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Abstract: The purpose of this paper is to explore the potential of artificial intelligence and electroencephalogram 
(EEG) analysis in optimizing anesthesia depth monitoring. research methods include data collection and quality 
improvement, multimodal data fusion, algorithm generalization and robustness enhancement, and model 
interpretability improvement. The results show that the combination of AI and EEG significantly improves 
precision monitoring of anesthesia depth and personalized anesthesia management, reduces postoperative 
complications, and improves patient safety. The study shows that AI and EEG analysis have great potential 
for use in deep anesthesia monitoring, but further research and validation are needed in key areas such as data 
quality, algorithm generalization, and ethical safety. In the future, increasing the interpretability of models 
through multimodal data fusion is expected to further advance the widespread use of AI in anesthesia medicine to 
improve clinical outcomes and patient safety.
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1. Introduction
In modern medicine, accurate monitoring of the depth of anesthesia is crucial to the safety and success of surgery. 

Traditional EEG monitoring has subjective and real-time limitations, but AI technology, especially machine learning 
and deep learning, brings new opportunities for EEG analysis. AI can automatically extract features, build models, 
and improve the accuracy and real-time evaluation of anesthesia depth[1]. This paper aims to explore the application, 
research progress and challenges of AI and EEG in optimizing anesthesia monitoring. We will introduce the basics of 
EEG and its role in anesthesia, discuss the application of AI technology in signal analysis, and focus on how AI can 
optimize anesthesia monitoring and management. Finally, challenges such as data quality, algorithm generalization, and 
ethical issues will be explored, and future directions will be looked at[2].

2. Basic knowledge of EEG

Figure 1. Schematic diagram of an electroencephalogram.
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2.1. Definition and Basic principles of EEG

Electroencephalography (EEG) records changes in the electrical potentials of brain cells through scalp 
electrodes, reflecting the electrical activity of the brain, which is used to study brain function and diagnose 
diseases. The changes in frequency, amplitude and waveform generated by the synchronous firing of neurons 
reveal the state of the brain. International 10-20 system multi-electrode placement to ensure data standardization. 
EEG devices capture and process signals in real time, and their accuracy is affected by electrode placement, 
device quality, and signal processing[3-4].

2.2. Characteristics and classification of EEG signals

EEG signal features include frequency, amplitude, waveform, divided into triangle wave, test wave, alpha 
wave and test wave frequency bands, each related to different brain states. Triangle waves are associated with 
deep sleep and anesthesia, alpha waves with relaxation, waves with alertness, and gamma waves with cognitive 
activity. Under anesthesia, triangular waves and wave amplitudes were enhanced, and alpha waves and waves 
were decreased. Spectroscopy and wavelet transform can quantify these changes, and entropy and fractal 
dimension analysis reveal the complexity of brain activity.

2.3. Effect of anesthesia on EEG Signals

Anesthetics alter electrical activity in the brain, affecting electroencephalograms, in different ways. The 
variation of anesthesia depth is reflected in band power and frequency, which can be quantified by BIS[6]. Real-
time EEG monitoring combined with signal processing and artificial intelligence improves the accuracy of 
anesthesia management.

3. Application of artificial intelligence in EEG analysis
3.1. Machine learning algorithms: Classification and regression

3.1.1. Application classification algorithms in EEG analysis
Machine learning algorithms are used for classification tasks in EEG analysis, able to learn signal features 

from training data and classify brain states,see Figure 2. Support vector machine (SVM) is used to distinguish 
awake, shallow and deep anesthesia by searching for optimal hyperplane. Random forests improve classification 
accuracy and robustness by integrating multiple decision trees[7].

Figure 2. Random forest decision tree diagram.
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3.1.2. Application of regression algorithms in EEG analysis
Regression algorithm is used to predict the depth of anesthesia in EEG analysis. Traditional methods such as 

linear regression and polynomial regression have problems of overfitting and generalization ability. Regularized 
ridge regression and lasso regression can avoid overfitting and improve the generalization ability of the model.
See Figure 3.

Figure 3. EEG analysis by regression algorithm.

3.1.3. Practical application of machine learning algorithms
In practical application, machine learning algorithms not only improves the accuracy of EEG signal 

analysis, but also shortens the analysis time and improves clinical efficiency. For example, a machine learning-
based anesthesia depth monitoring system can provide real-time anesthesia depth assessment during surgery, 
helping anesthesiologists adjust the dose of anesthesia drug in a timely manner to ensure patient safety and 
comfort [8].

3.2. Deep learning models: Convolutional neural networks, recurrent neural networks, etc.

3.2.1. Application of convolutional neural networks in EEG analysis
Convolutional Neural Networks is a kind of deep learning model especially suitable for image and time 

series data processing,see Figure 4. In EEG analysis, CNN can automatically pick up the spatiotemporal 
characteristics of signals and identify complex EEG patterns. CNN extracts local and global features of EEG 
signals using multiple layers of convolution and pool layers, and then classified or regressed them using fully 
connected layers[9].
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Figure 4. Convolutional neural network diagram.

3.2.2. Application of recurrent neural networks in EEG analysis
A recurrent neural network (RNN) is a deep learning model designed to process time series data,see Figure 

5 . During depth of anesthesia monitoring, RNNS can track changes in EEG signals in real time, predict future 
depth of anesthesia, and assist anesthesiologists in making real-time decisions. 

Figure 5. Schematic diagram of a recurrent neural network.

3.2.3. Practical application of deep learning models
The application of deep learning model in EEG analysis not only improves the accuracy and efficiency of 
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signal processing, but also provides new tools and methods for clinical practice. Using deep learning models, 
EEG signals can be de-noised and enhanced to improve their quality and usability[10].

3.3. Hybrid models and holistic learning

3.3.1. Application of hybrid models in EEG analysis
Hybrid models incorporate machine learning and deep learning to improve performance and robustness for 

accurate classification and regression for EEG analysis. For example, CNN extracts features combined with SVM 
to enhance accuracy. The hybrid model can also process multi-modal data, such as combining electrocardiogram 
and blood pressure, to provide a comprehensive assessment of the depth of anesthesia monitoring, which has 
important application value[11].
3.2.2. Practical applications of deep learning models

Deep learning models have been used in EEG analysis to improve the accuracy and efficiency of signal 
processing and provide new tools and methods for clinical practice[12].

3.3. Hybrid models in EEG analysis

The hybrid model integrates machine learning and deep learning algorithms to give full play to their 
respective advantages and improve the performance and robustness of EEG analysis.The hybrid model can also 
process multi-modal data, such as combining electroencephalogram, electrocardiogram and blood pressure, to 
comprehensively assess the patient’s status, which is extremely valuable for monitoring the depth of anesthesia.
3.3.1. Ensemble learning in EEG analysis

Integrated learning improves model performance and generalization capability by combining multiple basic 
models. In EEG analysis, integrated learning methods such as Random Forest, Gradient Boosting Trees, and 
augmentation can integrate multiple weak learners into strong learners and improve model accuracy and stability.
[13].
3.3.2. Practical applications of hybrid models and integrated learning

Hybrid model and ensemble learning improve signal processing performance in EEG analysis, provide more 
options for clinical practice, realize real-time personalized anesthesia monitoring, and improve surgical safety and 
success rate. 

4. Innovative approaches for optimizing anesthesia depth
4.1. Machine learning based anesthesia depth index

4.1.1. Improvements of double spectrum index
The researchers used machine learning, spectral analysis, and wavelet transform to improve BIS 

performance, combined with multimodal data to improve accuracy, adapt to different anesthesia scenarios, and 
reduce risk. Non-linear regression and ensemble learning optimize BIS modeling, enhance predictive power and 
robustness, and help anesthesiologists fine-tune drugs.[14].

4.2. Real-time anesthesia depth monitoring systems

4.2.1. Integration of EEG devices.
Real-time anesthesia monitoring relies on high-quality EEG data, and the key lies in electrode placement, 

material and device performance. The 10-20 system, new electrode materials and multi-channel devices improve 



5756

Electronics Science Technology and Application (2025) Volume 12 Issue 1 ISSN: 2424-8460(O)
                              2251-2608(P)

signal stability and monitoring accuracy. Software optimization and device portability ensure stable and reliable 
monitoring in environments such as the operating room.[16].
4.2.2. Algorithm optimization and practical applications

Algorithmic optimization is crucial for real-time anesthesia monitoring, with advanced feature extraction 
and deep learning models to improve accuracy, combined with fast computing techniques to meet real-time 
needs. This improves the accuracy and efficiency of monitoring, enables precise anesthesia control, guarantees 
patient safety, and provides new tools for medical practice.[18].

5. Conclusion
Artificial intelligence combined with EEG analysis has great potential in optimizing the depth of anesthesia, 

real-time monitoring of anesthesia status and predicting patient response, and improving surgical safety. 
However, the problems of data quality, algorithm generality and ethical safety need to be solved. Future research 
should focus on clinical needs and develop multi-modal data fusion and model interpretability technologies 
to promote the application of artificial intelligence in anesthesia medicine, ensure patient safety, and optimize 
medical experience.
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