonomic 

balance and physiological and emotional resilience. Heart-brain coherence reflects the 

harmonious functioning of the autonomic nervous system with cognitive and emotional 

processes, directly reducing perceived physiological stress and improving effective emotional 

self-regulation. Participants engaged in rhythmic, deep breathing exercises synchronized with 

real-time heart rate variability (HRV) monitoring, allowing voluntary control of autonomic 

activation and overall chronic stress reduction (Lehrer & Gevirtz, 2014; McCraty & Shaffer, 

2015). 

In the final stage of the session, participants underwent 15 minutes of transcutaneous non- 

invasive vagal stimulation. This method involved controlled, low-intensity electrical stimulation 

applied to the submandibular region, strategically selected for accessibility and effectiveness in 

vagal nerve stimulation. Given the vagus nerve’s central role in autonomic and emotional 

regulation, its activation significantly reduces physiological stress, systemic inflammation, and 

improves general adaptive capacity in response to external stressors (Breit et al., 2018; Yuan & 

Silberstein, 2016). 

 

 



ISSN:2455-2631                                                                                          May 2025 IJSDR | Volume 10 Issue 5   

IJSDR2505234 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org c311 
 

3.4 Measurements and Instruments 

 Brain mapping (qEEG)
To objectively and rigorously assess the impact of the neurotechnological intervention on 

brain activity, this study utilized quantitative and qualitative electroencephalography (qEEG). 

This method is a standardized and clinically validated instrument in applied neuroscience, 

offering a direct and highly sensitive measure of subtle neurophysiological changes resulting 

from targeted interventions on cerebral functions. 

In the current study, qEEG measurements were performed using high-performance EEG 

equipment with 19 channels placed according to the international 10–20 standard, a system 

renowned for its precision and reproducibility of obtained data. EEG recordings were conducted 

under strictly controlled and standardized clinical conditions, with participants evaluated in 

resting states (eyes-open and eyes-closed), ensuring an objective assessment of baseline cortical 

electrical activity and rigorous comparison between pre- and post-intervention measurements. 

qEEG data analysis was performed using specialized medical-certified software capable of 

generating detailed cortical maps capturing neuronal activity across each relevant cerebral 

frequency band (Delta, Theta, Alpha, Alpha1, Alpha2, LoBeta, Beta, HiBeta, Gamma). 

Additionally, the software allowed precise evaluation of essential parameters for this study, 
including interhemispheric and intrahemispheric coherence, frontal cortical asymmetry, and 

neural network rigidity—all scientifically documented as valuable indicators of cognitive health 

and neuroplasticity. 

The selection of specific cortical areas measured by qEEG was strategically informed by 

existing scientific literature regarding their roles in neurocognitive and emotional processes 

associated with healthy longevity. Thus, qEEG assessments explicitly focused on Brodmann 

areas previously identified in the neurofeedback protocol (BA4, BA6, BA9, BA10, BA13, BA24, 

BA31, BA40, BA46), each area being essential for executive, motor, integrative, interoceptive, 

and emotional functions relevant for maintaining cognitive and emotional health long-term. 

The selected Brodmann areas were analyzed in detail, aiming to detect specific intervention- 

induced changes within each targeted cortical region, thereby enabling a clear and nuanced 

interpretation of fundamental neurophysiological mechanisms underlying the preventive effects 

of the multimodal intervention. Furthermore, repeated qEEG evaluations performed periodically 

before and after each therapeutic cycle enabled deep longitudinal analysis of parameter 

evolution, directly contributing to identifying cumulative and durable effects of the 

neurotechnological protocol. 

 Heart Rate Variability (HRV)
To objectively assess autonomic nervous system balance and the organism’s general capacity 

for physiological adaptation and regulation, the study measured heart rate variability (HRV). 

This method is considered one of the most sensitive indicators of balance between sympathetic 

and parasympathetic nervous systems, frequently recommended in scientific literature as an 

objective biomarker for autonomic and cardiovascular health, as well as a predictor of general 

health and longevity (Shaffer & Ginsberg, 2017; Laborde et al., 2017). 

HRV measurements were performed using certified portable medical devices, clinically 

validated and internationally recognized for their high precision in evaluating RR intervals 

(intervals between consecutive heartbeats). These devices provided highly detailed and precise 

recordings, achieving millisecond-level accuracy essential for accurately assessing subtle 

changes resulting from the intervention. 

HRV evaluations were conducted under standardized and controlled conditions to minimize 

external influences that could distort measurements. Participants were monitored in a quiet 

clinical environment with dim lighting and constant ambient temperature. Before initiating 

measurements, each participant underwent a mandatory resting period to stabilize physiological 

parameters, followed by the actual recording, which lasted approximately 10 minutes in a seated 

position. 

Specific parameters analyzed during HRV evaluations included RMSSD (Root Mean Square 

of Successive Differences), a sensitive indicator of vagal tone and parasympathetic activation; 

SDNN (Standard Deviation of NN intervals), reflecting general heart activity variability and 
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overall autonomic balance; and the LF/HF ratio (Low Frequency/High Frequency ratio), a 

parameter used to estimate the balance between sympathetic and parasympathetic activity within 

the autonomic nervous system (Malik et al., 1996; Billman, 2013). 

HRV evaluations were periodically performed identically in both the experimental and 

control groups, before and after each intervention cycle. This longitudinal approach allowed the 

identification of immediate changes and cumulative, lasting effects of the neurotechnological 

intervention on participants’ autonomic balance. 

 Psychophysiological Biofeedback (Heart-Brain Coherence)
For an in-depth evaluation of physiological stress and participants’ capacity for emotional 

self-regulation, the study utilized heart-brain coherence psychophysiological biofeedback. This 

scientifically validated method objectively quantifies the balance between autonomic nervous 

system activity and associated emotional and cognitive processes (McCraty & Zayas, 2014; 

Lehrer & Gevirtz, 2014). 

Heart-brain coherence biofeedback involves participants learning to voluntarily and 

consciously control specific physiological parameters, particularly heart rhythm and respiration, 

through real-time guided exercises and objective indicators of cardiac coherence. In this study, 

psychophysiological biofeedback was performed using specialized software and medically 

certified sensors capable of instantly measuring and displaying cardiac coherence parameters, 

heart rate variability (HRV), and synchronization between respiratory and cardiac autonomic 

activity. 

Each psychophysiological biofeedback evaluation session took place in a controlled, quiet, 

and comfortable environment, minimizing external influences on measurements. The assessment 

began with a rest period during which participants were guided to stabilize their breathing, 

followed by an active phase wherein participants performed slow and deep breathing exercises in 

a specific rhythm individually adapted to achieve optimal heart-brain coherence. During these 

exercises, the biofeedback application provided real-time visual feedback on participants' cardiac 

coherence state, enabling immediate and effective adjustments to breathing rhythm and internal 

emotional states. 

The objectively measured parameters included cardiac coherence scores (indicating general 

harmony between heart rhythm, respiration, and emotional state), resonance index (a detailed 

indicator of internal physiological regulatory mechanisms' efficiency and stability), and 

amplitude variations of heart rhythm directly correlated with respiratory cycles. These indicators 

were repeatedly measured at clearly defined intervals before and after each intervention cycle, in 

both experimental and control groups, enabling detailed comparative analyses of 

neurotechnological intervention effects on emotional self-regulation and overall physiological 

balance. 

 Justification of Evaluation Methods Selection
The choice of specific evaluation methods employed in this clinical study was based on 

rigorous criteria, emphasizing measurement precision, clinical and neuroscientific relevance of 

evaluated parameters, and their capacity to detect subtle and cumulative changes resulting from a 

complex, integrated preventive intervention. 

Quantitative and qualitative electroencephalography (qEEG) was selected as the primary tool 

for evaluating brain function due to its non-invasiveness, high sensitivity, and reproducibility, 

widely validated in international literature as capable of detecting subtle cortical changes before 

they become clinically evident. Recent research has extensively documented qEEG’s efficacy in 

early identification of neurophysiological changes associated with cognitive aging and 

subclinical cerebral functional decline (Thatcher, 2010; Rossini et al., 2007). Moreover, qEEG’s 

ability to illustrate neuronal coherence and specific cortical region activity, as in the selected 

Brodmann areas in this study, significantly enhances the detailed analysis of preventive 

neurotechnological intervention impact on complex cerebral aging processes. 

Heart rate variability (HRV) evaluation was included due to its recognized significance in 

determining autonomic nervous system balance, a documented predictor of physiological and 

emotional resilience and general health and longevity (Shaffer & Ginsberg, 2017; Billman, 

2013). Specifically, HRV use was justified as methods employed within the therapeutic protocol 
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(vagal stimulation, heart-brain biofeedback) repeatedly demonstrated significant effects on 

autonomic parameters, directly allowing assessment of these effects. 

Heart-brain coherence psychophysiological biofeedback was selected to evaluate participants' 

emotional self-regulation capacity and perceived physiological stress, owing to its ability to 

clearly and reproducibly quantify internal emotional and autonomic regulatory mechanisms. This 

clinically validated method is simple to administer and highly sensitive in detecting subtle 

changes induced through regular training and preventive interventions (McCraty & Shaffer, 

2015; Lehrer et al., 2013). Additionally, heart-brain biofeedback simultaneously evaluates 

multiple relevant physiological parameters, providing an integrated and comprehensive view of 

intervention efficacy in reducing stress and increasing emotional resilience. 

Thus, the integrated selection of these three methods—qEEG, HRV, and 

psychophysiological biofeedback—was strategically and scientifically justified, ensuring 

rigorous and objective evaluation of changes induced by the multimodal neurotechnological 

intervention and enabling deeper understanding of neurophysiological, emotional, and cognitive 

mechanisms involved in preventing pathological aging. This complementary use of instruments 

provided exceptional methodological solidity, significantly enhancing the scientific relevance 

and validity of the study’s conclusions. 

 

 

4. Results 
 

4.1 Descriptive and Statistical Results 

This section presents the descriptive and statistical results of the study, analyzing the 

changes observed in the experimental group following the implementation of the multimodal 

neurotechnological intervention over the three-year monitoring period. For each parameter 

evaluated (qEEG, HRV, and heart-brain biofeedback), clear descriptive data (means and standard 

deviations) are presented, followed by corresponding statistical analyses designed to assess the 

significance and clinical relevance of the observed changes. 

Table 1. Measured Parameters and Mean Descriptive Values (± SD) 

 

Descriptive results for parameters measured before and after the multimodal 

neurotechnological intervention for the experimental group (n = 150 participants) are presented 

below.Descriptive data clearly illustrate significant improvements across all evaluated 

parameters, demonstrating objective enhancements in physiological, cognitive, and emotional 

indicators following the intervention. 

 

Statistical Analyses of Results 

To verify the statistical significance of the observed differences before and after intervention 

within the experimental group, rigorous and validated statistical tests were conducted, suitable for 

this type of research. 

 

1. Heart Rate Variability (HRV) 
The paired-samples t-test indicated a significant increase in RMSSD values after 

intervention: 

Table 2. Paired-Samples t-Test Results for HRV (RMSSD) Differences Before and After the 

Multimodal Neurotechnological Intervention (N = 150) 

Evaluated Parameter Mean Pre-

Intervention 

Mean Post- 

Intervention 

Mean 

Difference (Δ) 

Standard 

Deviation (Δ) 

Hrv (Rmssd, Ms) 31.59 ± 6.47 39.23 ± 6.98 +7.64 ±5.09 

Physiological Stress 

Score (Biofeedback) 

55.44 ± 10.21 46.73 ± 7.42 –8.71 ±8.23 

Global Eeg Coherence 

(%) 

60.79 ± 7.85 69.79 ± 7.54 +9.00 ±6.83 
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Evaluated 

Parameter 

Mean Pre-

Intervention 

Mean Post- 

Intervention 

Δ Mean  Δ SD  T(149) p Cohen’s 

D 

Hrv (Rmssd, Ms) 31.59 (6.47) 39.23 (6.98) 7.64 5.09 18.35 .001 1.49 

Note: HRV = Heart Rate Variability; RMSSD = Root Mean Square of Successive Differences, 

measured in milliseconds (ms). The positive difference indicates a statistically significant 

increase in RMSSD after intervention. Cohen’s d value indicates a large effect size (Cohen, 

1988), demonstrating the clinical and practical relevance of the intervention. The statistical test 

used was a paired-samples t-test, with a significance threshold α = .05. 

 

The distribution of HRV values is illustrated using histograms and boxplots, clearly showing the 

generalized improvement in autonomic balance following the neurotechnological intervention. 

The histogram and boxplot illustrating Heart Rate Variability (HRV) measured by RMSSD 

clearly show a significant and consistent increase following the multimodal neurotechnological 

intervention. The mean and median values after intervention visibly shift towards higher values, 

indicating an objective and robust improvement in autonomic balance and an increased 

physiological adaptability to stress. The absence of significant outliers confirms the general and 

consistent improvement throughout the analyzed sample. 

 

Increased RMSSD values reflect enhanced parasympathetic activation, directly associated with 

reduced cardiovascular risk and improved healthy longevity. 
 

 

2. Physiological Stress Score (Heart-Brain Biofeedback) 
Statistical analysis using the paired-samples t-test revealed a significant reduction in 

physiological stress scores as measured by biofeedback: 

Table 3. Paired-Samples t-Test Results for Physiological Stress Scores (Heart-Brain 

Biofeedback) Before and After Multimodal Neurotechnological Intervention (N = 150) 

 

Evaluated 

Parameter 

Mean Pre-

Intervention 

Mean Post- 

Intervention 

Δ Mean  Δ SD  T(149) p Cohen’s 

D 

Physiological Stress 

Score (Biofeedback) 

55.44 

(10.21) 

46.73 (7.42) −8.71 8.23 −13.77 .001 1.12 

 

Note: The negative difference indicates a statistically significant reduction in physiological 

stress following intervention. The reported effect (Cohen’s d = 1.12) is considered large 

according to Cohen’s criteria (1988), suggesting substantial practical relevance of the applied 

intervention. The statistical test used was a paired-samples t-test, with the significance level set at 

α = .05. 
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Boxplot visualizations indicate a substantial and generalized reduction in physiological stress 

values, clearly demonstrating the intervention’s effectiveness in enhancing emotional self- 

regulation capabilities. The diagram and boxplot depicting the physiological stress score reveal a 

clear and substantial reduction in perceived stress following the intervention. Median scores and 

overall data distribution shift visibly towards lower values, demonstrating significant 

improvements in participants' ability to regulate emotional and physiological stress. The boxplot 

further confirms the generalized reduction and the absence of significant outliers, reinforcing the 

robustness of these results. 

 

 

Reduced physiological stress reflects improved emotional and physiological adaptability to 

external demands, significantly contributing to the prevention of age-related emotional disorders. 

 

 

3. Global EEG Coherence (%) 
The paired-samples t-test showed a significant increase in global EEG coherence after 

intervention, reflecting a robust improvement in overall brain functioning: 

Table 4. Paired-Samples t-Test Results for Global EEG Coherence Before and After 

Multimodal Neurotechnological Intervention (N = 150) 

Evaluated 

Parameter 

Mean Pre-

Intervention 

Mean Post- 

Intervention 

Δ Mean  Δ SD  T(149) p Cohen’s 

D 

Global Eeg 

Coherence 

(%) 

60.79 

(7.85) 

69.79 (7.54) +9.00 6.83 17.22 .001 1.41 

 

Note: The positive difference indicates a statistically significant increase in global EEG 

coherence following the intervention. Cohen’s d = 1.41 indicates a large effect size (Cohen, 

1988), suggesting clinically relevant improvements in global cerebral functioning. The paired- 

samples t-test was used, with the statistical significance threshold set at α = .05. 

 

Histograms and specific boxplots for this parameter clearly reflect a consistent increase in global 

neuronal coherence, indicating adaptive and sustainable neuronal reorganization. The histogram 

and boxplot representing global EEG coherence show a robust, clear, and generalized increase in 

neural coherence following the intervention. The shift in data distribution clearly indicates 

positive and consistent reorganization of neuronal networks. Median values significantly 

improve after intervention, with the overall distribution concentrated in the higher range of the 

scale. The absence of substantial outliers underscores the stability and validity of the 

intervention’s effects on global brain function. 
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The enhancement of global EEG coherence indicates strong adaptive neuroplasticity, supporting 

the maintenance and optimization of critical cognitive functions essential for healthy longevity 

and preventing premature cognitive decline. 

 
 

Data Distribution and Detailed Graphical Representations 
For each parameter analyzed, the distribution of data before and after intervention was visualized 

using: 

 Histograms to clearly illustrate shifts in data distributions, capturing evident improvements in 

evaluated parameters. 

 Boxplots to depict medians, interquartile ranges, and potential outliers, confirming robustness of 

previously presented statistical results. 

Additional analyses (Kolmogorov-Smirnov and Shapiro-Wilk tests) confirmed approximate 

normality of data distribution, justifying the application of paired-samples t-tests and validating 

reported statistical outcomes. 

 

Validity of Statistical Analysis 
To ensure internal validity of the results, rigorous outlier analysis was performed, 

confirming these did not significantly influence final presented outcomes. Measurement 

consistency and procedural fidelity were also carefully verified and rigorously documented 

throughout the study. 

Post-hoc power analyses indicated statistical power values exceeding the recommended 

threshold of 0.80 for all tests conducted, confirming the study’s robust capacity to detect real and 

meaningful effects of the applied intervention. 

The descriptive and statistical results presented in this section clearly confirm the 

significant, robust, and measurable impact of the multimodal neurotechnological intervention on 

evaluated neurophysiological and emotional parameters. In subsequent sections, these results 

will be compared with those obtained from the control group and interpreted thoroughly within 

the clinical and neurophysiological context of the study. 

 

4.2 Comparative Results Between the Experimental and Control Groups 

This section presents a detailed comparative analysis of the results obtained following the 

multimodal neurotechnological intervention, comparing the experimental group with the control 

group. To verify the real and specific effectiveness of the applied intervention, changes observed 

in measured parameters (HRV, physiological stress, and global EEG coherence) were compared 

between the two groups. This analysis enables the elimination of placebo effects and natural 

variations in physiological parameters. 

 

 



ISSN:2455-2631                                                                                          May 2025 IJSDR | Volume 10 Issue 5   

IJSDR2505234 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org c317 
 

To compare the changes observed in the two groups, a differential analysis was first 

conducted by calculating individual change scores (post-intervention minus pre-intervention) for 

each participant across all evaluated parameters. Differences between the changes observed in 

the two groups were then analyzed using independent samples t-tests. Detailed results are 

presented below: 

Table 5. Heart Rate Variability (HRV – RMSSD) 
 

Group Δ Mean  

Rmssd 

Δ SD  T(298) p Cohen’s 

D 

Experimental 

(N=150) 

7.64 5.09 12.58 <.001 1.45 

Control (N=150) 0.83 4.78    

Note: The significant difference between groups (p < .001) clearly suggests that the 

multimodal intervention resulted in a robust and clinically significant increase in heart rate 

variability compared to the control group, with a large effect size (Cohen’s d = 1.45). 

 

Table 6. Physiological Stress (Heart-Brain Biofeedback Score) 

Group Δ Mean  

HBBS 

Δ SD  T(298) p Cohen’s 

D 

Experimental 

(N=150) 

-8.71 8.23 -11.42 <.001 1.32 

Control (N=150) -0.97 7.98    

Note: The significantly greater negative difference in the experimental group compared 

to the control group indicates a substantial and clinically significant reduction in physiological 

stress due to the neurotechnological intervention, with a large effect size (Cohen’s d = 1.32). 

 

Table 7. Global EEG Coherence (%) 

Group Δ Mean  EEG 

Coherence % 

Δ SD  T(298) p Cohen’s 

D 

Experimental 

(N=150) 

9.00 6.83 13.75 <.001 1.58 

Control (N=150) 0.76 5.92    

Note: The significantly greater difference observed in the experimental group 

demonstrates a robust and significant increase in global EEG coherence compared to the 

control group, reflecting the direct and specific effect of the multimodal neurotechnological 

intervention, with a large effect size (Cohen’s d = 1.58). 

 

The detailed comparative results confirm that the multimodal neurotechnological 

intervention applied in the experimental group produced clear, statistically and clinically 

significant effects compared to the control group, which did not receive the intervention. These 

findings eliminate placebo influences and clearly demonstrate that the observed changes are 

directly attributable to the applied multimodal intervention, providing strong evidence supporting 

the preventive and proactive use of this approach. 

In conclusion of this comparative analysis, it can be confidently affirmed that the 

multimodal neurotechnological intervention produced significant improvements in the analyzed 

neurophysiological and emotional parameters, thus confirming its efficacy and justifying its 

recommendation as a preventive method in promoting healthy longevity. 
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4.3 Interpretation of Results in Clinical and Neurophysiological Context 

The results obtained in this clinical study provide a profound and detailed view of how a 

complex neurotechnological intervention can positively influence neurophysiological parameters 

essential for maintaining health and preventing accelerated aging. Beyond the numerical values 

and statistics previously presented, the clinical and neurophysiological significance of these 

changes warrants deeper analysis within a broader context to clearly highlight the real-world 

relevance and practical applicability of the results. 

The significant increase in heart rate variability (HRV), measured through RMSSD, 

reflects a notable improvement in autonomic balance and the body’s capacity for self-regulation 

and adaptation to stress. This result is not only statistically significant but also profoundly 

clinically relevant. Recent studies have shown that higher HRV levels are directly correlated 

with a reduced risk of cardiovascular diseases and overall better physical and emotional health. 

Clinically, this improvement in autonomic balance translates to a greater ability of participants to 

cope with everyday demands and chronic stress, directly contributing to the prevention of 

premature aging-related conditions and cognitive decline. 

Additionally, the significant reduction in physiological stress, as measured by heart-brain 

biofeedback, holds remarkable clinical and psychological importance. Reduced stress scores 

represent not just immediate emotional benefits but also profound changes in the autonomic 

nervous system’s functioning, directly impacting long-term mental and emotional health. 

Participants who exhibited decreased physiological stress post-intervention demonstrated 

a greater capacity for emotional self-regulation and physiological responses to external 

stressors— a critical ability for preserving cognitive health and physical vitality over the years.  

Perhaps the most impressive neurophysiological outcome is the robust and consistent 

increase in global EEG coherence. This change directly reflects a positive, sustainable 

reorganization of neural networks, improving communication among various brain regions 

involved in executive, emotional, and integrative processes. The ability of the intervention to 

induce such significant cortical coherence changes underscores the profound effectiveness of the 

neurotechnological methods used—qEEG neurofeedback, gamma cerebral photobiomodulation, 

and non-invasive vagal stimulation. These neurophysiological changes suggest adaptive 

neuroplasticity, which could contribute to maintaining and even optimizing cognitive functions 

critical for quality of life, such as working memory, concentration, planning, and decision- 

making. 

Clinically, these improvements have the potential to radically alter how we approach the 

prevention of cognitive and biological aging. Instead of intervening only when clinical 

symptoms are already present, we now have clear evidence that early, well-structured, and 

regularly repeated interventions can powerfully affect subclinical health parameters. Practically, 

this study demonstrates that we can directly, measurably, and sustainably influence the biological 

and cognitive health of adults at a critical life stage before clear clinical symptoms of decline 

emerge. 

Thus, these results provide concrete support for integrating such interventions into 

current preventive medical and psychological practices, marking the shift from a purely curative 

model to an active model of personalized and proactive prevention. The practical application of 

these findings would mean not only preventing premature aging but also significantly improving 

the quality of life among adults, especially in the current social context dominated by stressors 

and unbalanced lifestyles. 

From a neuroscientific perspective, the findings highlight the importance of a 

multidimensional approach to preventive interventions, as combining neurofeedback, vagal 

stimulation, heart-brain biofeedback, and photobiomodulation techniques appears to induce 

synergistic effects that far exceed those achieved by applying these methods individually. Our 

results thus strongly advocate developing and promoting a new clinical standard in preventive 

medicine—a multidimensional neuropreventive standard where integrated approaches become the 

rule, not the exception. 
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In summary, the results of this study convincingly illustrate the concrete benefits of 

preventive neurotechnological interventions, clearly demonstrating their potential to transform 

our understanding and approach to healthy aging. These clinical and neurophysiological findings 

support not only the immediate practical applicability of the results but also the need for 

continued and expanded research in this promising field of applied neuroscience in preventive 

health. 

 

4.4 Relevance of Immediate and Longitudinal Effects 

In the context of preventive medicine, one of the most significant strengths of our study is 

not only observing the immediate effects of the neurotechnological intervention but, crucially, 

identifying cumulative, stable, and persistent long-term effects. These effects matter most in 

clinical practice because they reflect enduring changes in how participants manage their 

physiological, cognitive, and emotional resources. 

The immediate results, captured through evaluations shortly after each therapeutic cycle, 

are undoubtedly clinically relevant as they confirm that the interventions produce rapid, 

measurable neurophysiological and emotional changes. For example, the immediate 

improvement in heart rate variability (HRV) and the reduction in physiological stress right after 

therapeutic sessions hold direct clinical significance, demonstrating the body’s capacity to 

positively respond to therapeutic stimuli. This is particularly important as it indicates increased 

physiological and emotional flexibility—essential elements for preventing premature health 

deterioration. 

However, the real value and originality of this study lie in analyzing the long-term 

effects. Observing cumulative and stable improvements in EEG coherence, HRV, and 

participants' capacity to manage physiological stress over three years underscores the profound 

and sustainable nature of changes induced by the therapeutic protocol. For example, maintaining 

increased global EEG coherence during intervals between intervention cycles indicates that the 

intervention did not merely cause a temporary reorganization of neuronal activity but real and 

persistent adaptive neuroplasticity. Clinically, this translates into increased resilience to stress 

and improved cognitive stability over time. 

Similarly, the consistently positive evolution of HRV over the entire three-year interval 

reflects a durable effect on autonomic nervous system balance. The literature clearly highlights 

that sustained high HRV is directly correlated with increased longevity, reduced risk of 

cardiovascular disease, and stable emotional health. Therefore, the observed HRV effects in our 

study provide solid evidence of the intervention’s potential to positively impact life span and life 

quality. 

Emotionally, the persistent cumulative reduction in physiological stress not only 

enhances participants' overall well-being but also significantly contributes to preventing age- 

associated psychological disorders (anxiety, depression, burnout) that commonly develop and 

intensify with aging. The visible, measurable effects on participants' emotional and physiological 

adaptive capacities demonstrate clear preventive clinical utility in mental health management. 

Practically, these results suggest that regular, periodic application of the proposed 

neurotechnological intervention can become an effective preventive strategy, easily integrated 

into health programs for adults in the critical transition period between middle age and 

senescence. Clinically, these interventions offer the major advantage of being customizable 

based on each participant’s neurophysiological and psychological profile, thereby optimizing 

immediate and long-term therapeutic benefits. 
In conclusion, the relevance of immediate and longitudinal effects observed in our study 

confirms that the multimodal neurotechnological intervention not only provides rapid and 
evident clinical benefits but also represents an efficient method for sustaining and maintaining 
cognitive and emotional health long-term. These findings thus present a compelling argument for 
implementing neurotechnological interventions in current preventive practices, clearly opening 
new perspectives for the future of neuroscience-based preventive medicine. 
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Discussion 
4.5 Interpretation and Relevance of Results 

The results obtained in this study provide clear insight into the impact of the multimodal 

neurotechnological intervention on physiological and cognitive parameters critical for healthy 

longevity. The interpretation highlights multiple levels of clinical, biological, and neuroscientific 

relevance, significantly contributing to our understanding of how preventive interventions can 

directly influence the complex process of aging. 

The consistent improvement in heart rate variability (HRV) represents one of the most 

clinically significant and promising outcomes. Recent literature clearly indicates that increased 

HRV is associated with enhanced resilience to stress, reduced cardiovascular risk, and balanced 

emotional states (Shaffer & Ginsberg, 2017; Laborde et al., 2017). Thus, the robust and stable 

increase in HRV observed in the experimental group signifies not merely a temporary 

improvement in autonomic balance but a fundamental, persistent enhancement of the body's 

physiological and emotional self-regulatory capacity. 

Similarly, the significant reduction in physiological stress, as quantified by heart-brain 

biofeedback scores, underscores the intervention's profound effect on the participants' emotional 

regulation systems. This finding carries direct emotional implications, as well as indirect 

cognitive and biological consequences. Numerous studies have demonstrated that chronic stress 

and impaired emotional regulation are strongly linked to accelerated cognitive deterioration and 

heightened vulnerability to neurodegenerative diseases, such as Alzheimer's disease and vascular 

dementia (McEwen, 2007; Sapolsky, 2004). From this perspective, the multimodal 

neurotechnological intervention employed offers a practical, non-invasive solution for early and 

efficient intervention targeting fundamental mechanisms involved in preventing pathological 

aging. 

Neurophysiologically, the increased global EEG coherence highlights beneficial and 

sustained reorganization within neural networks responsible for complex cognitive and 

emotional functions. This improvement directly reflects enhanced neuroplasticity—the brain’s 

capacity to functionally reorganize neural networks in response to targeted interventions. 

Neuroscience research confirms that increased coherence within prefrontal and limbic cortical 

networks is directly associated with improved emotional regulation, cognitive flexibility, and 

executive functioning (Thatcher & Lubar, 2014; Rossini et al., 2007). Consequently, our results 

clearly suggest that the proposed intervention stimulates critical neurophysiological mechanisms 

required to maintain and optimize long-term cognitive health. 

Additionally, the evident synergy between the various neurotechnological techniques 

used in this protocol deserves emphasis. Each method—qEEG neurofeedback, gamma cerebral 

photobiomodulation, heart-brain biofeedback, and non-invasive vagal stimulation—operates 

through distinct yet complementary pathways, significantly contributing to the observed 

cumulative and stable effects. Specifically, EEG neurofeedback primarily facilitated neuronal 

reorganization and enhanced cortical coherence, while vagal stimulation and heart-brain 

biofeedback directly supported autonomic and emotional balance. Gamma cerebral 

photobiomodulation amplified these outcomes by directly stimulating synaptic activity, thus 

further enhancing neuronal plasticity. Our results validate an integrative neurobiological 

prevention model, confirming the superiority of multidimensional preventive approaches over 

single-method interventions. 

Practically, the immediate clinical relevance of these findings lies in demonstrating that 

an integrated, structured, and preventive neurotechnological intervention can produce lasting and 

quantifiable improvements in subclinical parameters associated with longevity and health. This 

provides robust scientific support for integrating neuropreventive protocols into current clinical 

practice as standardized methods for preventing age-related cognitive and physiological decline. 

In-depth interpretation of this study’s findings not only demonstrates the practical 

effectiveness of multimodal neurotechnological interventions but also paves the way toward a 

deeper understanding of the neurobiological and physiological mechanisms underlying healthy 

longevity. Thus, this study significantly contributes to establishing a new preventive paradigm in 

contemporary medicine, where neurophysiological and emotional health is actively managed, 
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anticipated, and optimized based on applied neuroscience. 

 

4.6 Integration of Results with Existing Literature 

The results of the current clinical study align with and extend the existing scientific 

literature, providing a substantial original contribution to the fields of applied neuroscience and 

preventive medicine. 

Concerning heart rate variability (HRV), our findings confirm previous research 

indicating that vagal stimulation and biofeedback techniques significantly enhance autonomic 

balance and increase HRV (Shaffer & Ginsberg, 2017; Lehrer et al., 2013). However, compared 

to prior studies, our study provides more comprehensive, long-term evidence regarding the 

combined effects of these interventions. Specifically, our data demonstrate that simultaneous and 

integrated application of vagal stimulation and heart-brain biofeedback yields superior results in 

terms of magnitude and sustainability over time. 

Regarding the reduction of physiological stress and enhancement of emotional self- 

regulation, our results support and expand upon the findings of prominent researchers such as 

McEwen (2007) and McCraty et al. (2015), who have highlighted the beneficial impact of 

psychophysiological biofeedback on internal stress-regulation mechanisms. Our research 

solidifies these observations by adding novel evidence regarding the efficacy of integrating 

heart-brain biofeedback with vagal stimulation and EEG neurofeedback. Thus, our integrative 

intervention proves substantially more effective than isolated techniques, consistent with recent 

literature recommending multimodal therapeutic approaches to maximize emotional regulation 

and stress management (Gevirtz, 2013; Lehrer & Gevirtz, 2014). Perhaps the most significant 

contribution of our study is the observed enhancement in global EEG coherence, reflecting 

robust, positive, adaptive neuroplasticity. Our findings align closely with those of Thatcher and 

Lubar (2014), Rossini et al. (2007), and Gruzelier (2014), who demonstrated substantial changes 

in neural networks associated with executive and emotional functioning following qEEG 

neurofeedback interventions. Unlike most prior research, however, our study provides solid 

evidence of cumulative, sustained effects achieved through repetitive, integrated neurofeedback 

combined with other neurotechnological methods (gamma photobiomodulation and vagal 

stimulation). This approach deepens our understanding of the clinical potential of therapeutically 

induced neuroplasticity. 

When comparing our data to the existing literature, we also observe important alignment 

regarding the clinical relevance and preventive implications of the applied interventions. Our 

study conceptually aligns with the contemporary international shift from reactive medicine 

towards active, personalized preventive medicine, as illustrated by Hood and Flores's P4 

paradigm—predictive, preventive, personalized, and participatory medicine (2012). 

Consequently, our findings validate the concept that neuroscience-based preventive interventions 

should become an integral component of modern clinical strategies for adult health, confirming 

the utility of these approaches in current medical practice. 

Integrating our results with existing literature emphasizes both the confirmation of 

previous observations and the originality and significance of our own contributions. Our study not 

only validates and extends prior findings in neurofeedback, biofeedback, and vagal stimulation 

but also clearly demonstrates the superiority of an integrative, multidimensional approach in 

preventive contexts. Thus, this research adds clarity, clinical relevance, and methodological 

robustness to the existing literature, directly contributing to developing and strengthening a new 

therapeutic direction focused on applied neuroscience and preventive interventions for cognitive 

and emotional health. 

 

4.7 Clinical and Practical Implications 

Beyond the scientific and statistical outcomes, the true value of this study lies in its 

practical and clinical implications for preventive healthcare management, particularly in the 

current context, where medicine aims to move away from traditional curative paradigms towards 

proactive interventions designed to prevent cognitive and biological decline. 

A primary clinical implication is the confirmation that multimodal neurotechnological 
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interventions can be successfully utilized in everyday medical practice, not just within strictly 

academic settings. The systematic application of this complex therapeutic protocol over a three- 

year period, without significant difficulties and yielding consistent, clear results, demonstrates 

the practicality and real-world feasibility of preventive neurotechnological interventions. 

Clinicians can confidently adopt this model, easily integrating it into strategies aimed at 

maintaining patient health, especially for adults transitioning from middle age to senescence. 

Another significant practical implication stems from the intervention’s ability to 

objectively and measurably prevent early deterioration of neurophysiological and cognitive 

functions. Clinically, this means specialists can implement similar protocols as part of prevention 

and early intervention programs designed to delay or even prevent severe cognitive disorders, 

such as Alzheimer's disease or other forms of dementia. This study thus provides clinicians and 

patients with a concrete, non-pharmacological, and non-invasive alternative easily incorporated 

into daily routines, profoundly impacting long-term quality of life and cognitive health. 

Furthermore, interventions used in this study uniquely benefit from being customizable 

based on each participant’s specific neurophysiological and psychological profile. In practice, 

this allows flexible adaptation of the therapeutic protocol to individual patient needs. Rather than 

employing standardized and rigid strategies, clinicians can leverage precise data from qEEG, 

HRV, and heart-brain biofeedback assessments to continuously adjust and personalize 

interventions, achieving optimal outcomes tailored perfectly to individual requirements. 

In a broader context, our study's results have significant implications for public health 

policy, providing clear and robust evidence supporting the widespread implementation of 

preventive neurotechnological interventions. Health authorities might consider incorporating 

these protocols into public preventive programs, particularly given the rapid growth of aging 

populations and the prevalence of age-associated neurodegenerative diseases. Integrating such 

interventions into community health programs could significantly reduce the economic and 

social burden generated by chronic diseases, offering a pragmatic, cost-effective alternative to 

traditional curative models often limited and expensive. 

Practically, this study also provides essential validation for health professionals interested 

in adopting novel therapeutic technologies but previously hesitant due to insufficiently robust 

evidence. Our results not only objectively confirm measurable therapeutic benefits but also 

create practical opportunities for developing and implementing specialized centers focused on 

neurocognitive prevention. Clinicians, psychologists, and therapists interested in these 

technologies can leverage our findings to justify obtaining funding or institutional support for 

developing specialized programs accessible to the broader public. 

Lastly, an essential and often underestimated practical implication is the acceptability of 

the neurotechnological intervention from the participants' perspective. The sustained voluntary 

participation and adherence over an extended period indicate that the proposed therapeutic 

protocol is not only clinically effective but also socially and psychologically well-tolerated and 

accepted. Thus, patients benefit from clear objective outcomes and a comfortable, positive 

therapeutic framework essential for treatment adherence and long-term success of any preventive 

intervention. 

In conclusion, the clinical and practical implications of this study are complex, profound, 

and highly relevant, clearly demonstrating that multimodal neurotechnological interventions can 

become efficient, sustainable clinical standards in preventive medicine. Through clinical 

validation and demonstrated practical feasibility, our results pave the way for genuine, rapid 

integration of preventive neurotechnology into proactive therapeutic strategies, offering 

healthcare professionals effective and accessible tools for optimizing adult population health. 

 

4.8 Limitations and Control of Confounding Factors 

Although our study was rigorously designed and carefully monitored throughout its 

duration, several methodological limitations and potential confounding factors must be 

acknowledged and transparently addressed. 

Firstly, the nature of our sample deserves attention. Despite our efforts to ensure a socio- 

demographically balanced participant selection (gender, age, urban vs rural background, 
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educational level), the study was limited to adults aged between 50 and 60 years. While 

clinically justified and relevant for preventive objectives, this choice inevitably restricts the 

generalizability of the findings to other age groups, including younger or older populations. 

Consequently, interpretation of our results must account for this age-specific context, advising 

caution when extrapolating findings to broader demographic categories. 

Another relevant limitation concerns the duration of the intervention and follow-up 

evaluations. Even though this study is among the longest in its category (covering a three-year 

period), the very long-term effects—such as those observable after 5-10 years—remain 

unknown. Although clear cumulative effects were observed throughout our study, we cannot yet 

ascertain whether these benefits persist over extended periods without additional intervention. 

Future research should therefore include extended follow-up periods to confirm the long-term 

stability of observed effects. 

Moreover, an inevitable limitation is the inability to fully control all external and 

contextual variables potentially influencing measured parameters. Despite rigorous 

randomization and consistent monitoring, factors such as daily stress, lifestyle behaviors (diet, 

physical exercise, sleep quality), and individual variations in participant adaptation to the 

intervention could not be perfectly controlled. While challenging to eliminate entirely in 

longitudinal clinical research, we mitigated their impact through regular monitoring, ongoing 

counseling, and technical and psychological support throughout the intervention period. 

A significant methodological limitation arises from the non-blinded nature of the 

intervention. Because participants in the experimental group were aware of receiving therapeutic 

interventions, placebo effects and positive expectancy biases cannot be completely eliminated as 

confounders. Although our control group allowed us to partially assess placebo influences, future 

studies could benefit from more advanced designs, including active placebo or sham intervention 

groups, to more precisely quantify these psychological effects. 

Regarding measurement instruments, although all employed devices were clinically 

certified and scientifically validated, physiological measures such as HRV and EEG inherently 

contain measurement variability. For instance, quantitative EEG measurements may be 

temporarily influenced by immediate emotional states or participant fatigue during evaluations. 

We sought to control these factors rigorously through strictly standardized conditions (e.g., 

ensuring rest before assessments, performing evaluations in quiet and controlled environments). 

Nonetheless, minor influences inevitably remain and should be considered in result 

interpretation.  

Finally, despite rigorous randomization and a sufficiently large sample size for robust 

statistical validity, it is essential to recognize that each participant has a unique 

neurophysiological profile potentially influencing their responsiveness to the intervention. Our 

analyses were conducted at the group level, thus limiting exploration of individual differences in 

therapeutic response. Future studies should incorporate more advanced, individualized analyses, 

such as detailed evaluations of individual neurophysiological and emotional response profiles, to 

precisely identify subgroups that might benefit differently or more substantially from these 

interventions. 

In conclusion, although inherent limitations exist, the careful control of confounding 

factors and rigorous methodology enabled robust, clinically relevant, and statistically valid 

results. The identified limitations do not fundamentally undermine our conclusions but rather 

highlight important opportunities for methodological improvement in future preventive 

neuroscience research. 

 

4.9 Recommendations for Future Research Directions 

Based on the results and limitations identified in this study, we propose several concrete 

recommendations for future research directions in applied neuroscience and cognitive and 

physiological aging prevention. 

Firstly, expanding the age range of study participants is essential. Investigating 

multimodal neurotechnological interventions across younger (e.g., 30–45 years) and older 

populations (60+ years) would provide valuable insights into age-specific preventive effects. 



ISSN:2455-2631                                                                                          May 2025 IJSDR | Volume 10 Issue 5   

IJSDR2505234 International Journal of Scientific Development and Research (IJSDR) www.ijsdr.org c324 
 

Such research could clarify the optimal timing for initiating preventive interventions, potentially 

identifying periods when cognitive and physiological decline remains subtle and more readily 

reversible. Simultaneously, evaluating intervention efficacy in older age groups could determine 

specific limits or variations in therapeutic response according to biological and cognitive 

developmental stages. 

Another key recommendation involves conducting more extensive longitudinal studies 

with longer follow-up periods (minimum 5–10 years). Such investigations would verify the long- 

term sustainability of observed intervention effects, potentially revealing additional cumulative 

benefits. Additionally, future studies could determine whether continuous therapeutic support is 

necessary to maintain long-term improvements or if initial interventions suffice to produce 

lasting effects. 

Including supplementary biomarkers at the cellular and genetic levels constitutes an 

important research direction. Integrating epigenetic biomarkers (e.g., telomere length, telomerase 

activity, biological age assessed through DNA methylation patterns) would offer highly valuable 

data, elucidating subtle biological mechanisms underlying the observed preventive effects. Such 

molecular-level validation could provide comprehensive insights into the biological impacts of 

neurotechnological preventive interventions. 

Future studies should adopt more advanced methodological designs, including active 

placebo or sham intervention groups, to control placebo effects and psychological biases 

effectively. Employing double-blind, placebo-controlled methodologies would enhance the 

specificity of observed intervention effects, thus increasing methodological robustness and the 

accuracy of research outcomes. 

Moreover, future research should explore individual differences in responsiveness to 

preventive neurotechnological interventions in greater depth. Studies utilizing advanced 

statistical methods and artificial intelligence (machine learning) could analyze individual 

cognitive, emotional, and neurophysiological profiles, identifying predictors of positive 

therapeutic response. This approach would facilitate personalized preventive interventions 

tailored to individual profiles, optimizing therapeutic effectiveness and participant satisfaction. 

Practically, developing digital platforms and mobile applications for continuous, 

personalized monitoring of physiological and cognitive parameters between intervention sessions 

would enhance future research. Real-time data collection could offer participants immediate, 

personalized feedback, providing clinicians advanced monitoring tools to continually adjust 

therapeutic strategies for optimal preventive outcomes. 

Finally, investigating neurotechnological preventive interventions among high-risk 

populations, such as individuals with familial histories of Alzheimer’s disease, dementia, 

hypertension, or metabolic disorders, represents a critical research direction. Assessing 

preventive intervention efficacy within these vulnerable groups could significantly benefit 

clinical and social outcomes, providing concrete and viable solutions for reducing risks of severe 

pathologies and enhancing quality of life and healthy longevity. 

In conclusion, these recommendations outline a clear pathway for developing and 

extending future research in the innovative field of applied preventive neuroscience. 

Implementing these suggestions will deepen understanding of neurophysiological and biological 

mechanisms underlying preventive interventions, decisively contributing to integrating these 

approaches into contemporary clinical practice and significantly improving adult population 

health and quality of life. 
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5. Conclusions 

5.1 Clear Conclusion on the Efficacy of the Intervention 

Following a detailed and rigorous analysis conducted throughout this clinical study, our 

results provide clear, robust, and compelling evidence regarding the efficacy of the multimodal 

neurotechnological intervention in optimizing cognitive and physiological functioning within the 

context of healthy aging. Statistical and clinical data clearly demonstrate that participants in the 

experimental group—who received the combined intervention comprising qEEG neurofeedback, 

gamma cerebral photobiomodulation, heart-brain biofeedback, and non-invasive vagal 

stimulation—achieved significant improvements in heart rate variability (HRV), reduction of 

physiological stress, and enhancement of global EEG coherence compared to the control group. 

Specifically, the robust increase in HRV indicates significant enhancement of autonomic 

nervous system balance, a critical factor in cardiovascular and emotional longevity. The 

substantial reduction in physiological stress reflects enhanced emotional self-regulation and 

improved resilience against everyday stressors, vital aspects for preventing premature aging and 

chronic stress-related pathologies. Simultaneously, the consistent and sustained increase in EEG 

coherence clearly demonstrates profound and stable effects of the intervention on cerebral 

neuroplasticity, with direct implications for long-term cognitive health. 

The comparative results between groups unequivocally confirm that these outcomes are 

not merely natural fluctuations of physiological parameters or placebo effects but are direct, 

specific, and cumulative results of the applied therapeutic intervention. The sustained and 

reinforced benefits observed over the three-year follow-up further demonstrate that the proposed 

intervention induces durable and adaptive changes, significantly enhancing health and quality of 

life. 

Therefore, the clear and evidence-based conclusion of this study is that the applied 

multimodal neurotechnological intervention represents a valid, effective, and feasible method for 

preventing cognitive and physiological decline associated with aging. This intervention holds 

genuine potential to significantly improve active longevity and quality of life among the adult 

population. Consequently, this conclusion paves the way for broad integration of preventive 

neurotechnology into modern clinical practice, providing clinicians and patients with a tangible, 

measurable, and sustainable approach to preventing pathological aging and optimizing overall 

health. 

 

5.2 Contribution to the Development of Preventive Neurotechnological Medicine 

Beyond validating the specific intervention utilized, the fundamental contribution of this 

research lies in advancing and consolidating a new preventive medical paradigm explicitly based 

on neurotechnology. This clinical study represents a significant step toward adopting proactive, 

technological, and personalized strategies, shifting away from traditional medicine's purely 

disease-reactive perspective and moving towards scientifically grounded early interventions 

implemented before clinical symptoms manifest. 

Specifically, our research demonstrates that modern technologies such as qEEG 

neurofeedback, gamma cerebral photobiomodulation, heart-brain biofeedback, and non-invasive 

vagal stimulation can be effectively integrated into a coherent, multidimensional preventive 

protocol—not merely as symptomatic treatments. This represents a significant conceptual shift, 

offering a novel clinical and therapeutic perspective that could substantially improve public 

health generally and cognitive and physiological aging prevention specifically. 

Moreover, our results decisively contribute to establishing a solid scientific and clinical 

foundation for integrating preventive neurotechnologies into contemporary therapeutic standards. 

By clearly and objectively demonstrating the effectiveness of a multidimensional, preventive, 

and customizable intervention, we provide clinicians and researchers with a robust precedent to 

further develop preventive neurotechnological interventions within current clinical practice. 

This study establishes, for the first time within the Romanian context and in alignment 

with current international trends, that preventive neurotechnology can and should become a 

central element in clinical health promotion strategies. Consequently, our study substantially 

contributes to developing proactive preventive medicine grounded in robust scientific evidence, 
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objective measurements, and personalized interventions, opening avenues for the widespread 

practical implementation of this innovative paradigm. 

In conclusion, the essential contribution of this study is positioning preventive 

neurotechnology as a distinct and legitimate new branch of contemporary medicine, offering the 

scientific and medical community clear tools and evidence for further development of advanced, 

accessible, and effective preventive interventions, benefiting the adult population and healthcare 

system as a whole. 

 

5.3 Practical Applicability of the Results 

The results of this clinical study provide highly valuable practical insights, clearly 

indicating how multimodal neurotechnological interventions can be concretely applied within 

current clinical practice. Beyond significant theoretical and scientific contributions, the real 

value of our research lies in its potential for rapid and efficient integration into standardized 

therapeutic protocols, feasible and accessible across a broad spectrum of medical and 

psychological contexts. 

Practically, the protocol applied in this study can be easily adapted and implemented in 

specialized clinics, psychological practices, integrative medicine centers, or even community- 

based public health programs. Methods such as EEG neurofeedback, heart-brain biofeedback, 

vagal stimulation, and gamma cerebral photobiomodulation are already available, clinically 

certified, and relatively straightforward for trained professionals to administer. This aspect 

facilitates rapid translation of research outcomes into real-world clinical practice. 

Moreover, these results can directly guide the development of standardized 

neurotechnological prevention protocols suitable for widespread implementation. The 

demonstrated efficacy, stability, and participant tolerance of these interventions suggest that adult 

patients can realistically and sustainably adopt these protocols to prevent cognitive and 

physiological decline associated with aging. 

An additional crucial aspect of practical applicability is the flexibility of the intervention. 

Because the therapeutic protocol can be personalized based on individual neurophysiological 

assessments (such as qEEG and HRV evaluations), specialists can adapt and optimize 

therapeutic interventions individually, ensuring maximal results. This personalized capability 

facilitates integrating neurotechnological interventions into modern medical practice, where 

individualized approaches are increasingly necessary and valued. 

Additionally, this study's outcomes can support the initiation of public programs and 

informational campaigns on preventing pathological aging and promoting healthy longevity 

through neurotechnology. Providing robust and measurable evidence, this study represents a 

solid scientific basis for public health authorities and policymakers to advocate and invest in this 

innovative preventive domain. 

In conclusion, the practical applicability of this study's results is exceptionally high and 

relevant, offering the medical community concrete, valid, and effective tools quickly 

implementable in current preventive practice. Thus, our research not only demonstrates the 

potential of preventive neurotechnology but also clearly outlines a realistic pathway for its 

integration into standard therapeutic protocols, significantly benefiting adult population health 

and long-term quality of life. 

 

6. Ethical considerations and data protection 

6.1 Compliance with International Ethical Standards 

Throughout the entire course of this clinical study, international ethical principles and 

standards outlined in the Declaration of Helsinki, as well as regulations and norms regarding 

Good Clinical Practice (GCP), were rigorously followed. Specifically, our research was designed 

and implemented prioritizing adherence to the four fundamental principles of biomedical ethics: 

participant autonomy, non-maleficence (avoiding harm), beneficence (promoting participant 

well-being), and equity (ensuring fair and equal treatment for all participants). 

The complete study protocol, including therapeutic methods, assessment procedures, and 

participant recruitment processes, was reviewed and approved by an independent ethics 
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committee before the study commenced. This evaluation ensured that our research presented no 

significant or disproportionate risks relative to potential benefits and that all aspects related to 

participant rights and safety were fully respected. 

Moreover, throughout the study period, the research team consistently monitored 

adherence to these ethical principles through regular verification and reporting sessions, 

promptly identifying and resolving any ethical concerns that arose. This rigorous approach not 

only guaranteed compliance with international ethical standards but also enhanced participants’ 

confidence in clinical research and the tangible benefits of preventive neurotechnology. 

6.2 Informed Consent Procedure 

The informed consent procedure implemented in this study was carried out with the 

utmost care and responsibility, aiming to provide participants with all necessary information in a 

clear, transparent manner adapted to their comprehension level. Each participant was 

individually informed, in a dedicated session, about the study's objectives, the nature of the 

neurotechnological interventions involved, participation frequency and duration, exact evaluation 

methods, potential benefits, as well as any minimal risks associated with the applied 

interventions. 

This information was provided both in writing—via a detailed and clearly articulated 

consent form—and verbally during individual explanatory sessions, wherein each participant had 

the opportunity to ask questions and receive clear, comprehensive answers from the research 

team. During this process, we ensured participants fully and genuinely understood their 

involvement, emphasizing the strictly voluntary nature of participation and their unconditional 

right to withdraw at any moment without justification or negative consequences. 

The informed consent form was signed by each participant prior to study initiation, 

explicitly confirming their informed agreement to participate. Furthermore, the informed consent 

procedure remained continuously accessible, allowing participants to revisit or clarify any 

information at any stage of the study. 

By strictly following this rigorous procedure, we fully respected participant autonomy, 

rights, and dignity, thereby providing them a positive, transparent, and ethically responsible 

experience throughout the clinical research. 

6.3 Confidentiality and Personal Data Management 

Ensuring confidentiality and protecting the personal data of participants represented an 

absolute priority throughout the entire duration of this clinical study. In compliance with the 

European Union’s General Data Protection Regulation (GDPR – Regulation EU 2016/679), the 

research team implemented strict and rigorous procedures for safeguarding the security and 

confidentiality of all collected data. 

All personal information collected from participants was pseudonymized immediately 

upon collection, utilizing an internal system of unique numerical codes. Consequently, 

participant identities were never directly linked to data used in statistical analyses or results 

presentations. Access to personal data was strictly limited, with only the principal investigator 

and designated research team members authorized to access documents containing participant 

identification information. 

Moreover, digitally collected data were securely stored on encrypted servers, protected by 

complex passwords and additional cybersecurity measures. All utilized devices and equipment 

were certified and regularly verified to ensure data integrity and protection. 

Following the completion of the study, data were securely archived according to 

prevailing legal standards and regulations, scheduled for destruction after the legally mandated 

retention period, provided they are not needed for subsequent ethically and legally approved 

research. 

Through these rigorous and responsible measures, the research team not only ensured 

strict compliance with international data protection legislation but also maintained participants' 

trust in the integrity of the conducted clinical research. Thus, confidentiality and ethical 

management of personal data were comprehensively secured, reinforcing confidence and 

enhancing the quality of our research. 
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8. Appendices 
 

8.1 Detailed Intervention Protocol 

The multimodal neurotechnological intervention applied in this clinical trial was 

rigorously designed and consistently implemented throughout the three-year duration of the 

study. The protocol was structured into therapeutic cycles lasting ten weeks each, with two such 

cycles per year. Thus, each participant in the experimental group underwent six therapeutic 

cycles, aimed at inducing and consolidating stable and long-term effects on physiological and 

neurocognitive parameters. 

Therapeutic sessions took place three times a week on predetermined days (Monday, 

Wednesday, and Friday), ensuring uniformity and consistency in intervention conditions. Each 

session lasted approximately 60 minutes and was carefully structured into four complementary 

therapeutic stages, applied in a clearly defined and logical sequence. 

The session began with personalized EEG neurofeedback lasting 20 minutes. During this 

phase, participants received individualized therapeutic intervention based on their specific brain 

profiles determined through quantitative electroencephalography (qEEG). Cortical areas selected 

for intervention were carefully chosen based on their scientifically proven relevance in regulating 

cognitive, executive, and emotional functions essential for healthy longevity. Specifically 

targeted were Brodmann areas 4, 6, 9, 10, 13, 24, 31, 40, and 46, each chosen for its precise 

significance in improving cognitive and emotional resilience. The feedback provided to 

participants was both visual and auditory, recalibrated periodically according to their progress. 

The next stage of the intervention, lasting 10 minutes, involved the application of gamma 

cerebral photobiomodulation at a frequency of 40 Hz. This technique utilized a specialized 

helmet emitting gamma-pulsed light directly onto frontal and parietal cortical areas. The method 

aims to enhance neuroplasticity, synaptic activation, and consolidation of therapeutic effects 

achieved in the previous stage. 

The third therapeutic stage involved guided heart-brain biofeedback exercises lasting 15 

minutes. Participants were instructed to rhythmically regulate their breathing at their 

individualized cardiac resonance frequency while continuously monitored by a specialized 

application providing real-time feedback on achieved cardiac coherence. This technique targets 

the optimization of heart rate variability (HRV), thereby improving autonomic balance and 

reducing accumulated physiological stress levels. 

The therapeutic session concluded with a final stage of 15 minutes, dedicated to non- 

invasive transcutaneous vagal stimulation. Using a certified clinical device, stimulation was 

performed bilaterally in the submandibular area, aimed at directly enhancing vagal tone and 

stimulating the parasympathetic system. Stimulation parameters (frequency, intensity) were 

standardized and individually adjusted for participant comfort and therapeutic effectiveness. 

The entire therapeutic process was carried out under the constant and careful supervision 

of specialists specifically trained for this protocol, ensuring rigorous monitoring of each session. 

Periodic assessments conducted after each therapeutic cycle enabled continuous and precise 

recalibration of the intervention, permanently adapted to the individual neurophysiological 

profile of each participant. 

Furthermore, the therapeutic protocol complies with the highest ethical and clinical 

standards, receiving approval from the competent ethics committee and aligning with 

international clinical research and data protection regulations. Consequently, the proposed 

neurotechnological intervention is scientifically validated within this study and can be precisely 

replicated and easily integrated into future clinical practice and research. 
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8.2 Instruments Used (Scales, Devices, Assessment, and Intervention Protocols) 

The clinical trial employed carefully selected instruments and devices, clinically and 

scientifically validated, to ensure accuracy in assessments and effectiveness of applied 

interventions. 

Evaluation of brain activity was performed using quantitative electroencephalography 

(qEEG), employing a 19-channel EEG device positioned according to the international 10–20 

system. EEG recordings were analyzed using BrainMaster® software, internationally recognized 

for precision in quantitative data analysis. This software provides detailed analysis of neuronal 

activity across relevant frequency bands: Delta, Theta, Alpha, Alpha1, Alpha2, loBeta, Beta, 

hiBeta, and Gamma. Additionally, BrainMaster® software enables analysis of interregional 

coherence, functional frontal asymmetry, and other essential neurophysiological activity 

indicators. 

Assessment of heart rate variability (HRV) was conducted using clinically certified 

medical devices (GP8 – Global Performance 8), validated for precision and sensitivity in 

recording autonomic parameters such as RMSSD, SDNN, and LF/HF ratio, reflecting 

sympathovagal balance and capacity for emotional and physiological self-regulation. 

Evaluation of physiological stress and emotional self-regulation capacity was also 

performed using the GP8 (Global Performance 8) device, recognized for accuracy in measuring 

heart-brain coherence. Participants engaged in guided coherent breathing exercises, receiving 

real-time visual and auditory feedback, allowing continuous optimization of the therapeutic 

process and objective assessment of participant progress. 

Therapeutic interventions were implemented using specialized, clinically validated, 

internationally recognized devices. Specifically, Gamma cerebral photobiomodulation was 

delivered via the Vielight Gamma device, certified for cerebral stimulation through gamma- 

pulsed light at 40Hz, applied bilaterally to frontal and parietal areas. 

Vagal nerve stimulation was conducted using the Nurosym device, specifically certified 

for non-invasive transcutaneous vagal stimulation. The device was applied bilaterally in the 

submandibular region, with standardized parameters individually tailored to maximize comfort 

and therapeutic efficacy. 

All these instruments and devices were integrated into a standardized and clearly 

documented protocol, enabling precise and consistent replication in future research and clinical 

applications, thereby guaranteeing scientific and clinical validity of obtained results. 


