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Abstract
The integration of Artificial Intelligence (AI) and Virtual Reality (VR) in surgical training has profoundly transformed medical education and technical skill acquisition. AI-powered simulations, coupled with VR-based training platforms, create highly immersive, interactive, and risk-free environments that allow surgical trainees to practice and refine complex procedures with enhanced precision. These systems simulate real-life anatomical variations and intraoperative scenarios, facilitating improved decision-making and procedural accuracy. Real-time feedback mechanisms, adaptive learning algorithms, and personalized skill enhancement pathways cater to the individual learning pace and style of each trainee. Furthermore, AI enables objective performance tracking through quantitative metrics such as hand movement efficiency, error rates, and task completion times. These analytics support competency-based assessments and allow for predictive modeling of future performance. By overcoming traditional limitations—such as restricted access to cadavers or live patients, variable case exposure, and ethical constraints—AI and VR technologies ensure standardized, reproducible, and scalable surgical training. This review comprehensively examines the current advancements, pedagogical benefits, and inherent challenges of incorporating AI and VR into surgical education, underscoring their pivotal role in shaping the next generation of surgical professionals and enhancing overall patient safety.	Comment by Usuario: The term skill represents a wide and variable concept. Many synonyms can be used, all of them with different connotations and diverse insights. Due to this, is recommended to use a brief sentence to define it for the this paper lecture.
As a personal opinion, it will be good that this definition put some clear differences between abilities (most general term), dexterity (mostly motor evaluation), skill (a motor pattern with a specific purpose and quality standards), competence (those skills already being used at the real scenario).
This term skill is important at this particular scope because it can make some significantly differences while understanding the rationale and checking goals achievements.	Comment by Usuario: This is a great point and an ambitious statement. Proper support should be provided during lecture. Note that including the term “competence” here alludes the first commentary situation.	Comment by Usuario: At this point, a cornerstone limitation should be mentioned (this is a wide known limitation, but somehow is becoming also an advantage). This limitation is about haptics. Not mentioning specifically, could be understood as overlooked or intentionally disregarded. Approaching this subject directly will bring confidence and robustness to the abstract an paper.
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Introduction
The integration of Artificial Intelligence (AI) and Virtual Reality (VR) in surgical training has revolutionized medical education by providing immersive, interactive, and data‑driven learning environments. Traditional surgical training relies heavily on apprenticeship‑based models, which often face limitations such as restricted access to patient cases, variability in learning opportunities, and ethical concerns regarding patient safety (Fazlollahi et al., 2022; Fazlollahi et al., 2023). AI and VR technologies offer novel solutions by enabling risk‑free simulations that enhance surgical proficiency and decision‑making skills. These systems facilitate comprehensive, reproducible exposure to complex procedural scenarios without jeopardizing patient welfare. In neurosurgical training, precision and real‑time feedback are critical; AI‑enhanced VR platforms using automated performance metrics have been shown to distinguish expertise levels and track learning curves across multiple trials (Ledwos et al., 2022). Moreover, augmented 360° VR education modules have demonstrated high usability and interest among students, increasing engagement in neurosurgery and improving preparedness for operating room experiences (Truckenmueller et al., 2024). These findings underscore the growing importance of AI and VR in shaping the future of surgical education, particularly in high-stakes specialties such as neurosurgery. These advancements have been particularly beneficial in neurosurgery, where precision and real-time feedback are critical for improved patient outcomes (Awuah et al., 2024).	Comment by Usuario: It should be good to have the regular citation system (APA, AMA, Vancouver). Following cites by name and dates is not practical for the reader and lacks specificity.	Comment by Usuario: Another term considered as synonym for “skill”. This situation is very common, although confusing.	Comment by Usuario: Mentioning neurosurgery 3 times in one paragraphs seems to be somehow awkward. Rephrasing this could be advisable to improve such important message.	Comment by Usuario: This is a great comment and a strong point for VR. Even being a sub-specific and non-technical aspect, it is important because it generates adhesion for training and skill aquisition. 
AI-driven surgical training employs advanced machine learning algorithms to analyze performance metrics—such as instrument trajectory, motion smoothness, and error frequency—and provide personalized, real-time feedback. This allows for adaptive learning that is tailored to the skill level of each trainee, promoting targeted skill development and accelerated proficiency. As shown by Fazlollahi et al. (2022), AI-guided simulation training not only reduced tissue-damaging errors but also led to changes in movement efficiency, emphasizing the need for careful curriculum design and human oversight. A follow-up study further validated the utility of AI-based assessment tools in capturing both cognitive and motor dimensions of surgical performance, demonstrating measurable improvement compared to traditional expert-led instruction (Fazlollahi et al., 2023).
In parallel, VR-based simulations create highly realistic and interactive environments that replicate anatomical and procedural complexity, enabling trainees to safely rehearse intricate surgeries without direct patient involvement. These platforms improve both technical execution and decision-making under simulated operative stress. Kawashima et al. (2024) reported that VR-enhanced training improves cognitive function and psychomotor coordination, resulting in improved surgical outcomes and reduced complication rates. Similarly, Collins et al. (2024), through a systematic review and meta-analysis, demonstrated that VR-based training significantly enhances task performance and reduces procedural time in robotic and minimally invasive surgeries. Furthermore, Wang et al. (2025) found that trainees using da Vinci VR modules attained higher GEARS (Global Evaluative Assessment of Robotic Skills) scores and experienced lower cognitive workload, confirming the efficacy of VR in developing surgical readiness. Together, these findings substantiate the value of AI and VR in delivering structured, efficient, and safe surgical training.	Comment by Usuario: This sentece seems to be concise and bulls-eyed: defining a goal for VR platforms is mandatory and this might be one of the most important additions this paper is offering.
Despite its potential, the integration of AI and VR in surgical training presents challenges, including the high cost of implementation, technological limitations, and the need for standardized evaluation metrics. Additionally, ethical considerations regarding data privacy and algorithmic bias in AI-driven assessments remain areas of concern (Awuah et al., 2024). Addressing these challenges is crucial for the widespread adoption of these technologies in medical education.	Comment by Usuario: Recently, some new indexes have been presented and proven effective and statistically confirmed about the microsurgical learning curve (https://pubmed.ncbi.nlm.nih.gov/40309511/)

This index has the potential to be involved not only as a manual-traditional skill assessment tool, but also for robotics and VR.
This review explores the current applications, benefits, and limitations of AI and VR in surgical training. By analyzing recent advancements and evidence-based outcomes, this paper aims to highlight the role of these emerging technologies in shaping the future of surgical education and skill enhancement.	Comment by Usuario: This sentence is a good one to finish the introduction section. This last sentence should correlate narrowly with the conclusions and objectives of the study:

“This review comprehensively examines the current advancements, pedagogical benefits, and inherent challenges of incorporating AI and VR into surgical education, underscoring their pivotal role in shaping the next generation of surgical professionals and enhancing overall patient safety.” (Abstract section)
The incorporation of AI and VR into surgical training is transforming the way medical professionals acquire and refine their skills. AI-driven tutoring systems, powered by machine learning and deep learning algorithms, provide individualized feedback and predictive analytics to optimize skill acquisition (Fazlollahi et al., 2022). These systems assess surgical performance based on predefined parameters such as hand movements, precision, and efficiency, allowing trainees to receive objective, real-time assessments. Unlike traditional training methods that rely on subjective evaluations from instructors, AI-powered platforms reduce bias and ensure consistency in assessing surgical competency. Additionally, these technologies can identify areas of weakness in a trainee’s technique and adapt training modules accordingly, creating a personalized learning experience that enhances proficiency over time.	Comment by Usuario: From this point, information starts to mix and repeat with prior ideas and concepts. It will be good to find some re-structuring to avoid repetitions and improve readability.
Similarly, VR-based training modules have gained recognition for their ability to create realistic surgical environments that closely mimic operating room conditions. These simulations enable medical students and residents to practice intricate procedures repeatedly without the limitations of patient availability or ethical concerns (Mergen et al., 2024). High-fidelity VR simulations provide a hands-on experience where trainees can interact with virtual tissues, instruments, and anatomical structures, improving their cognitive and psychomotor skills. Advanced VR platforms are also incorporating haptic feedback, which simulates the sense of touch and resistance, further enhancing the realism of surgical training. As a result, VR is bridging the gap between theoretical knowledge and practical expertise, enabling surgeons to develop confidence and technical dexterity before performing procedures on real patients.
Despite the numerous advantages, challenges remain in fully integrating AI and VR into surgical education. One major limitation is the significant financial investment required to develop and maintain these sophisticated training systems (Awuah et al., 2024). The cost of VR hardware, AI software, and continuous system updates can be prohibitive for many medical institutions, particularly in resource-limited settings. Additionally, AI models used for surgical training must be carefully validated to ensure their accuracy and reliability, as errors in algorithmic assessments could lead to incorrect feedback and hinder skill development. Ethical considerations, such as data privacy and algorithmic bias, must also be addressed to ensure fairness in training assessments. Despite these challenges, the potential benefits of AI and VR in surgical education are immense, and ongoing research and technological advancements are expected to drive their wider adoption in the coming years.	Comment by Usuario: At this point, VR and AI should be also named as no-haptics (mostly) provided simulation models. Interaction with biological tissues are very difficult to eliminate from a surgical simulation model. This is for sure possible, but it remains as a “con” for VR, besides its multiple “pros”. Naming this situation is strongly suggested.	Comment by Usuario: Huge importance here. Simulation should not be an “elite” training, but a way to fight socio-economical differences.
Review
1. Integration of Artificial Intelligence (AI) and Virtual Reality (VR)
The integration of Artificial Intelligence (AI) and Virtual Reality (VR) in surgical training has markedly transformed medical education by offering immersive, interactive, and data-driven environments that simulate real-life surgical procedures. Traditional apprenticeship-based models of surgical education, though valuable, are constrained by limited access to diverse clinical cases, ethical concerns related to patient safety, and inconsistency in exposure across learners. These limitations can hinder the development of technical proficiency and clinical decision-making skills. AI and VR technologies address these shortcomings by enabling standardized, risk-free simulations that replicate a wide array of surgical scenarios, allowing repeated practice and immediate performance feedback (Varas et al., 2023). AI algorithms can personalize training by analyzing user performance and adjusting difficulty levels, while VR provides a multisensory experience that improves psychomotor coordination and spatial awareness. Studies have demonstrated that combining AI-driven analytics with VR modules enhances both procedural accuracy and learning retention (Aguilar Ramírez et al., 2022; Wang et al., 2025). This review explores the evolving applications, educational benefits, and implementation challenges of AI and VR in surgical training, with an emphasis on their pivotal role in accelerating skill acquisition, fostering competence, and ultimately improving patient outcomes.	Comment by Usuario: Important and clear sentence. I suggest to remark this situation. Simulation should aim at this “live” data accessibility and feedback.	Comment by Usuario: The main use of live feedback!
2. AI in Surgical Training
AI has revolutionized surgical education by offering personalized learning pathways, objective performance assessment, and automated feedback mechanisms. AI-driven systems analyze surgical techniques—including instrument motion trajectories, error detection, and efficiency metrics—and deliver real-time feedback. This approach enhances learning efficiency by identifying areas for improvement and adapting training modules accordingly (Varas et al., 2023). AI-based tutoring systems have been shown to be as effective as expert-led instruction in improving procedural proficiency (Peters et al., 2023). Furthermore, AI-powered virtual simulations support decision-making training, enabling surgeons to safely practice various clinical scenarios without patient involvement.
A recent review highlighted three key AI applications in robotic surgical education: automated video labeling, actionable feedback powered by automated performance metrics (APMs), and objective assessment of trainee competence. The authors advocate combining AI-generated analytics with human supervision to ensure reliable guidance (Brain et al, 2024). Another study introduced ZEAL, a foundation-model-based system using zero‑shot tool segmentation and temporal encoding of surgical video data to generate skill scores, showing superior performance over conventional assessment methods (Kondo et al., 2024). Together, these advancements demonstrate AI’s growing role in personalizing feedback, streamlining evaluation, and optimizing surgical training outcomes.
3. Virtual Reality in Surgical Training
VR-based surgical simulations offer an immersive training experience by replicating real-life operating room conditions, thereby bridging the gap between theoretical knowledge and hands-on practice. These simulations provide interactive 3D environments where trainees can manipulate virtual surgical instruments, navigate complex anatomical spaces, and perform intricate procedures in a safe, controlled setting (Pears et al., 2023). The high realism of these environments enhances spatial orientation and visual-motor coordination, both of which are critical in minimally invasive surgery. High-fidelity VR systems often incorporate haptic feedback, allowing users to experience tactile resistance and force interactions, which are essential for developing fine motor control and procedural accuracy.	Comment by Usuario: These concept could be clarified, mostly thinking about many lecturers can not fully understand how it is done and what this implies. 

VR mostly supports and adds value to: 
 The surgical scenario and environment
 The anatomical details and setup
 The pathology itself (tumour size, vessels details, etc)
 Simulated events (eventual bleeding, patient condition, extra surgical complications)
By using this feature, the reality of the surgical situation is hugely improved... but some other aspects are not taken into account, like the real perception of the surgical raw matter (biological tissue) and the differences between real instruments and those used in some simulation models. 

This should be explained here, and may be a table comparing situations, with features and limitations. Just and idea.	Comment by Usuario: Reference for this? I never had the opportunity to test some of these models, but the gap between simulated haptic and real biological haptic deserves special treatment.
Studies have consistently shown that VR-based training significantly improves surgical performance compared to traditional methods, particularly for tasks requiring precision, such as laparoscopic suturing, dissection, and tissue handling (Peters et al., 2023). VR modules also facilitate repetitive practice, enabling learners to master skills at their own pace without putting patients at risk. Additionally, VR has proven effective in enhancing nontechnical skills such as communication, leadership, and crisis management during simulated intraoperative emergencies (Pears et al., 2023). These comprehensive capabilities position VR as a powerful adjunct to conventional surgical education, fostering both technical competence and situational awareness in a reproducible, ethically sound framework.	Comment by Usuario: For sure one of the most important additions with VR. Team training is a must, and this environment makes it possible with enormous potential.
4. AI-Enhanced Virtual Simulations for Crisis Management
AI-enhanced VR simulations are highly effective in training surgical teams for high-risk situations such as intraoperative complications, unexpected anatomy, or equipment failures. By merging VR’s immersive realism with AI’s analytical capabilities, these simulations offer dynamic, adaptive environments that respond to user performance. Trainees repeatedly engage with critical events—like bleeding, anaphylaxis, or cardiac arrest—while receiving real-time, personalized feedback. AI algorithms evaluate both technical and nontechnical actions, objectively measuring decision-making, response times, and teamwork. Truong et al. (2022) reported that a VR-AI program for operating room fire emergencies significantly improved coordination, role clarity, and communication. These platforms safely expose learners to rare, high-stakes scenarios, promoting situational awareness, adaptability, and leadership under pressure—key competencies in surgical crisis management without risking patient safety or disrupting clinical care.
Challenges and Limitations	Comment by Usuario: Adding the “haptic” problem, in my opinion, is almost mandatory. See previous comments.
Despite the advantages of AI and VR in surgical education, several challenges hinder their widespread adoption. The high cost of VR hardware, AI software, and system maintenance poses a financial burden on medical institutions, particularly in resource-limited settings (Varas et al., 2023). Additionally, AI-driven assessment models require rigorous validation to ensure accuracy and reliability, as errors in algorithmic feedback could negatively impact skill development. Ethical considerations, such as data privacy, algorithmic bias, and the potential over-reliance on technology, also need to be addressed to ensure fair and effective training outcomes (Truong et al., 2022).	Comment by Usuario: Generating this evidence is mandatory to bring confidence to the field. This add at the limitations of this essay is important and needed. Great call.
Future Directions
The future of AI and VR in surgical training is promising, with advancements in machine learning, augmented reality, and AI-powered decision support systems further enhancing training capabilities. The integration of Large Language Models (LLMs) in surgical education is also being explored for real-time guidance and knowledge dissemination (Varas et al., 2023). As technology continues to evolve, addressing cost barriers, improving system accessibility, and ensuring ethical AI deployment will be critical to maximizing the benefits of AI and VR in surgical training.
Conclusion	Comment by Usuario: This section must answer the main question:

This review comprehensively examines the current advancements, pedagogical benefits, and inherent challenges of incorporating AI and VR into surgical education, underscoring their pivotal role in shaping the next generation of surgical professionals and enhancing overall patient safety.

The answer should be directed to the same goal: “This study EXAMINED...”. Adding extra conclusions (of unproven facts or not methodologically addressed topics) does not help the credibility or confidence of this essay.
AI and VR are reshaping surgical education by providing immersive, standardized, and data-driven training solutions. AI-driven analytics enable personalized learning, while VR simulations offer realistic, hands-on practice in complex procedures. Despite challenges such as cost and validation concerns, the potential of AI and VR in surgical training is vast. Continued research and technological advancements will be essential in integrating these tools effectively into medical education, ultimately enhancing surgical proficiency and patient outcomes.	Comment by Usuario: This conclusion seems more opinion-based that scientific. It could be part of the discussion section, but falls out of the road of the proposed and expected conclusion.
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