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 Background: In recent years, artificial intelligence (AI) has emerged as an 

innovative tool for surgical training and skill assessment. The expansion of 

simulation-based methods and robotic technologies has enabled the collection 

of motion, video, and multimodal data, which can be leveraged by AI models 

to analyze and classify surgeons’ skills. However, the existing evidence is 

scattered and heterogeneous, highlighting the need for a systematic review to 

evaluate applications, benefits, limitations, and future perspectives. This study 

aims to provide a systematic review of AI applications in surgical skill 

assessment, analyze algorithm performance, examine educational feedback, and 

identify current limitations and future research opportunities in this field. 

Methods: A systematic search was conducted across major scientific databases, 

including PubMed, Scopus, Web of Science, Springer, Nature, JAMA Network, 

and ScienceDirect. Studies published between 2018 and 2026 that focused on 

AI applications in surgical skill assessment were included. Data were extracted 

regarding input data type, algorithm type, performance accuracy, feedback 

applications, and model validation. Both qualitative and quantitative analyses 

were performed. 

Results: Based on 60 identified studies, AI models demonstrated the capability 

to analyze motion, video, and multimodal data, achieving surgeon skill 

classification accuracies ranging from 80% to 95%. The use of personalized and 

real-time feedback enhanced skill acquisition and facilitated transfer learning. 

Algorithms were also applied for surgical phase recognition, risk prediction, and 

clinical decision support. Nevertheless, limitations such as restricted 

multicenter validation, lack of standardized data collection protocols, and low 

interpretability of certain models were reported. 

Conclusion: AI has the potential to play an effective role in surgical education, 

skill assessment, and clinical decision support, complementing human 

instructors in the operating room. To fully exploit AI’s potential, the 

development of standardized frameworks, multicenter validation, increased 

algorithm transparency, and assessment of long-term educational impacts are 

essential. Future research should focus on integrating real-world and simulation 

data and evaluating the transferability of models to practical clinical 

environments. 
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1. Introduction 

Assessment of surgical technical skills is recognized as a key component in ensuring clinical 

performance quality and patient safety. A surgeon’s technical proficiency not only correlates with 

patient outcomes but also plays a critical role in competency-based training and the development of 

future surgeons (1, 2). Traditional assessment methods, such as direct observation, standardized tools 

like OSATS, and general rating instruments, despite their widespread use, face inherent limitations, 

including lack of reproducibility, evaluator bias, and high demands on time and human resources (3–

5). In recent years, advances in digital technologies and the increasing availability of high-quality 

surgical video data have created new opportunities for quantitative analysis of surgeon performance. 

Artificial intelligence (AI), particularly machine learning and deep learning techniques, has gained 

attention as a novel approach for objective assessment of surgical skills due to its ability to extract 

complex features from multidimensional data (6–8). Computer vision and motion analysis based on 

kinematic data of surgical instruments enable precise evaluation of surgeons’ behavior and technique. 

These methods can identify skill-related features such as motion smoothness, targeting accuracy, and 

tool usage patterns, converting them into measurable metrics (9–11). Early studies have demonstrated 

that AI models can assess surgical skills with accuracy comparable to human evaluators, and in some 

cases even outperform them (7, 12–15). Despite these advances, several fundamental challenges 

hinder the widespread development and application of AI-based methods. A major challenge is the 

heterogeneity and lack of standardization in study designs, performance metrics, and datasets, which 

complicates direct comparisons between methods and limits the generalizability of findings (16–18). 

Additionally, many existing studies rely on small, single-center datasets and lack external validation, 

increasing the risk of bias and reducing the robustness of the results (7, 19). Some recent studies have 

focused on AI applications in specific surgical domains, such as laparoscopic surgery, robotic surgery, 

and simulation. For instance, in laparoscopic surgery, convolutional neural networks (CNNs) have 

been employed to analyze surgical videos, achieving high accuracy in skill-level classification (20, 

21). In robotic surgery, analysis of instrument motion data combined with reinforcement learning 

algorithms has enabled the identification of complex performance patterns (15, 17, 22, 23). 

Furthermore, several studies have explored auxiliary applications such as real-time feedback and error 

prediction, which can play a significant role in enhancing patient safety (24–28). From an educational 

perspective, AI-based tools not only facilitate rapid and objective skill assessment but also provide 

quantitative feedback that can enhance training and learning. This capability is particularly valuable 

in simulation and robotic training environments, where large volumes of data are generated (29–33). 

However, concerns regarding data privacy, ethical challenges, and legal considerations related to the 

use of patient and surgeon data must also be carefully addressed (34–36). 

Given the rapid and exponential growth of scientific literature on the application of artificial 

intelligence in surgical skill assessment, a substantial body of research has focused on machine 

learning, deep learning, computer vision, and motion data analysis. These studies not only 

demonstrate a wide variety of technological approaches but also exhibit significant differences in 

study design, evaluation metrics, surgical domains, and data quality, making direct comparisons and 

definitive conclusions challenging. Therefore, a systematic review that can cohesively and 

comprehensively synthesize the published evidence is essential. The present systematic review was 

conducted to provide a structured and scientific framework with several key objectives: first, to 

analyze and categorize AI methods and algorithms used for surgical skill assessment; second, to 

identify the advantages and strengths of each approach, including accuracy, reproducibility, and the 

ability to provide real-time feedback; third, to examine existing limitations and challenges, such as 

data scarcity, lack of external validation, methodological heterogeneity, and ethical and legal 

considerations; and finally, to outline future perspectives and recommendations, with a focus on 

standardization, improved validation, and integration of AI into educational and clinical settings. By 

emphasizing the synthesis of current evidence, this review aims to serve as a scientific reference and 

practical guide for researchers, medical educators, and AI technology developers, facilitating the 

more efficient, accurate, and standardized application of AI in surgical skill assessment. Moreover, 
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this review can help identify research gaps and weaknesses, paving the way for future studies and 

the development of AI-based frameworks with potential for clinical implementation. 

 
Methods 

This study was designed as a systematic review to comprehensively synthesize and analyze the 

existing evidence on the application of artificial intelligence (AI) for surgical skill assessment. The 

study design followed the PRISMA 2020 guidelines to ensure transparency, reproducibility, and 

standardization of the review process. A systematic search was conducted across PubMed, Scopus, 

Web of Science, IEEE Xplore, and Embase, covering all articles published from January 2018 to 

February 2026. The search strategy included a combination of keywords related to artificial 

intelligence, machine learning, deep learning, computer vision, motion analysis, and surgical skills, 

with language restricted to English. Reference lists of selected studies were also screened to identify 

potentially missing studies. Inclusion criteria comprised original research studies that utilized AI 

techniques to assess surgical skills, reported quantitative performance data of the AI models, and were 

conducted in clinical or surgical simulation settings. Exclusion criteria included narrative reviews, 

theoretical papers, conference reports without full text, non-surgical studies, and studies lacking AI 

performance data. Study selection began with independent screening of titles and abstracts by two 

reviewers, followed by full-text assessment. Discrepancies between reviewers were resolved through 

discussion, and, if necessary, a third reviewer was involved for final decisions. Data extracted included 

author(s) and year of publication, country of study, type of surgery and educational context, AI 

algorithm or model used, data source and sample size, model performance metrics (e.g., accuracy, 

AUC, F1 score, sensitivity, specificity), comparisons with human assessment when available, and type 

of validation performed. Data extraction was conducted independently by two researchers, with all 

data recorded in a standardized form to ensure accuracy. Study quality and risk of bias were assessed 

according to study design: diagnostic or predictive studies were evaluated using QUADAS-2, non-

randomized and observational studies using ROBINS-I, and randomized trials using the Cochrane 

Risk of Bias Tool. This allowed for assessment of evidence quality and weighting of study results. 

Data analysis was primarily qualitative and comparative, examining AI models in terms of accuracy, 

input data type, and surgical domain. Additionally, limitations, research gaps, and opportunities for 

AI development in surgical skill assessment were identified and reported to provide a scientific and 

practical framework for future research. 

 

Results and Discussion 

In this study, a total of 60 studies were evaluated. The findings were qualitatively categorized as 

follows. 

Types of Data and Platforms Used for AI-Based Surgical Skill Assessment 

Existing research indicates that artificial intelligence has been applied to assess surgical skills using 

a variety of data types, including video recordings, kinematic motion data, virtual reality (VR) 

simulations, and biometric measurements. Among the identified studies, the majority focused on 

analyzing instrument motion, surgeons’ movement trajectories, and surgical video images. The data 

platforms used for training and validating AI models in surgical skill assessment were categorized 

into three main types: 

a) Motion and Kinematic Data 

Several studies utilized instrument motion data and surgeons’ kinematic trajectories to train AI 

algorithms. These data are typically obtained from robotic systems or virtual reality simulations (31, 

37–48). For instance, Winkler‑Schwartz and colleagues employed datasets extracted from the 

NeuroVR simulation platform, comprising over 270 performance metrics, which were subsequently 

used to develop machine learning models (37). Such datasets enable complex and in-depth learning 

of skill patterns and have been reported in many studies as the primary input for ML/DL models (29, 

37–48). 

b) Real Surgical Video Images 
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The second category of data includes recorded videos of actual surgical procedures, which are 

analyzed using computer vision algorithms (40, 43, 46, 49–54). For example, Pedrett et al., in a 

systematic review of convolutional neural network (CNN) applications on stored surgical videos, 

demonstrated that computer vision models can accurately identify skill levels from video streams 

and even correctly classify surgical phases (38). Similarly, other studies have shown that AI can 

extract key regions from surgical scenes and use them as the basis for feedback analysis (40, 51). 

c) Multimodal (Combined) Data 

Some researchers have integrated multiple types of data to enhance model performance, such as 

combining video with kinematic and biometric data (38, 40, 49). This multimodal approach has 

improved predictive power, model robustness, and reduced error distribution. 

Based on this review, motion and simulation data constitute the most fundamental sources for training 

AI models in skill assessment. However, for real-world applications and transfer to the operating room, 

multimodal data integration has demonstrated the best performance. 

 

Accuracy and Performance of AI Algorithms in Surgical Skill Classification 

According to the available evidence, AI models have demonstrated remarkable performance in 

detecting and classifying surgeons’ skill levels. Many approaches have employed deep neural 

networks, classification models, and computer vision systems, reporting high levels of accuracy. 

a) Model Accuracy in Simulation 

Multiple studies have shown that AI algorithms can accurately identify skill levels in simulated 

environments. In a randomized trial, Fazlollahi et al. demonstrated that AI models significantly 

improved Expertise Scores and enabled quantitative analysis (37). Other studies reported that 

machine learning algorithms achieved accuracies of 85–95% in classifying novices and experts in 

simulation tasks (39, 42, 55). Therefore, AI models perform very reliably in detecting skill 

differences within controlled simulation settings. 

b) Model Accuracy with Real Surgical Data 

Using real surgical data for skill assessment is inherently more complex; however, leading studies 

have reported positive results. Pedrett et al., in their systematic review, indicated that when models 

were trained on real-world data, classification accuracies of over 80% were still achieved (38). 

Furthermore, evidence suggests that deep neural networks can accurately identify surgical phases 

and even predict intraoperative risk (49). 

c) Analysis of Other Performance Metrics 

Beyond accuracy, many studies employed more sophisticated statistical metrics such as F1-score, 

AUC-ROC, precision, recall, specificity, and balanced accuracy to evaluate model performance (38, 

43, 49, 51). These metrics indicate that multilayer and deep learning models not only perform well in 

basic skill classification but also in predicting complex motion phases. 

Overall, AI algorithms demonstrate higher accuracy in simulation environments, but even when 

applied to real-world data, advanced performance metrics remain acceptable and promising. 

 

The Role of AI Feedback in Enhancing Learning and Skill Transfer 

One of the most consistent findings in the literature is the positive impact of AI-based feedback 

systems on the acquisition and consolidation of surgical skills. 

a) Effects of AI Training in Simulation 

The study by Fazlollahi et al. demonstrated that the use of AI feedback in simulation not only 

directly improved skill scores but also facilitated transfer learning (37). Participants who received AI 

feedback performed better in more complex tasks compared to control groups and traditional human-

led training. 

b) Real-Time and Personalized Feedback 

Many AI systems are capable of providing real-time, individualized feedback that enhances gradual 

and targeted learning (37, 39, 42, 49, 52, 55). This type of feedback clearly highlights performance 

differences between individuals, enabling learners to quickly identify and correct technical errors. 
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c) Long-Term and Cognitive Effects of AI Feedback 

Some studies have reported that AI feedback not only improves technical skills but also enhances 

learners’ cognitive efficiency and confidence (39, 42, 52). These findings suggest that AI can 

function as an “intelligent coach” throughout the learning process. 

Overall, based on current evidence, AI feedback represents one of the most successful applications in 

surgical skills training, enabling faster and more effective improvement of technical abilities compared 

to traditional methods. 

 

Applications of AI in Intraoperative Decision Support and Performance 

Artificial intelligence in surgery is not limited to training and skill assessment; it also has practical 

applications in clinical decision support during operations and enhancing patient safety. 

a) Surgical Phase Recognition and Procedural Support 

Several studies have demonstrated that AI models can recognize surgical phases and even assist 

surgeons in anticipating the next steps of a procedure (49, 51, 54). This application has the potential 

to reduce technical errors in real operating rooms and serve as a decision-support system during 

critical moments of surgery. 

b) Prediction of Postoperative Complications and Outcomes 

Broader studies have shown that AI can predict the risk of postoperative complications and patient 

outcomes, thereby aiding preoperative decision-making (39, 49). This capability contributes to 

improved patient management and reduced postoperative care costs. 

Integration of AI with Real and Robotic Surgery 

Research by Massimino et al. and other sources has indicated that AI in robotic surgery can assist in 

analyzing instrument trajectories, classifying surgical phases, and enhancing skill transfer (56). The 

application of computer vision and deep learning in real operating room settings enables surgical phase 

recognition and provision of technical feedback. Furthermore, recent studies have shown that AI can 

assess surgeon performance in real surgical environments with accuracy comparable to simulation, 

laying the groundwork for the development of intraoperative decision-support systems (57–59). 

 

Challenges and Limitations of AI in Surgical Skill Assessment 

The primary advantage highlighted in the reviewed studies is that AI can provide objective, 

reproducible, and precise feedback, which is often limited in traditional assessment methods (31, 37, 

52). However, comprehensive reviews indicate that although AI demonstrates high performance in 

skill recognition and feedback, fundamental challenges remain regarding validation, generalizability, 

and clinical applicability. Key limitations include the need for standardized datasets, robust 

computational infrastructure, ethical and legal considerations, and the generalizability of algorithms 

to real clinical environments (27, 40, 52). A recent study emphasized that the lack of multicenter and 

standardized data is one of the greatest barriers to developing AI models in surgery (40). 

Additionally, Leon et al. warned that without human oversight and an appropriate regulatory 

framework, the use of AI in training and assessment may result in bias or erroneous predictions (52). 

These challenges can be categorized as follows: 

a) Validation and Generalizability 

Many studies have been validated only in single-center or simulated environments, with limited 

multicenter validation (38, 39, 49, 53). This restricts the generalizability of results to broader 

populations of surgeons. 

b) Data Quality and Standardization 

The lack of global standards for collecting and annotating surgical training data has made data 

aggregation and cross-center comparison difficult, representing a major obstacle to developing 

generalizable AI models (39, 49, 53). 

c) Model Explainability 

Although many deep learning models demonstrate strong performance, they often cannot provide 

interpretable reasoning for their judgments in a way that is clinically actionable or understandable to 
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surgeons (39, 54). This presents practical, ethical, and legal challenges for the widespread adoption of 

AI in surgical education and assessment. 

 

Future Perspectives 

Based on these findings, it can be concluded that artificial intelligence holds transformative potential 

in surgical education and skill assessment, serving as a complementary tool to human instructors and 

intraoperative decision-support systems. However, the development of standardized frameworks, 

multicenter validation, and increased algorithm transparency are essential for widespread clinical 

adoption. Integrating AI with advanced simulations and real-world surgical data will shape the future 

direction of research and application in surgical training and patient safety improvement (37, 38, 40, 

49, 54). Recent studies predict future advancements in two main areas: the development of 

fundamental multimodal models capable of processing motion, image, and video data, and the 

integration of AI into real surgical environments for decision support and resident training (22, 33, 40, 

52, 57–60). Moreover, a recent review emphasizes that combining AI with traditional training can 

substantially enhance the quality of learning and skill assessment, establishing AI as an essential 

complementary component in surgical education (52). 

 

Conclusion 

Artificial intelligence, as an innovative tool in surgical skill assessment, simulation-based training, 

and clinical decision support, has demonstrated the potential to fundamentally transform the quality 

of education and patient safety. Findings from this systematic review indicate that machine learning 

and deep learning models are capable of analyzing motion, video, and multimodal data to accurately 

classify surgeons’ skill levels and provide personalized, real-time feedback. These capabilities position 

AI as an “intelligent coach” and decision-support system within the surgical training and operative 

workflow. Nevertheless, limitations such as restricted multicenter validation, data quality and 

standardization issues, and challenges related to model interpretability require careful attention for 

widespread clinical adoption. To fully leverage AI’s potential, the development of standardized data 

collection frameworks, multicenter validation, and enhanced algorithm transparency are essential. 

Overall, AI, with its ability to provide quantitative assessment, targeted feedback, and clinical decision 

support, can complement human instructors and has the potential to transform the future of surgical 

education and patient safety. Future research should focus on integrating real-world and simulation 

data, evaluating long-term educational impacts, and assessing the transferability of models to actual 

clinical settings to ensure that AI can effectively support both surgical training and operative 

performance. 
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