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ABSTRACT

Surgical training faces significant challenges due to the technical complexity of procedures
and the imperative to ensure patient safety during the learning process. In this context, arti-
ficial intelligence (AD), machine learning, and robotic platforms are transforming traditional
models of surgical education. This paper presents a narrative overview of the impact of
these tools on oncologic surgical training. The reviewed evidence indicates that artificial
intelligence contributes to improved clinical decision-making, enhances surgical planning,
and enables the implementation of automated evaluation systems with objective, real-time
feedback. These solutions promote personalized learning pathways and strengthen com-
petency standardization. Moreover, robotic surgery assisted by artificial intelligence pro-
vides advanced simulation environments that facilitate the acquisition of technical skills
in a safe and controlled manner. Recent developments also emphasize the importance of
ethical governance, multi-phase validation in clinical settings, and alignment with inter-
national standards such as ISO/IEC 42001:2023 to ensure equitable and effective adoption
of these technologies. Nonetheless, significant limitations remain, such as limited valida-
tion in real clinical settings, methodological heterogeneity across existing studies, and the
high costs associated with implementation. These barriers hinder equitable and sustain-
able adoption. Future efforts should focus on validating Al-based training systems in real
clinical environments to ensure their effectiveness, safety, and relevance in surgical oncol-
ogy education. This study was registered in the Open Science Framework under the code
10.17605/0SE.IO/QUTCA4.
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1  INTRODUCTION

Surgeryisone of the mostdemanding medical disciplines, requiring prolonged and
structured training to develop advanced technical skills, precise clinical judgment,
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and decision-making abilities in high-pressure environments [1]. Unlike other areas
of medicine, where learning can be based on observation and theoretical reasoning,
surgery necessitates a combination of anatomical knowledge, manual dexterity, and
complex cognitive skills to ensure safe and effective procedures [2]. Historically, sur-
gical training has followed the progressive learning model introduced by William
Halsted in the late 19th century, which establishes a tiered approach where resi-
dents advance from observation to supervised independent practice [3].

While this approach has been the foundation of modern surgical education, it
has inherent limitations. The variability in clinical case exposure depends on patient
availability and procedural complexity, which can impact the development of surgi-
cal competencies [4]. Furthermore, performance evaluation in clinical settings has
traditionally been subjective, relying on instructor observation, which can lead to
inconsistencies in skill assessment [5]. Additionally, the ethical challenges of surgi-
cal training on real patients, where ensuring patient safety is the highest priority,
further limit practice opportunities for trainee surgeons [6].

To overcome these limitations, the integration of advanced technologies, partic-
ularly artificial intelligence (AI), robotic surgery, and machine learning, has gained
increasing relevance in surgical education. These tools allow practice in simulated
or augmented environments, improving patient safety and supporting performance
analysis through automated, data-driven systems [7], [8], [9]. Al has emerged as a key
enabler in personalizing surgical training and optimizing skill acquisition through
objective, real-time feedback [10].

However, despite notable progress in general surgical education, there is limited
consensus on the effectiveness and scalability of these technologies in the specific
context of oncologic surgery training [11], [12]. This short article offers a narrative
synthesis of recent evidence on the role of emerging technologies in surgical oncol-
ogy training. The aim is to explore current applications, identify existing limitations,
and outline future directions to foster a more effective, data-driven, and personalized
approach to surgical oncology education.

2 OVERVIEW OF TECHNOLOGIES APPLIED TO ONCOLOGIC
SURGICAL TRAINING

Artificial intelligence and its applications in medical education are transforming
the way surgical competencies are acquired and assessed, particularly in the field
of oncology. Several approaches have been proposed to enhance decision-making
and risk prediction through machine learning, as exemplified by Boehm et al. [13],
who demonstrated that integrating histopathological and clinical data using Al
improves risk stratification in high-grade ovarian cancer, an insight that can inform
personalized surgical learning paths. In neurosurgical oncology, Baker et al. [14]
reviewed the growing use of Al for preoperative planning and intraoperative sup-
port, underscoring its contribution to complex clinical decision-making in high-risk
procedures.

In the educational domain, Chen et al. [15] and Liu et al. [16] analyzed trends
in the use of Al in medical training, concluding that automated performance anal-
ysis enables the creation of more efficient and adaptive learning pathways. These
platforms not only enhance feedback mechanisms but also help identify recurring
errors, thereby supporting deliberate practice. Parallel to these trends, the role of
robotic surgery as both a clinical and educational platform has been reviewed
by Tamborino et al. [17] and Zhang et al. [18], who emphasize that Al-augmented
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robotic systems create immersive, low-risk environments where trainees can
rehearse advanced procedures under guidance. Furthermore, Guni et al. [19] and
Savage et al. [20] describe the future role of digital twins and predictive algorithms
in tailoring surgical education, enabling continuous monitoring and simulation of
learner progress.

Table 1 summarizes practical implementations of Al across diverse surgical
training contexts, ranging from high-fidelity robotic systems to accessible low-cost
simulation tools. These include real-time anatomical guidance during oncologic
procedures, Al-based tutoring systems for technical skills acquisition, and box train-
ers enhanced with Al for psychomotor evaluation. Together, these applications
reveal how Al supports not only the development of surgical proficiency but also
the personalization and democratization of surgical education through scalable,
data-driven learning environments.

Table 1. Real-world applications of Al in surgical training

Reference Training Context AI Contribution Outcome Summary

Yilmaz et al. 2023 [21] Simulated brain tumor | Real-time Al tutor giving instant Outperformed human instruction in
resections feedback with error-video clips learning curve and OSATS scores

Fazlollahi et al. 2022 [22] Neurosurgical VOA system offering audiovisual Equivalent OSATS scores to expert
simulation metric-based feedback debriefing; better skill transfer

Ryu et al. 2024 [23] Laparoscopic “Eureka” Al system for real-time nerve | Enabled safe dissection with no
colorectal surgery segmentation complications; used in live training

Nakamura et al. 2024 [24] Robot-assisted Al semantic segmentation of pancreas | Prevents misidentification errors
gastrectomy during surgery and may reduce complications

Alonso-Silverio et al. 2018 [25] | Laparoscopic simulation | Al-based psychomotor skill assessment | 90% improvement in surgical dexterity;
with box trainer using low-cost open-source hardware | high perceived educational value.

3  IMPLICATIONS AND FUTURE CHALLENGES

The integration of Al and machine learning into oncologic surgical training has
driven a paradigm shift toward educational models centered on personalized, data-
driven instruction. Al-assisted evaluation platforms enable continuous monitoring
of surgical performance with immediate, objective feedback, significantly advancing
traditional methods often limited by subjectivity. Studies such as Zhou et al. [26]
report that these platforms promote competency standardization and support
adaptive learning pathways based on individual progress.

In this context, Al not only assesses but also predicts and guides learning trajec-
tories. These adaptive environments may soon form the foundation of personalized
surgical education, combining performance analytics with automated recommenda-
tions to optimize clinical skill acquisition [27], [28]. However, their implementation
demands robust infrastructure, faculty preparation, and appropriate governance
frameworks for clinical and educational data. Methodological heterogeneity across
the literature continues to limit comparability and the establishment of unified
validation standards [29], [30].

A critical area of development is the validation of Al-driven training systems in
clinical environments. While current studies often emphasize short-term outcomes
in simulated settings, few incorporate longitudinal metrics capturing real-world
skill transfer. Future research should adopt multi-phase validation frameworks
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encompassing baseline skill benchmarking, simulation-based performance evalu-
ation, skill retention, and in vivo assessments using instruments such as OSATS or
entrustable professional activities [31], [32]. Automated video analysis, motion track-
ing, and biometric data can further enhance objectivity in these stages [33].

Ethical and regulatory considerations must also be explicitly addressed. These
include algorithmic transparency, accountability, and the protection of sensitive
clinical and educational data. Practitioners and educators should be trained not
only in system operation but also in recognizing limitations, biased sources, and
data dependencies [34]. Recent findings show that ethical engagement with Al is
influenced more by users’ reflective understanding than by frequency of use, rein-
forcing the importance of educational framing [35].

Institutionally, ethical frameworks should align with international standards
such as the UNESCO Recommendation on the Ethics of Al, the OECD Al Principles,
and technical norms like ISO/IEC 42001:2023 or the NIST AI Risk Management
Framework [37]. These promote fairness, human oversight, and accountabil-
ity. As Memarian and Doleck [36] argue, adopting the FATE principles (Fairness,
Accountability, Transparency, and Ethics) is essential to ensure equitable and
trustworthy Al integration. Without these safeguards, generative systems may
undermine academic integrity and reinforce inequities.

Moreover, a gap persists between simulated learning environments and actual
clinical performance. Most current evaluations lack longitudinal follow-up to
demonstrate effective skill transfer. According to Branstetter et al. [37], address-
ing this evidence gap is critical, alongside conducting cost-effectiveness studies to
support sustainable institutional adoption.

On another front, the emergence of approaches such as digital twins and
autonomous surgical assistance systems represents a promising frontier. According
to Savage et al. [20], these technologies will enable the dynamic and realistic
replication of complex clinical scenarios, contributing not only to technical training
but also to the development of advanced cognitive competencies.

4  LIMITATIONS

One of the main limitations identified in the literature is that most studies have
been conducted in simulated environments, without adequately validating the effec-
tive transfer of skills to real clinical settings. This methodological gap prevents con-
firmation that improvements observed in simulators translate into safer and more
effective surgical performance with actual patients. For instance, Nagao et al. [38]
highlighted the potential of Al in endoscopic procedures but did not address clinical
follow-up after virtual training. Similarly, Jacob et al. [39] emphasized the benefits
of clinical prediction through machine learning, yet without direct evidence of its
long-term educational impact.

Another significant obstacle is the methodological heterogeneity among the
reviewed studies. There is considerable variability in study designs, ranging from
small-scale pilot studies to systematic reviews and clinical trials. This variability
affects inclusion criteria, evaluation metrics, and the surgical contexts analyzed,
making it difficult to compare findings across studies. Salloum et al. [40] illustrate
this diversity by employing various multimodal analysis approaches and digital
platforms for clinical training, thereby complicating the formulation of generalizable
conclusions.

International Journal of Online and Biomedical Engineering (iJOE) 131


https://online-journals.org/index.php/i-joe

Buele et al.

132

Additionally, a notable absence of longitudinal validations is observed. Most
studies focus on immediate or short-term outcomes, without assessing the sus-
tainability of benefits or their long-term impact on professional surgical practice.
This lack of follow-up hinders assessment of the true transformative potential of
these technologies. While studies such as Liu et al. explore bibliometric trends in Al
and medical education, they do not examine extended clinical performance after
virtual training.

From an operational standpoint, high implementation costs represent a major
barrier. Al-and robotics-based solutions require not only significant initial investment
but also ongoing maintenance, skilled personnel, and continuous updates. Howard
et al. [41] emphasize that these requirements limit adoption in resource-constrained
environments, widening disparities in access to advanced training technologies.

Finally, regulatory and ethical gaps emerge concerning the use of automated
platforms for pedagogical or clinical decision-making. Although not thoroughly
addressed in the reviewed studies, authors such as Goyal et al. [42] have already
raised concerns about the need for regulatory frameworks to ensure the ethical use
of these tools in sensitive educational contexts such as surgical oncology.

These limitations must be considered in the design of future research. Only
through comparable methodologies, longitudinal evaluation, and cost-effectiveness
analyses can the effective, scalable, and ethical adoption of these technologies be
supported in surgical training programs, ultimately contributing to the improvement
of oncologic care quality.

5 CONCLUSION

This short article highlights that the incorporation of technologies based on
artificial intelligence, machine learning, and automated platforms is substantially
transforming the model of oncologic surgical training. The observed benefits include
improvements in learning personalization, diagnostic accuracy, and the standard-
ization of evaluation processes, paving the way for more dynamic, data-driven
educational models. However, the current body of evidence remains largely rooted
in simulated environments and presents methodological limitations that hinder the
generalization of findings. The lack of longitudinal validations, high implementation
costs, and regulatory gaps represent key challenges to sustained adoption.

The transformative impact of these technologies will depend not only on their
curricular integration but also on the generation of robust empirical evidence
supporting their effectiveness in real clinical practice. Additionally, it will be essen-
tial to promote institutional policies that enhance accessibility and ensure ethical
use. Ultimately, the future of oncologic surgical education will require a multidisci-
plinary approach that combines technological innovation with pedagogical rigor,
ensuring more effective, equitable training aimed at improving clinical outcomes in
surgical oncology.
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