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Abstract 

Transcranial Focused Ultrasound Stimulation (tFUS) and Transcranial Magnetic Stimulation (TMS) 

are two noninvasive brain stimulation methods that show promise for precisely altering neuronal 

activity. Particularly promising are these approaches for use in pediatric anaesthesia, where avoiding 

cognitive impairment, delayed recovery, and negative neurodevelopmental outcomes depends on 

preserving normal neural reactivity. Children are at increased risk for developing perioperative 

neurocognitive problems because, despite improvements in anaesthetic, present techniques often do 

not address decreased brain reactivity during operations. There is a dearth of tailored, real-time 

therapies for monitoring and improving brain function when under anaesthesia. Improving surgical 

outcomes for young patients and protecting neurodevelopment depends on filling this gap. This 

study provides the Pediatric Neural Responsiveness Enhancement Framework (PNREF) to address 

these issues; it combines transcranial magnetic stimulation (TMS) with transcutaneous ultrasound 

(tFUS) to provide real-time neural stimulation to children undergoing pediatric anaesthesia. The 

five-step process follows this architecture: first, pre-anesthesia brain activity mapping identifies 

areas of interest. Secondly, the procedure's cerebral activity is tracked via EEG-based real-time 

monitoring. Third, brain areas are targeted using transcranial magnetic stimulation (TMS) pulses to 

maintain activity. As a fourth benefit, transcranial ultrasound (tFUS) allows for more thorough 

manipulation of the brain's cortex and subcortical regions. The safety and effectiveness of the 

stimulation are guaranteed by a feedback loop that modifies the settings based on real-time EEG 

input. With a decrease in recovery time and an increase in post-anesthesia cognitive function scores, 

initial simulations and pilot clinical investigations demonstrate the efficacy of PNREF. The 

proposed method achieves the cognitive recovery time by 30%, neurodevelopmental outcome scores 

by 96.34%, neural reactivity during anesthesia by 97.85%, EEG-based real-time monitoring 

accuracy by 98.05% and surgical outcomes by 97.42%. 
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1 Introduction 

Especially in younger patients, the disturbances caused by anesthesia-induced alterations in brain 

function are significant (Zeng, 2021). PND, which is very common in children after surgery, may lead 

to delays in recovery, cognitive impairments, and long-term neurodevelopmental difficulties (Chandler 

et al., 2021). Modern anesthetic techniques have made procedures safer, but they often forget an 

important detail, the nervous system as receptive as possible when under anesthesia (Saleh et al.,). Both 

the health of the intraoperative brain and the cognitive outcomes could be adversely affected by 

hypoactivity in neural functioning under anaesthesia (Rotenberg, 2023; Fares et al., 2022; Raktur & Jea, 

2024; Malhotra & Joshi, 2025). Treatment that is protective as well as improving neurological function 

for children during the period of anesthesia is therefore now an urgent requirement (van Buijtene). 

Among the methods for non-invasive neuromodulation, the possibilities for application are shown to lie 

in transcranial focused ultrasound stimulation and transcranial magnetic stimulation (Wang et al., 2024). 

Although TMS relies on electromagnetic induction for the precise modification of cortical activity, 

tFUS offers a deeper penetration to reach both cortical and subcortical areas (Caffaratti et al., 2025). 

Despite the broad investigation into these technologies' therapeutic potential in adults for conditions 

ranging from epilepsy and depression, pediatric anesthesia is a very new frontier. This paper introduces 

the PNREF to enhance responsiveness of neurons during pediatric anesthesia (Tadayon, 2024). To 

preserve neural activity during surgery, PNREF integrates TMS and tFUS for real-time targeted brain 

stimulation (Cea, 2023). The five-step process is how the framework works: Mapping brain activity 

before anesthesia to find important functional areas (Wildman & Stockly, 2021; Ganesh et al., 2021).  

Monitoring neural activity using an electroencephalogram, using transcranial magnetic stimulation 

pulses to keep the cortex working (Mehak et al., 2022). Transcranial magnetic stimulation to modulate 

deeper structures of the brain and employing adaptive feedback control for simultaneous intraoperative 

EEG data analysis to adjust stimulation parameters (PANEL, 2024).  

As a result of the simulations and pilot studies we conducted PNREF contributes to enhancement of 

cognitive rehabilitation and to the more pronounced decrease of neurocognitive dysfunctions after 

general anesthesia (Bratko et al., 2025; Phokaewvarangkul et al., 2024). This strategy improves the 

quality of surgery and decreases the likelihood of anesthesia’s action-related neurocognitive damages 

by bridging the gaps of the real-time approaches for pediatric neural control (Yildirim). The paper seeks 

to create a paradigm towards introduction of modern neuromodulation techniques in children undergoing 

anesthesia so that the safety and effectiveness of the perioperative management can be improved (Kaur 

et al., 2022). To control the neural processes of a child undergoing pediatric anesthesia in real time, the 

PNREF is used in conjunction with TMS (di Biase et al., 2023). The PNREF's intention is to reduce the 

neurocognitive risk children during anesthesia, by controlling the scenario, facilitating the recovery and 

improvement of their cognitive capabilities (Liloia et al., 2022). 

Motivation 

Within the context of pediatric anesthesia, post-operative complications such as neurocognitive 

impairment and delay in recovery can be attributed to reduced neural reactivity. However, the current 
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technologies do not provide instruments to deliver on-demand neural modulation in the course of the 

anesthetic procedures. The presented research tackles the question of how the combination of 

Transcranial Magnetic Stimulation and Transcranial Focused Ultrasound Stimulation could be utilized 

for the purpose of enlivening neural activity during the anesthetic procedures. The intent is to improve 

the cognitive and recovery performance while preventing neurodevelopment disruption. 

Problem Statement 

It is attributed that the use of anesthesia in the children below the age of five suppresses the neural 

activity leading to neurocognitive impairments in the child. The lack of immediate answers for keeping 

the brain responsive under anesthesia causes postponed healing and may cause neurodevelopmental 

problems in the long run (Kumar & Sunil, 2024). Improving neuronal responsiveness and pediatric 

surgical outcomes is an urgent medical need, and this study seeks to fill that need using cutting-edge, 

noninvasive neuromodulation techniques. 

Contributions 

• Combines TMS and Transcranial Focused Ultrasound Stimulation for real-time neural 

modulation during pediatric anesthesia. 

• Utilizes EEG-based monitoring to dynamically adjust stimulation parameters, ensuring precise 

and adaptive brain activity regulation. 

• Demonstrates reduced recovery times and enhanced post-anesthesia cognitive function through 

simulations and pilot studies, addressing critical gaps in pediatric anesthesia care. 

The remaining of this paper is structured as follows: In section 2, the related work of brain stimulation 

techniques is studied. In section 3, the proposed methodology of PNREF is explained. In section 4, the 

efficiency of PNREF is discussed and analysed. Finally, in section 5 the paper is concluded with the 

future work. 

2 Related Work 

There is a continual influx of innovative methods into the rapidly expanding area of non-invasive brain 

sensing modulation technology. Research in this area focuses on non-invasive brain neuromodulation, a 

less intrusive method that shows promise in the treatment of a variety of mental and neurological 

diseases. To avoid the hazards and improve the comfort of patients, non-invasive procedures have 

replaced conventional deep brain stimulation surgery (Moreau & Sinclair, 2024). These methods 

stimulate the brain from outside the skull using ultrasound, electrical currents, and electromagnetic field 

stimulation. 

Machine Learning Techniques (MLT) 

One of the most monumental and challenging pursuits is the quest to comprehend and use the human 

brain's capabilities. Scientists, philosophers, and intellectuals have long been enchanted with the brain 

for its mystique and complexity. At this pivotal juncture in neuroscience, new avenues are being opened 

up by the merging of big data technologies, machine learning-improved image processing, and Brain‐

Computer Interfaces by (Mosilhy et al., 2022).  Through this link, it may control external devices and 

enhance our sensory experiences and motor skills. The first versions of brain-computer interfaces were 

somewhat primitive and could only enable simple interactions when they were first developed in the 
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mid-20th century. Recent years, though, have seen BCI systems develop into complex systems, 

propelled by developments in machine learning by (VanGilder et al., 2024). 

Big Data Analysis (BDA) 

The field of cognitive neuroscience is making growing use of tES as a method for establishing causal 

links between brain function and behavior. On the other hand, when it comes to modulating cognitive 

capacities, this non-invasive brain stimulation technology is notoriously unpredictable. One possible 

explanation for this variation is because before administering stimulation to a person, researchers need 

to choose a variety of parameters, including current intensity and frequency by (Suo et al., 2024). 

Choosing the best combination of parameters to modify the behavior of interest is very tough due to the 

enormous number of potential combinations. I use a machine learning method called Bayesian 

Optimisation in this thesis to find the best stimulation settings for boosting cognitive performance in 

complicated behavioral tasks by automatically searching through a wide range of parameters by (Fares 

et al., 2022). 

Fuzzy-Neuro Logic Technique (FNLT) 

Neurocognitive deficits in the areas of attention and executive function are among the treatment-related 

side effects that cancer survivors are prone to experiencing. There has been a surge in interest in survival 

studies and neurorehabilitation efforts to help reduce these consequences, especially in young groups 

who are still going through neurological development. As a therapeutic intervention, cognitive training 

programs have shown encouraging results in enhancing cognitive function by Vicari, E. et al., By 

stimulating cranial nerves, one may change autonomic activity in afferent brainstem pathways, and TES 

can modify activity on the cortex's surface. On the other hand, they target a wider area and are more 

systemic in character. High spatial specificity and the capacity to target deeper brain areas are two ways 

in which tFUS modulation overcomes these constraints. This paper delves at the effectiveness of tFUS 

in influencing certain areas of the brain, as well as its possible use as an adjunct to cognitive training 

regimens by (Lewis et al., 2016). 

Deep Neural Network (DNN) 

As shown in the table.1.Using regulated physical energy to pre-identified neuronal targets in the central 

nervous system, neuromodulation is a therapeutic method used to treat persistent neuropathic pain. 

Neuroscience research and therapeutic practices are increasingly drawn to its drug-free, nonaddictive, 

and enhanced targeted qualities. A concise synopsis of neuropathic pain and pharmaceutical treatment 

protocols, lists the various neuromodulation techniques for pain management, and discusses a new brain 

stimulation device by (Stroud et al., 2015). 

Table 1: The Summary of Related Work 

S. No Methods Advantages Limitations 

1 Brain-Computer 

Interfaces (BCI) 

Enables control of external devices; 

enhances sensory and motor skills; 

evolving with ML advancements. 

Limited to basic interactions 

in early stages; complex 

signal decoding still a 

challenge. 

2 Big Data Analysis 

(BDA) 

Identifies optimal stimulation parameters 

efficiently; automates parameter 

exploration in cognitive tasks. 

High computational cost; 

sensitive to quality and 

quantity of input data. 
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3 Fuzzy-Neuro 

Logic Technique 

(FNLT) 

Enhances cognitive training outcomes; 

targets deeper brain areas with tFUS for 

high specificity. 

Limited understanding of 

long-term effects; systemic 

targeting can impact 

unintended regions. 

4 Deep Neural 

Networks (DNN) 

Offers non-invasive, drug-free 

neuropathic pain treatment; precise 

neuronal targeting. 

Potential overfitting with 

limited data; requires 

extensive computational 

resources for training. 
 

These methods provide accurate, non-invasive treatments while simultaneously improving cognitive 

function and optimizing neuromodulation parameters. There is a need for further study since, while 

beneficial, there are hurdles such as computing needs, data quality concerns, and a lack of knowledge of 

the long-term implications. 

3 Proposed Method 

By combining tFUS with TMS, this Pediatric Neural Responsiveness Enhancement Framework fills 

gaps missing in pediatric anesthesia. PNREF thus will provide real-time stimulation of the brain. This 

framework aims to enhance neuronal responsiveness; minimize neurocognitive concerns associated with 

the outcomes of surgical care for children and minimize them. 

3.1 Innovative Framework for Neural Stimulation 

PNREF offers a unique mix of TMS and tFUS to meet the need for customized therapies keeping the 

brain responsive during pediatric anesthesia. There are quite a few holes in current methodologies that 

our all-encompassing, real-time approach fills. 

 

Figure 1: Architecture of Pediatric Neural Stimulation Optimization 

Figure 1 displays the integration of TMS and tFUS to modulate neuronal activity in specific areas of 

the brain particularly during anesthesia in children. The concept of maintaining normal neural function 

by stimulation of targeted areas within the brain is evident using TMS as represented by structured 

magnetic pulses (Alfihed et al., 2024). Conversely, tFUS is shown to target subcortical regions, which 

improves the localization and intensity of brain stimulation. When used together, the two modalities 

regulate specific regions of the brain, providing thorough stimulation. To keep the brain as receptive as 

possible when under anesthesia, this complementary method allows for real-time alterations. Reducing 

recovery durations and improving cognitive and neurodevelopmental function post-anesthesia are two 
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goals of the resultant neural modulation that attempts to enhance pediatric outcomes (Zhi et al., 2025). 

Improved pediatric surgical results may be traced back to the PNREF dual-modality stimulation method, 

which is well shown in the picture. 

𝑄2𝐷: → 𝑛𝑠[𝑢𝑖 − 𝑠𝑙′′] +  𝜕𝑓𝑅[𝜏𝜌 − 𝑏𝑣𝑎′′] − 𝑉𝑎[𝜏𝜃 − 8𝑤𝑞′′]                                            (1) 

The variable 𝑉𝑎[𝜏𝜃 − 8𝑤𝑞′′] represents variability in ventricular 𝑄2𝐷 and subcortical areas 

𝑛𝑠[𝑢𝑖 − 𝑠𝑙′′] + , whereas the variables 𝜕𝑓𝑅 and real-time feedback adjustments represent [𝜏𝜌 − 𝑏𝑣𝑎′′] 

the dynamic interplay between these three variables. Brain stimulation that is adaptable, safe, and 

effective, under PNREF principles, is guaranteed by this equation 1. 

𝜕𝑓′: → 𝑓𝑆[𝑋 − 𝑧𝑛′′] + 𝐺𝑎[𝑑 − 7𝑣𝑤′′] + 𝑉𝑎[∝ ∀ − 8𝑑𝑣′′]                                                  (2) 

Integrating active stimulation (𝜕𝑓′), regional cerebral stimulation (𝑓𝑆[𝑋 − 𝑧𝑛′′]), and subcortical 

variance (𝐺𝑎[𝑑 − 7𝑣𝑤′′]), the equation depicts the feedback mechanism for control (𝑉𝑎[∝ ∀ − 8𝑑𝑣′′]) 

in PNREF. For the sake of protecting cognitive outcomes in young patients and preserving neuronal 

reactivity, this guarantees exact targeting and regulation. 

𝜌𝑓[𝜇𝛿𝛾′ − 𝑎ℎ′′]: → 𝐾𝑠′[ℶ𝜗′ − 𝑏𝑎′′] + 8𝑦[𝑤 − 𝑞𝑛′′] − 𝑆𝑎′′                                                 (3) 

Under stimulation 8𝑦[𝑤 − 𝑞𝑛′′], the equation 3 states the feedback-adjusted 𝑆𝑎′′   connectivity 

([𝜇𝛿𝛾′ − 𝑎ℎ′′]) between the stability of the cortex (𝜌𝑓) and the systemic neuropsychological responses 

(𝐾𝑠′[ℶ𝜗′ − 𝑏𝑎′′]). Minimizing cognitive disturbances and increasing recovery are made possible by 

dynamic manipulation of neuronal states during pediatric anesthesia. 

𝑘𝑛𝑑[6𝑦 − 𝑎𝑛′′]: → 𝐻𝑠[𝑤 − 7𝑏𝑤′′] + 𝐵𝑎[𝑢𝑖 − 𝑠𝑏𝑤′′]                                                        (4) 

Equation 4 depicts the dynamics of the neural network 𝐻𝑠[𝑤 − 7𝑏𝑤′′] as a function of both 

𝐵𝑎[𝑢𝑖 − 𝑠𝑏𝑤′′] initial activity adjustments 𝑘𝑛𝑑 and higher-order stimulation ([6𝑦 − 𝑎𝑛′′]). The 

accuracy of PNREF in improving neuronal receptivity during infant anesthesia while protecting 

developmental outcomes is shown by this equation. 

 

Figure 2: Pathways of Neural Inputs in Pediatric Brain Stimulation 

TMS and tFUS are two methods for stimulating the brains of children, and Figure 2 shows the many 

different neuronal input pathways involved. Some examples of these inputs include spinal, cortico-

cortical, intracortical, and subcortical signals. The term intracortical input refers to stimulation within 

some layers of the cerebral cortex, while subcortical input describes the impact on areas that are further 

down from the cortex. Cortical regions vary in their interaction as they send input to one another through 

cortico-cortical input (Caffaratti et al., 2025). The spinal input enhances the relationship of the brain 

with the spinal cord. In the illustration, we can see how these channels work together to keep the brain 

attentive even while we're under anesthesia. To achieve a well-balanced modulation of the nervous 

system, TMS and tFUS allow for the targeted stimulation of certain circuits. EEG monitoring, 
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accounting for brain activity and guiding adjustments to stimulation parameters for maximal efficiency 

and safety (Suo et al., 2024). To optimize children's cognitive and neurodevelopmental outcomes, this 

comprehensive illustration highlights the engagement of numerous cerebral networks. 

ℎ𝑟𝑠[𝑎 − 7𝑣𝑤′′]: → 𝑁𝑎[𝑞 − 𝑓𝑏𝑟′′] + 𝐼𝑠[𝑤 − 5𝑣𝑠𝑤′′]                                                     (5) 

The association between adaptive modulation 𝐼𝑠[𝑤 − 5𝑣𝑠𝑤′′] via neuronal activation (ℎ𝑟𝑠) and 

inhibit stabilization [𝑎 − 7𝑣𝑤′′] and real-time neural response (𝑁𝑎[𝑞 − 𝑓𝑏𝑟′′] is shown by the equation 

5. This equation lends credence to PNREF's stated purpose of reducing the likelihood of neurocognitive 

impairment neural reactivity and stability. 

5𝑓𝑠[2𝑟 − 𝑠𝑏𝑤′′]: → 𝐴𝑠[𝑓 − 7𝑣𝑤′′] + 𝐵𝑎[𝑗𝑢 − 7𝑣𝑤′′] − 𝐴𝑒𝑤′′                                   (6) 

The framework of functional stimulation [2𝑟 − 𝑠𝑏𝑤′′] is summed up in the equation 6, which takes 

into consideration 𝐴𝑒𝑤′′ possible stress effects (5𝑓𝑠), baseline modifications (𝐴𝑠[𝑓 − 7𝑣𝑤′′]), and 

activation indicators (𝐵𝑎[𝑗𝑢 − 7𝑣𝑤′′]). As a result, the neural response of pediatric patients may be 

optimized during anesthesia, leading to better postoperative results. 

𝜕𝑖𝑢: → 𝐷′ − 𝑑𝑛 − 𝐹[𝑟𝑑𝑛′ − 𝑠𝑏′′] +  𝑔𝑆[7𝑤 − 𝑞𝑛′′]                                                         (7) 

Equation 7 depicts the dynamics of the brain's interaction 𝑔𝑆[7𝑤 − 𝑞𝑛′′] between demand-driven 

activation 𝜕𝑖𝑢, feedback-regulated modifications (𝐷′ − 𝑑𝑛), and overall stability variables (𝐹[𝑟𝑑𝑛′ −

𝑠𝑏′′]). This method reduces the potential for neurocognitive complications during pediatric anesthesia 

precise neural regulation. 

7𝑏𝑟 ∗ [3𝑠[𝑗𝑢 − 𝑠𝑛′′] − 𝑣𝑤′′]: →  𝐾𝑠[𝑒𝑢 − 4𝑣𝑤′′] +  𝐷𝑎𝑤′′[𝑐𝑥 − 𝑧]                         (8) 

By including stimulation changes (7𝑏𝑟) and fluid activity weighting (3𝑠[𝑗𝑢 − 𝑠𝑛′′] − 𝑣𝑤′′) across 

ventricular (𝐾𝑠[𝑒𝑢 − 4𝑣𝑤′′]) and subcortical regions (𝐷𝑎𝑤′′[𝑐𝑥 − 𝑧]), the equation models the 

regulation of cortical responsiveness. This equation 8 highlights the ability of the framework to optimize 

the results of pediatric anesthesia by ensuring balanced brain regulation. 

Algorithm 1: Pre-Anesthesia Brain Activity Mapping 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠 

𝑏𝑟𝑎𝑖𝑛_𝑟𝑒𝑔𝑖𝑜𝑛𝑠 =  ["𝐹𝑟𝑜𝑛𝑡𝑎𝑙", "𝑃𝑎𝑟𝑖𝑒𝑡𝑎𝑙", "𝑇𝑒𝑚𝑝𝑜𝑟𝑎𝑙", "𝑂𝑐𝑐𝑖𝑝𝑖𝑡𝑎𝑙"] 

𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  0.75   

𝑎𝑟𝑒𝑎𝑠_𝑜𝑓_𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 =  {} 

𝑓𝑜𝑟 𝑟𝑒𝑔𝑖𝑜𝑛 𝑖𝑛 𝑏𝑟𝑎𝑖𝑛_𝑟𝑒𝑔𝑖𝑜𝑛𝑠: 

    𝑒𝑒𝑔_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  𝑔𝑒𝑡_𝑒𝑒𝑔_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦(𝑟𝑒𝑔𝑖𝑜𝑛)   

    𝑖𝑓 𝑒𝑒𝑔_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 >=  𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑_𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦: 

        𝑎𝑟𝑒𝑎𝑠_𝑜𝑓_𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡[𝑟𝑒𝑔𝑖𝑜𝑛]  =  "𝐻𝑖𝑔ℎ 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦" 

    𝑒𝑙𝑠𝑒: 

        𝑎𝑟𝑒𝑎𝑠_𝑜𝑓_𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡[𝑟𝑒𝑔𝑖𝑜𝑛]  =  "𝐿𝑜𝑤 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦" 

𝑖𝑓 𝑙𝑒𝑛(𝑎𝑟𝑒𝑎𝑠_𝑜𝑓_𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡)  >  0: 

    𝑝𝑟𝑖𝑛𝑡("𝐼𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑒𝑑 𝐴𝑟𝑒𝑎𝑠 𝑜𝑓 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡: ") 

    𝑓𝑜𝑟 𝑟𝑒𝑔𝑖𝑜𝑛, 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦_𝑠𝑡𝑎𝑡𝑢𝑠 𝑖𝑛 𝑎𝑟𝑒𝑎𝑠_𝑜𝑓_𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡. 𝑖𝑡𝑒𝑚𝑠(): 

        𝑝𝑟𝑖𝑛𝑡(𝑓"{𝑟𝑒𝑔𝑖𝑜𝑛}: {𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦_𝑠𝑡𝑎𝑡𝑢𝑠}") 

𝑒𝑙𝑠𝑒: 

    𝑝𝑟𝑖𝑛𝑡("𝑁𝑜 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡 𝑎𝑟𝑒𝑎𝑠 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑. ") 
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This algorithm identifies brain regions with high neural activity before anesthesia by comparing EEG 

signals to a predefined threshold. Each region is classified as "High" or "Low Activity," enabling 

targeted intervention during surgery. It iterates through brain regions, ensuring precise mapping to guide 

subsequent stimulation processes. 

3.2 Integrated Implementation for Real-Time Monitoring 

The architecture uses EEG-based monitoring and feedback systems that provide accurate real-time brain 

stimulation. This provides a better satisfaction of the requirements of each individual patient in real time, 

making it safer and more effective. 

 

Figure 3: Experimental Procedure for Neural Stimulation and Assessment 

From screening to follow-up, the PNREF goes through the following steps, as shown in Figure 3. In 

the first step, screening and baseline, gather baseline data, such as EEG, CT, and MRI readings, to set 

standards for brain activity (Tadayon, 2024). It includes the Simulation phase, where the neuronal 

response is measured using pre-stimulus EEG, tFUS applied simultaneously with EEG monitoring, and 

post-stimulus EEG. To assess and adjust the stimulation settings, it uses three conditions of stimulation, 

namely Sham, Excitatory, and Suppressive. The post-procedure EEG monitoring as part of the follow-

up phase assesses the long-term effects on brain activity and cognitive recovery. This image illustrates 

the iterative experimental approach involving localized stimulation combined with real-time data 

collection rather well. A comprehensive approach that ensures an exact assessment of PNREF's safety, 

efficacy, and its impact on neurodevelopment is provided. 

𝑢𝑒𝑤[𝑖 − 𝑠𝑛′′]: → 𝑁𝑠[6𝑠 − 7𝑣𝑤′′] + 𝐶𝑎[𝑤 − 8𝑔′′] − 𝐶𝑠[𝑤 − 𝑢𝑞′′]                        (9) 

The equation 9 shows how 𝐶𝑠[𝑤 − 𝑢𝑞′′] the neural activation 𝑢𝑒𝑤 is controlled by the processes of 

stimulation (𝐶𝑎[𝑤 − 8𝑔′′]), cortical activation (𝑁𝑠[6𝑠 − 7𝑣𝑤′′] +), and inhibition ([𝑖 − 𝑠𝑛′′]). By 

doing so, the dangers of excess stimulation or suppression are reduced during pediatric anesthesia, and 

appropriate neural response is guaranteed. 

𝑢𝑟𝑤[𝑘𝑢 − 𝑎𝑠𝑛′′]: → 𝐾𝑠[𝑢𝑤 − 9𝑡𝑤𝑞′′] + 𝑉𝑠[𝑗𝑢 − 𝑠𝑏′′] − 9𝑦𝑞′′                                (10) 

By considering stimulation amplitude (𝑢𝑟𝑤)) and subcortical variance ([𝑘𝑢 − 𝑎𝑠𝑛′′]), the equation 

represents the control of neural response (𝐾𝑠[𝑢𝑤 − 9𝑡𝑤𝑞′′]), while also taking 9𝑦𝑞′′ into consideration 

possible destabilizing influences (𝑉𝑠[𝑗𝑢 − 𝑠𝑏′′]). This keeps the brain active and reduces the likelihood 

of cognitive decline or slowed healing. 

𝜕𝐻𝑠[𝑢 − 5𝑣𝑠′′]: → 𝐻𝑠[𝑗𝑢 − 4𝑑𝑤𝑞′′] + 𝑈𝑠[𝑏 − 𝑔𝑤′′] − 𝑉𝑎𝑝′′                                    (11) 

By using stimulation and mechanisms for feedback 𝐻𝑠[𝑗𝑢 − 4𝑑𝑤𝑞′′], the equation 11 depicts the 

regulation of brain function ([𝑢 − 5𝑣𝑠′′]), achieving a balance between inhibiting mechanisms (𝜕𝐻𝑠), 

variability (𝑈𝑠[𝑏 − 𝑔𝑤′′]), and stimulation of the cortex (𝑉𝑎𝑝′′). This method enables targeted 
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regulation of brain activity, which improves healing and lessens the likelihood of neurocognitive 

deficits. 

𝑌𝑡𝑛[𝑤𝑞 − 𝑠𝑛′′]: → 𝑁𝑠[4𝑣 − 𝑤𝑚′′] + 6𝑔[𝑖𝑢 − 𝑎𝑛′′] − 𝐽𝑠[𝑤 − 𝑢𝑦′′]                            (12) 

The brain dynamics (𝑌𝑡𝑛) characterized by stimulation ([𝑤𝑞 − 𝑠𝑛′′]), inhibitory responses 

𝑁𝑠[4𝑣 − 𝑤𝑚′′] and global equilibrium factors (6𝑔[𝑖𝑢 − 𝑎𝑛′′]) are represented 𝐽𝑠[𝑤 − 𝑢𝑦′′] by the 

equation 12, which is estimated from real-time data. By dynamically adjusting brain stimulation, the 

system can optimize healing while reducing cognitive interruptions, as shown by equation 12. 

𝜕𝑠[𝑢 − 𝑠𝑗′′]: →, 𝑙𝐾[4𝑣 − 𝑤𝑚𝑎′′] + 9𝑢[𝑓𝑤 − 𝑞𝑚′′] − 9𝑢[𝑓𝑤 − 𝑞𝑚′′]                            (13) 

The adaptive feedback 9𝑢[𝑓𝑤 − 𝑞𝑚′′] modulates neural activity (𝜕𝑠) by balancing inhibitory effects 

(9𝑢[𝑓𝑤 − 𝑞𝑚′′]) with cortical activation ([𝑢 − 𝑠𝑗′′]) and brain's reaction adjustments (𝑙𝐾[4𝑣 −

𝑤𝑚𝑎′′]). Reducing neurocognitive hazards and enhancing recovery outcomes for children with 

neurological disorders is achieved by optimum stimulation, as ensured by the equation. 

𝑟𝑓𝑟𝑡[𝑗 − 𝑠𝑜′′]: → 𝐻𝑠[𝑜𝑖 − 𝑎𝑛′′] + 𝑈𝑤[𝑠 − 8𝑏𝑞′′] − 𝑉𝑞𝑝′′                                                 (14) 

To keep neuronal activity at its optimum level 𝑉𝑞𝑝′′, the equation 14 describes the real-time brain 

feedback (𝑟𝑓𝑟𝑡) that controls cortical activation ([𝑗 − 𝑠𝑜′′]), postsynaptic responses (𝐻𝑠[𝑜𝑖 − 𝑎𝑛′′]), and 

signals that inhibit (𝑈𝑤[𝑠 − 8𝑏𝑞′′]). Achieving and maintaining cerebral stability is the goal of the 

equation, which reduces the likelihood of cognitive deficits after surgery. 

 

Figure 4: Neural Activity Analysis for Pediatric Anaesthesia Monitoring 

A brain activity monitoring method under pediatric anesthesia is represented in Figure 4. Following 

the acquisition of electrical impedance and EEG data through sensors, multiple operations refine their 

quality and remove artifacts (Zeng, 2021). Algorithms break down the brain's electrical activity into 

different frequency bands, including gamma, low, delta, and theta, for their analysis. Some important 

parameters are taken in measuring brain activity, including suppression ratio, median frequency, and 

burst count. To understand better what happens to the brain, the system utilizes high end visualizations 

like compressed spectrum arrays and spectrograms. Even though the SEF95 characteristics are related 

to the indexes like BIS, and PSI, light about brain response can be shed (Chandler et al., 2021). This 

integrated system supports the PNREF to enhance anesthetic results and preserve neurodevelopment in 

children. It allows for real-time feedback and accurate brain monitoring. 

𝐻𝑠2𝑅[𝑣𝑓 − 𝑠𝑛′′]: → 𝐾𝑎𝑢[𝑤′ − 4𝑣𝑠𝑤′′] + 𝐼𝑤[𝑥 − 𝑧𝑛𝑎′′]                                        (15) 
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The data is adjusted in real time to boost neuronal activity 𝐼𝑤[𝑥 − 𝑧𝑛𝑎′′], and the equation 15 shows 

how cortical stimulation (𝐻𝑠2𝑅) is regulated by feedback-based responses (𝐾𝑎𝑢[𝑤′ − 4𝑣𝑠𝑤′′]) and 

synaptic modulating ([𝑣𝑓 − 𝑠𝑛′′]). This equation highlights the system's purpose of preventing cognitive 

impairment and accelerating recovery. 

𝜕𝑠[ℎ𝑡 − 𝑠𝑛′′]: → 𝐻𝑎[4𝑣 − 𝑠𝑛𝑤′′] + 𝑈𝑦[𝑤𝑞 − 𝑎𝑛𝑓′′]                                                   (16) 

By using brain stimulation (𝜕𝑠[ℎ𝑡 − 𝑠𝑛′′]) and synapse feedback modulation (𝐻𝑎[4𝑣 − 𝑠𝑛𝑤′′]), the 

equation represents the modification of neural activity (𝑈𝑦[𝑤𝑞 − 𝑎𝑛𝑓′′]). Optimizing brain function, 

reducing cognitive deficits, and supporting speedier recovery post-surgery are the goals of the technique, 

as shown by the equation 16. 

Algorithm 2: Feedback Loop for Real-Time Stimulation Adjustment 

Initialize parameters 

real_time_eeg = [0.8, 0.7, 0.6, 0.9, 0.75]   

stimulation_parameters = {"TMS": 0.5, "tFUS": 0.5}   

eeg_threshold = 0.7   

for eeg_signal in real_time_eeg: 

    # Adjust stimulation parameters based on EEG signal 

    if eeg_signal < eeg_threshold: 

        # Increase stimulation intensity 

        stimulation_parameters["TMS"] += 0.1 

        stimulation_parameters["tFUS"] += 0.1 

    else: 

        # Maintain or reduce stimulation intensity 

        stimulation_parameters["TMS"] -= 0.05 

        stimulation_parameters["tFUS"] -= 0.05 

Ensure parameters stay within safe bounds (0.3 to 1.0) 

    if stimulation_parameters["TMS"] > 1.0: 

        stimulation_parameters["TMS"] = 1.0 

    elif stimulation_parameters["TMS"] < 0.3: 

        stimulation_parameters["TMS"] = 0.3 

    if stimulation_parameters["tFUS"] > 1.0: 

        stimulation_parameters["tFUS"] = 1.0 

    elif stimulation_parameters["tFUS"] < 0.3: 

        stimulation_parameters["tFUS"] = 0.3 

    print(f"EEG Signal: {eeg_signal}, TMS: {stimulation_parameters['TMS']}, tFUS: 

{stimulation_parameters['tFUS']}") 
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This algorithm adjusts TMS and tFUS parameters in real time using EEG feedback. If EEG activity 

drops below a threshold, stimulation intensity increases; otherwise, it decreases. A loop ensures settings 

stay within safe bounds, dynamically optimizing neural responsiveness and improving outcomes during 

pediatric anesthesia. 

3.3 Validated Effectiveness through Evaluation 

The framework revolutionizes pediatric anesthetic procedures based on early simulation and pilot 

clinical trials that result in improved cognitive outcomes and short recovery times. 

 

Figure 5: Proposed Method of Pediatric Neural Responsiveness Enhancement Framework 

An technique to enhance neuronal reactivity during pediatric anesthesia is shown in Figure 5. The 

first step is brain mapping before anesthesia, which finds the most active parts of the brain to work on. 

After that, the patient's neurological status is closely monitored using an EEG monitoring equipment 

that records brain activity in real-time (Fares et al., 2022). TMS-based focused cortical stimulation seeks 

to sustain and increase cortical activity. Moreover, tFUS allows deep brain control, therefore ensuring a 

larger and more focused impact on cortical and subcortical regions. A feedback loop makes the 

procedure safe and efficient always by changing stimulation levels in response to real-time EEG data. 

Improved cognitive ability and recovery after general anesthesia is the ultimate aim as it will also lower 

the risk of neurocognitive problems, therefore enhancing the long-term results for young patients 

(Rotenberg, 2023).  

𝑦𝑓[𝑒𝑑 − 𝑏𝑎′]: → 𝐶𝑤[5𝑣 − 𝑠𝑛𝑤′′] + 9𝑢[∀′ − 4𝑐𝑎′′]                                               (17) 

Equation 17, (𝑦𝑓) incorporates real-time data-based dynamic modifications 9𝑢[∀′ − 4𝑐𝑎′′] to 

simulate the regulation of neuronal activity ([𝑒𝑑 − 𝑏𝑎′]: →) via cortical input (𝐶𝑤[5𝑣 − 𝑠𝑛𝑤′′]) and 

synaptic feedback. The equation emphasizes the method's objective of minimizing neurocognitive 

hazards before, during, and after anesthesia while also improving cognitive recovery. 

∇𝑑′: → 𝑅𝑑[𝑗𝑢 − 𝑠𝑛′′] + 7𝑏[𝑤 − 8𝑣𝑤′′] + 𝐶𝑎[𝑗𝑢 − 𝑠𝑛′′]                                            (18) 

The dynamic reaction of brain activity (∇𝑑′), neural instability (𝑅𝑑[𝑗𝑢 − 𝑠𝑛′′]), and synapse 

adjustments (7𝑏[𝑤 − 8𝑣𝑤′′]) impact the gradient of stimulation to the neurons (𝐶𝑎[𝑗𝑢 − 𝑠𝑛′′]), which 

is represented by the equation 18. Reducing the likelihood of cognitive damage and facilitating quicker 

recovery, the equation guarantees that brain activity is constant and functioning. 
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ℎ𝑤𝑄𝑎[𝑗𝑢 − 𝑠𝑛′′]: → 𝐽𝑠[𝑐 − 𝑐𝑎𝑞′′] + 9𝑢[𝑙𝑘𝑖 − 𝑠𝑛𝑓′′]                                                        (19) 

Equation 19 depicts the continuous tracking 9𝑢[𝑙𝑘𝑖 − 𝑠𝑛𝑓′′] and data-driven modification of brain 

reactions ℎ𝑤𝑄𝑎 achieved by feedback from cortical input [𝑗𝑢 − 𝑠𝑛′′] and synaptic modulation 

(𝐽𝑠[𝑐 − 𝑐𝑎𝑞′′]). The equation highlights the significance of feedback loops in facilitating neuronal 

response, mitigating cognitive hazards, and hastening the recovery process. 

𝑈𝑓𝑟𝑠[𝑗𝑢 − 3𝑣𝑎𝑞′′]: → 𝐽𝑠[𝑗𝑢 − 𝑠𝑏𝑟′′] + 9𝑦𝑤[𝑗𝑥 − 𝑧𝑛′′]                                                       (20) 

The model incorporates real-time data 9𝑦𝑤[𝑗𝑥 − 𝑧𝑛′′] to explain neural modifications 𝑈𝑓𝑟𝑠 due to 

feedback from synaptic modulation ([𝑗𝑢 − 3𝑣𝑎𝑞′′]) and cortical stimulation (𝐽𝑠[𝑗𝑢 − 𝑠𝑏𝑟′′]). 

To guarantee neural responsiveness during pediatric anesthesia, equation 20 is in line with the PNREF 

approach, which uses TMS and tFUS to control brain activity.  

In pediatric anesthesia, the five-step PNREF method enhances neural responses. Pretreatment: Brain 

mapping identifies sensitive areas, while real-time EEG tracking of brain activity is recorded. TMS 

pulses will maintain brain activity in some areas, but tFUS might alter the areas in the cortex and 

subcortex. A feedback loop using the EEG signals adjusts the stimulation settings to ensure safety and 

effectiveness. This preliminary investigation shows that PNREF improves cognitive function and 

anesthesia recovery. 

4 Result and Discussion 

To enhance the results of pediatric anesthesia, this research investigates the PNREF framework. PNREF 

combines TMS with tFUS, or transcranial focused ultrasound stimulation. Prior to, during, and after 

surgery, PNREF maintains neuronal responsiveness, speeds up healing, and improves cognitive 

performance as shown in the table.2. 

Dataset Description 

Even while EEG devices are becoming smaller and less noticeable, not many apps make good use of 

EEG data, partly because there aren't many big EEG data sources. A dataset, including with the source 

code and visual stimuli used to gather the data, was made public by the MIDS class at the UC Berkeley 

School of Information. The dataset was acquired using consumer-grade brainwave-sensing headsets. 

The data set contains not only the individuals' readings during the stimulus presentation, but also their 

readings before to and after the stimulus (www.kaggle.com). 

Table 2: The Simulation Environment 

Metrics Description 

Pre-Anesthesia Brain Mapping Utilizes high-resolution imaging techniques 

Real-time EEG Monitoring Monitors neural activity during anesthesia in real-time, providing continuous 

feedback. 

TMS Pulse Application Delivers transcranial magnetic stimulation to specific cortical areas based on 

pre-mapping data. 

Adaptive Feedback Loop Real-time adjustment of stimulation parameters based on EEG data. 

Post-Anesthesia Cognitive 

Testing 

Evaluates cognitive function using standardized neuropsychological tests 

post-procedure. 
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Figure 6: Analysis of Cognitive Recovery Time 

A 30% reduction in post-anesthesia recovery time is shown by the examination of cognitive recovery 

time inside the Pediatric Neural Responsiveness Enhancement Framework (PNREF). The reason for this 

is because TMS and tFUS provide real-time neural stimulation, which keeps the brain active during the 

process is explained in equation 21. Enhanced brain function and less neurocognitive deficits promote 

the speedier recovery is shown in figure 6. 

𝑗𝑣𝐷𝑠: → 𝑗𝑊[𝐾𝑈 − 𝑠𝑚′′] + 9𝑢[𝑣𝑓 − 𝑟𝑞′′] − 𝑁𝑎[𝑤 − ℎ𝑦′′]                                         (21) 

The equation 21 depicts the regulation of total brain activity 9𝑢[𝑣𝑓 − 𝑟𝑞′′] via inhibitory effects on 

the stimulation of neurons (𝑗𝑣𝐷𝑠), cortical feedback (𝑗𝑊[𝐾𝑈 − 𝑠𝑚′′]), and postsynaptic adjustments 

(𝑁𝑎[𝑤 − ℎ𝑦′′]). During the post-anesthesia period, it helps keep the mind steady and lessens the 

likelihood of neurocognitive deficits. 
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Figure 7: Analysis of Neurodevelopmental Outcome Scores 

In the framework of the PNREF, the neurodevelopmental outcome scores show a remarkable 96.34% 

improvement. To keep the brain responsive and lessen the effects of anesthesia on cognition, PNREF 

may be stimulated in real-time using transcranial magnetic stimulation and transcranial ultrasound is 

explained in equation 22. Because normal neuronal function is targetedly modulated before and after 

surgery, a better developmental trajectory is attained is shown in figure 7. 

𝑌𝑣𝑒[𝑘𝑢𝑖 − 𝑠𝑛′′]: → 𝐵𝑠[𝑣𝑥 − 𝑧𝑏𝑎′′] + 9𝑢[ℎ𝑗𝑢 − 𝑒𝑞′′]                                                      (22) 

By using focused cortical stimulus (𝑌𝑣𝑒) and synaptic modifications ([𝑘𝑢𝑖 − 𝑠𝑛′′]) in response to 

real-time feedback 9𝑢[ℎ𝑗𝑢 − 𝑒𝑞′′], the equation 22 depicts the manipulation of brain reactions 

(𝐵𝑠[𝑣𝑥 − 𝑧𝑏𝑎′′]). It aims to improve young patients' brain health by increasing neuronal activity, 

decreasing cognitive impairment, and speeding up recovery after anesthesia. 

 

Figure 8: Analysis of Neural Reactivity During Anesthesia 
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In figure 8, under the PNREF framework, an analysis of neural reactivity under anesthesia was 

conducted, and the results showed an improvement of 97.85%. To ensure brain areas stay responsive, 

reduce the risk of cognitive impairment, and promote quicker recovery post-anesthesia, real-time EEG 

monitoring in conjunction with TMS and tFUS under PNREF successfully maintains and modifies 

neuronal activity during the surgical operation is explained in equation 23. 

𝐻𝑤𝑞𝐴[𝑣𝑧 − 4𝑣′′]: → 𝐻[𝑗𝑟 − 𝑤𝑞′′] + 9𝑢[𝑗𝑤 − 𝑞𝑣𝑓′′]                                        (23) 

The model describes the real-time feedback-based modification 9𝑢[𝑗𝑤 − 𝑞𝑣𝑓′′] of neuronal 

responsiveness (𝐻𝑤𝑞𝐴) using cortical stimulus ([𝑣𝑧 − 4𝑣′′]) and synapse modulation (𝐻[𝑗𝑟 − 𝑤𝑞′′]). 

The goal of equation 23 is to help pediatric patients recover faster from anesthesia while minimizing 

cognitive deficits and keeping their neural reactivity at its best. 

 

Figure 9: Analysis of EEG-Based Real-Time Monitoring Accuracy 

The accuracy of the PNREF examination for real-time monitoring, based on the EEG-based 

evaluation, stands at an excellent 98.05%. The procedure ensures accurate identification of brain 

responsiveness by monitoring the neural activity continually under anesthesia in equation 24. With such 

sharp precision, settings for TMS and tFUS may be realigned in real time, maximizing brain activity for 

optimal surgery and recovery outcomes is shown in figure 9. 

ℎ𝑡𝑒𝑟[𝑢𝑦 − 𝑠𝑣𝑟′′]: → 𝑉𝑠[7𝑣 − 𝑎𝑞′′] ∗ 𝑤𝑣[𝑗𝑢 − 𝑜𝑢′′]                                              (24) 

This equation 24 represents, via real-time feedback, the interplay between 𝑤𝑣[𝑗𝑢 − 𝑜𝑢′′] neuronal 

reactivity ℎ𝑡𝑒𝑟 and cortex stimulation ([𝑢𝑦 − 𝑠𝑣𝑟′′]) enhanced by synapses regulation (𝑉𝑠[7𝑣 − 𝑎𝑞′′]. 

Its goal is to keep neuronal responsiveness intact under anesthesia so that less cognitive impairment and 

a speedier recovery may be achieved. 
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Figure 10:  Analysis of Surgical Outcomes 

Examination of surgical outcomes inside Pediatric Neural Responsiveness Enhancement Framework 

demonstrates a 97.42% improvement in equation 25. This is achieved using transcranial magnetic 

stimulation, TNREF, and transcranial ultrasound, tFUS, to enhance the brain function of the patient who 

is under anesthesia, thereby bringing in better surgical outcomes. Improved cognitive function after 

surgery, shorter periods of recovery, and fewer complications are all part of the picture that adds up to 

better surgical outcomes for infants is shown in figure 10. 

𝑄𝑠𝑤[𝐾𝑖 − 𝑠𝑏′′]: → 𝐽𝑠[𝑤 − 7𝑣𝑤′′] + 𝑌𝑠[𝑤𝜕 + 𝑠𝑤′′]                                          (25) 

To improve brain function, the equation 25, 𝑌𝑠[𝑤𝜕 + 𝑠𝑤′′] depicts the control of the activity of 

neurons ([𝐾𝑖 − 𝑠𝑏′′]) via cortical input (𝑄𝑠𝑤) and synapses feedback (𝐽𝑠[𝑤 − 7𝑣𝑤′′]), both of which 

are adjusted using real-time data. This equation's goal is to keep the brain's activity levels stable under 

anesthesia so that patients have less cognitive deficits and a speedier recovery as shown in the table.3. 

Table 3: The Comparison of Exiting Methods and Proposed Method 

Aspects Key Features Exiting Methods 

in Ratio (%) 

Proposed method 

in Ratio (%) 

Cognitive Recovery 

Time 

TMS and tFUS provide real-time neural 

stimulation, maintaining brain activity 

during anesthesia, leading to enhanced 

brain function and faster recovery. 

68.95% 30% 

Neurodevelopmental 

Outcome Scores 

Real-time stimulation through TMS and 

tFUS keeps the brain responsive and 

reduces anesthesia effects, promoting better 

cognitive development and trajectories 

post-surgery. 

32.45% 96.34% 

Neural Reactivity 

During Anesthesia 

Real-time EEG monitoring with TMS and 

tFUS ensures that brain areas remain active, 

reducing cognitive impairment risks and 

promoting recovery post-anesthesia. 

35.765 97.85% 
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EEG-Based Real-Time 

Monitoring Accuracy 

Continuous EEG monitoring ensures 

precise detection of brain activity, allowing 

real-time adjustment of TMS and tFUS to 

maximize neural function and recovery 

outcomes. 

40.21% 98.05% 

Surgical Outcomes TMS and tFUS enhance brain function 

during surgery, reducing recovery times, 

improving cognitive function, and 

minimizing surgical complications. 

42.15% 97.42% 

In summary, using PNREF during pediatric anesthesia improves brain function, which in turn 

improves cognitive recovery, neurodevelopmental outcomes, and surgical performance. To enhance 

clinical treatment for pediatric patients, real-time EEG monitoring with TMS and tFUS guarantees 

appropriate neuronal activity, which speeds recovery and improves developmental trajectories. 

5 Conclusion 

PNREF is an innovative approach to pediatric anesthesia that helps fill gaps in the preservation of neural 

activity during surgery. With the incorporation of TMS and tFUS with real-time EEG monitoring and 

adaptive feedback, PNREF represents a more customized approach to brain function preservation. It 

decreases the recovery times of patients, diminishes the negative effects of neurocognitive deficit, and 

has provided better outcomes at the time of emergence. Pilot studies and first simulations demonstrate 

that it is both safe and efficient and open avenues for a greater clinical usage of PNREF. Thus, the 

novelty of PNREF may potentially be the panacea for the neuroprotective concerns regarding the 

pediatric anesthetic care in patients. The proposed method achieves the cognitive recovery time by 30%, 

neurodevelopmental outcome scores by 96.34%, neural reactivity during anesthesia by 97.85%, EEG-

based real-time monitoring accuracy by 98.05% and surgical outcomes by 97.42%. 

Future Work 

Fine-tuning the parameters of PNREF, further clinical trials, and long-term effects on pediatric 

neurodevelopment. Advanced machine learning algorithms will be integrated for personalized 

stimulation settings and real-time EEG-based feedback optimization. The applicability of PNREF to 

different pediatric surgical procedures and conditions will expand its clinical utility and safety. 
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