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Abstract: Integrating artificial intelligence (AI) and mixed reality (MR) into orthopedic education has trans-

formed learning. This review examines AI-powered platforms like Microsoft HoloLens, Apple Vision Pro, and 

HTC Vive Pro, which enhance anatomical visualization, surgical simulation, and clinical decision-making. These 

technologies improve spatial understanding of musculoskeletal structures, refine procedural skills with haptic 

feedback, and personalize learning through AI-driven adaptive algorithms. Generative AI tools like ChatGPT 

further support knowledge retention and provide evidence-based insights on orthopedic topics. AI-enabled plat-

forms and generative AI tools help address challenges in standardizing orthopedic education. However, we still 

face many barriers that relate to standardizing data, algorithm evaluation, ethics, and the curriculum. AI is used 

in preoperative planning and predictive analytics in the postoperative period that bridges theory and practice. 

AI and MR are key to supporting innovation and scalability in orthopedic education. However, technological 

innovation relies on collaborative partnerships to develop equitable, evidence-informed practices that can be 

implemented in orthopedic education. For sustained impact, innovation must be aligned with pedagogical the-

ories and principles. We believe that orthopedic medical educator’s future critical role will be to enhance the 

next generation of competent clinicians. 

Keywords: AI and MR in orthopedic education; AI-powered platforms; personalized learning; preoperative 

planning; evidence-based practices 

 

1. Introduction 

Orthopedic medical education is rapidly advancing in the era of artificial intelligence (AI) and 

mixed realities (MR), transforming traditional, classroom-based education and leading to improved 

learning outcomes. AI algorithms provide individualized learning trajectories by using student per-

formance data to create customized learning experiences that close the gaps in student knowledge 

and learning styles. [1] This individualized approach has greatly enhanced the efficiency of 
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orthopedic educational experiences. New advanced virtual reality (VR) platforms like the Microsoft 

HoloLens, Apple Vision Pro and HTC Vive Pro have demonstrated significant positive influence on 

increased procedural confidence and skill development in orthopedic residents. [2] In fact, one study 

found that 67.28% of participants agreed that VR training improved resident confidence with proce-

dural skills [2]. 

Beyond training, new orthopedic imaging interpretation using AI diagnostic systems are rapidly 

evolving, with new radiology graduates reaching diagnostic accuracy levels equal to someone with 

decades of training. Fully involved ML models have also been developed to predict surgical out-

comes and reduce complications, assisting residents in decision-making and patient risk stratifica-

tion. AI has also been shown to improve the residency training experience by guaranteeing residents 

receive balanced exposure to procedures and adapting the curriculum through performance analyt-

ics. In this regard, these tools are advancing educational methodologies and facilitating the techno-

logical expertise of orthopedic surgeons [2]. 

Compelling statistics further substantiate the argument for the positive impact of AI and MR on 

orthopedic education and surgical performance. In a study on percutaneous transforaminal endo-

scopic discectomy (PTED) training, students using MR-assisted learning demonstrated a 33.4% in-

crease in accuracy (from 53.3% to 86.7%) compared to only a 6.7% improvement (from 60.0% to 66.7%) 

in those using traditional methods [3]. A randomized clinical trial found that orthopedic residents 

trained with immersive VR completed reverse shoulder arthroplasty procedures 47.4 minutes faster 

than their traditionally trained counterparts, achieving a transfer effectiveness ratio of 0.79 [3]. Simi-

larly, VR-based training for tibial intramedullary nail procedures led to fewer incorrect steps (3.1–3.2 

out of 16) compared to those using only a technique guide (5.7 out of 16), while VR-trained partici-

pants demonstrated significantly higher procedure completion rates (75–78%) versus 25% for those 

relying solely on a technique guide [3]. Across multiple trials, VR-trained groups completed proce-

dures 12% faster on average, showed a 19.9% improvement in overall performance, and exhibited a 

reduced learning curve, particularly in unicompartmental knee arthroplasty. Furthermore, trainee 

satisfaction remains high, with over 70% of participants reporting VR learning as at least “helpful” 

or “useful” in their training [3]. 

These results highlight the changing impact of AI and mixed reality (MR) technologies in ortho-

pedic education, including enhanced learning opportunities, increased accuracy of surgical proce-

dures, and increased efficiency in performing procedures. As research and development continues, 

these technologies will have an important part in the advancement of the next generation of orthope-

dic surgeons and their preparation for practicing in a technology-enhanced period in medicine [4]. 

However, challenges remain in the adoption of AI and MR technology in orthopedic education. 

Cost, practicality, and the need to modify the curriculum often present significant challenges. AI also 

raises ethical issues related to data privacy and external ethical issues about algorithmic bias when 

determining how to leverage AI in orthopedic education [2]. While these technologies show great 

potential, their full incorporation into orthopedic education necessitates continued research, devel-

opment, and equitable access across institutions [5]. 

2. AI-Driven Technologies in Orthopedic Education 

2.1. Microsoft HoloLens 

The Microsoft HoloLens (Figure 1), a mixed reality (MR) platform, has already led to change in 

medical education and surgical practice by projecting interactive 3D holographs into the real-world. 

The applications to anatomical education have been especially impressive, allowing students to in-

teract with anatomical structures in new ways without needing to use cadavers. While not unique to 

the HoloLens, the capability to engage one another with anatomical models in 3D is a new pedagog-

ical method of instruction that holds immense potential to advance interactivity, immersive learning 

and retain information when it comes to the complexities of anatomy, as students can view the com-

plexities of anatomy in three-dimensions [6]. 
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Figure 1. The Microsoft HoloLens headset [17]. 

Research has indicated the HoloLens’s efficacy in teaching musculoskeletal anatomy and ear 

anatomy, showing that students who learned through mixed-reality (MR) demonstrated comparable 

or improved performance compared with students that learned through traditionally delivered edu-

cation. In a learning study focused on ear anatomy, all groups demonstrated statistically significant 

test score improvement (p < 0.001) with the HoloLens-based anatomy instruction receiving statisti-

cally higher satisfaction ratings than traditional anatomy education (p < 0.001) [6,7,22]. A random-

ized-controlled trial of musculoskeletal anatomy also showed no statistical significance in test scores 

between students learning through MR or through cadaveric dissection (p > 0.05) [7], supporting MR 

as an alternative or supplemental education tool. Finally, a strong positive correlation was detected 

between mixed-reality training and scores on cadaver examinations (r = 0.74, p < 0.01), which suggests 

that MR-based education is capable of influencing anatomical understanding in an educational con-

text that translates well to traditional assessments [23]. Students reported higher quality engagement 

and visualization experiences while learning in an MR environment as an interactive pedagogical 

tool [7,22–25]. 

The HoloLens offers further documentation of anatomical training that goes beyond just anat-

omy education, specifically applicable for clinical and surgical procedures (Figure 2). The use of pre-

operative planning has enabled surgeons to engage with patient-specific anatomical structures in a 

three-dimensional environment, improving accuracy and decision-making. For example, preopera-

tive planning has introduced capabilities to plan joint replacements, upper arm fractures, and trauma 

surgery with patient-specific three-dimensional models generated from CT imaging displayed in the 

environment as an overlay [6]. In spine surgery, the HoloLens allows for visualization of pre-planned 

screw routes on top of holographic overlays during procedures, further increasing accuracy (Figure 

3). The HoloLens also introduces opportunities for collaborative learning in this space. Remote sub-

ject matter experts can lead the procedure by sharing the same holographic view of the procedure at 

a distance from the intern/ fellow [8]. 

 

Figure 2. Anatomical model illustration from Microsoft HoloLens [23]. 
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Figure 3. Example of a professor using the Microsoft HoloLens to teach medical and nursing undergraduate 

students [8]. 

One major benefit of the HoloLens for anatomy education is the potential it creates to develop 

standardized training modules on a global scale for students and residents. Traditional anatomical 

education relies on cadaver availability—an availability that varies greatly from institution to insti-

tution and region to region. A medical school or training center can use MR technology to provide 

consistent, repeatable learning experiences to all students, irrespective of the anatomical education 

they receive on-site. The HoloLens also supports remote learning by allowing multiple users to in-

teract with the same holographic model in real-time, thus providing an effective medium for distance 

education and supervised education by experts in a subject area [7]. Despite these benefits and ad-

vantages of the HoloLens, challenges remain which need further optimization. The narrow field of 

view on the HoloLens also reduces immersion compared to its competitors, requiring students to 

adjust their perspective frequently. Some studies have shown that students may experience a higher 

cognitive load when learning via MR during simulated procedures, potentially impacting perfor-

mance and retention of tasks and knowledge [9]. Cost remains as a further challenge, especially for 

places of education and token health care sites, which may struggle to pay for the technology [9]. 

Finally, hardware challenges such as depth sensor noise and spatial-temporal mismatches between 

the virtual and real space continue to challenge seamless integration [7]. 

Despite its benefits, the HoloLens presents challenges that require further optimization. Its nar-

row field of view limits immersion compared to competitors, requiring frequent adjustments in per-

spective. Some studies indicate that MR-based learning may impose a higher cognitive load on stu-

dents during simulated procedures, potentially affecting task performance and retention [9]. Cost 

remains another barrier, particularly for educational institutions and smaller healthcare facilities that 

may struggle to afford the technology [9]. Hardware limitations such as depth sensor noise and spa-

tial-temporal discrepancies between virtual and real environments also pose challenges to seamless 

integration [7]. 

The platform can go beyond training and planning and into worst-case scenario simulations for 

surgical residents. Trainees can handle complications, like a fracture or unexpected bleeding, using 

holographic patients’ anatomy. This creates a standardized global experience for surgical training 

and exposes residents to rare complications so that they can manage the complication multiple times 

before encountering it in real life [7]. 

Medical education is changing, and MR technologies like the HoloLens will bridge theoretical 

learning and practice with experience, creating improved training and precision during surgery. On-

going hardware and software improvements, such as embracing and expanding field of view, reso-

lution, and ease of use will enhance their utility. Continued research and development will allow the 

HoloLens to serve a key part of medical education and surgical practice while transforming the teach-

ing of anatomy and its clinical application [10]. 

2.2. Apple Vision Pro 

The Apple Vision Pro is emerging as an innovative technology and tool for orthopedic medical 

education and surgical practice, taking advantage of spatial computing and advanced technologies 
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to transform education, pre-planning, and intraoperative processes. The high-resolution displays and 

field of view (~180 degrees) provide for immersive surgical simulations and can be especially effec-

tive in complex surgical procedures [11,14,20]. 

 

Figure 4. The Apple Vision Pro headset [18]. 

 

Figure 5. Side View of the Apple Vision Pro headset [30]. 

Osso VR, the first company to develop a virtual reality product for surgical education, recently 

developed the Osso Health app for the Apple Vision Pro (i.e., Osso Health). The app focuses on sum-

mary orthopedic surgical procedures, including carpal tunnel release and total knee replacement, but 

uses spatial computing to walk users through key procedural steps and, to the extent possible, create 

a virtually lag free learning environment. Dr. Justin Barad, co-founder and chief strategy officer at 

Osso VR, indicated the app would help scale spatial computing for healthcare and provide an im-

portant new way to address educational gaps [11,14,20]. 

 

Figure 6. The Osso Health carpal tunnel surgical education feature as seen through the Apple Vision Pro. [Image 

courtesy of Osso VR] [14]. 

In clinical applications, Apple Vision Pro has already been used in real surgical settings. At 

Cromwell Hospital in London, the device assisted surgical teams with real-time visualization of an-

atomical structures during spine surgeries [11]. Similarly, at AdventHealth Surgery Center Innova-

tion Tower, a surgical tech wore the Vision Pro goggles during a total shoulder replacement surgery, 

projecting mixed-reality digital images of instruments needed and procedural steps [12]. This 
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implementation is estimated to increase operating room efficiency by 150% to 200%, ultimately ben-

efiting patient safety. 

 

Figure 7. Digital map of a procedure at AdventHealth Surgery Center Innovation Tower, viewed through the 

Apple Vision Pro surgical assist system [21]. 

UC San Diego Health has initiated a clinical trial to evaluate the use of spatial computing apps 

on Apple Vision Pro in the operating room. The study aims to assess whether this technology can 

enhance the surgical experience by displaying patient medical imaging, vital signs, and surgical cam-

era views in real time, potentially improving surgeons’ ergonomics [19]. 

 

Figure 8. Example of a minimally invasive surgery being performed at UC San Diego Health, the first hospital 

to evaluate the use of the Apple Vision Pro in surgery [19]. 

Though the Apple Vision Pro has potential to lessen changes for trainees to master procedures 

and improve accuracy, there exist challenges. The relatively short battery life (~2 hours) and expen-

sive price point (~ $3,499) could inhibit its usage by professionals for long periods, or in widespread 

educational settings. Ergonomics for long-term use in addition to use in a sterile procedure could 

require more research and development. 
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Figure 9. Illustration of using Apple Vision Pro headset [16]. 

As the field of orthopedic education and surgery continues to evolve, Apple Vision Pro and 

similar spatial computing technologies are poised to play an increasingly important role in bridging 

theoretical knowledge with practical application [16]. Ongoing advancements and clinical trials will 

likely address current limitations, paving the way for more widespread integration into medical cur-

ricula and surgical workflows [15,16]. 

2.3. HTC Vive Pro 

The HTC Vive Pro organizes an easy-to-use device with haptic feedback and room-scale track-

ing, making it a valuable tool for simulations in orthopedic training that need haptic fidelity and the 

ability to move the whole body. Multiple research studies have shown its advantages across a variety 

of surgical training modalities. When trainees participated in pedicle screw placement through VR-

training using the Vive Pro, there were improvements in screw placement accuracy from increased 

perceptual feedback on the angulation and depth of the screw placement [26]. In this vein, the VirtX 

VR-system, based on the Vive Pro device, was shown to utilize less fluoroscopy for the same quality 

of images [26]. In dynamic hip screw procedures, performance metrics improved based on the Vive 

Pro VR-training, including reductions in incorrect steps and improved completion time [26,27,34]. 

Further, a VR simulator for dynamic hip screw procedures showed that intraoperative imaging was 

improved, with trainees who had virtual training using the Vive Pro utilizing 75% less fluoroscopy 

and taking 66% fewer X-rays at the same level of post-training performance [26,34]. 

 

Figure 10. The HTC Vive Pro headset [47]. 
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Figure 11. Example of intraoperative imaging skills used in the orthopedic setting [34]. 

 

Figure 12. MR technique used in the orthopedic surgery setting for hip fracture [39]. 

The HTC Vive Pro has proven effective in surgical training as an immersive and affordable al-

ternative to other comparable devices such as the Microsoft HoloLens and the Apple Vision Pro. It 

also has limitations due to cybersickness (CS), cost of materials, and battery life. Approximately 30% 

of HTC Vive Pro users experience CS, representing a considerable barrier to long-term use in medical 

training. A systematic review of 223 articles on CS explains that there are three main factors involved: 

user related factors, technology—system factors, and environmental—content factors. Some of the 

main contributors to CS are age, gender, pre-VR experience, postural stability, refresh rate of the 

visual display, latency, field of view (FoV), and inconsistency in motion. It is important to note that 

CS increases with latency >20ms, and the refresh rate of the visual display <60Hz. Wider FoV > 110° 

may also increase immersion but could also increase motion sickness due to excessive optical flow. 

Three general strategies, related to hardware, software, and user adaptation can all help address is-

sues associated with CS. Increasing the refresh rate to 90Hz, reducing latency, and offering dynamic 

FoV control can all distinctly reduce symptoms. Software techniques like foveated rendering and 

vignette effects help to manage the visual burden, and slowly letting individuals expose themselves 

to VR environments will allow the individual time to adapt over time [28,34]. 
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Hardware costs (about $1,500 per headset) and limited battery duration (around 2.5 hours) in-

hibit widespread use in educational and clinical contexts. Nonetheless, when compared to devices 

like the Microsoft HoloLens (~$3,500) or Apple Vision Pro (~$3,499), the Vive Pro is still easier on the 

wallet, qualifying it as an option for an institution with strong tactile realism goals for surgical train-

ing. 

Another recently published study in Advances in Medical Education and Practice revealed the 

efficacy of VR (Osso VR) in orthopedic trauma training. The study’s authors tested the impact of Osso 

VR’s immersive and interactive platform and concluded that VR training provided better learning 

and proficiency (execution of procedural steps) than curriculum-based training [28,29,34]. 

 

Figure 13. MR technique used to teach anatomy 39]. 

3. Comparative Analysis and Limitations of MR Technologies in Orthopedic Rehabilitation 

Each technology has different strengths to address different orthopedic education and rehabili-

tation objectives, and institutions need to consider their priorities, and the considerations provided. 

The HoloLens by Microsoft is superior in augmented reality applications and is a great option when 

real-time holographic overlay information would be helpful (e.g., preoperative planning or collabo-

rative learning where surgeons could provide guidance to residents remotely using shared holo-

graphic views). 

 

Figure 14. Examples of AR images captured during the simulated surgical procedure: (a) a mannequin posi-

tioned on the surgical table, covered with a surgical drape to enhance simulation realism, alongside a virtual AR 

menu for selecting anatomical components to visualize; (b) the surgeon views the virtual anatomy in AR mode 

before making the surgical incision; (c) using the virtual viewfinder, the surgeon aligns the surgical instrument 

to ensure the acetabulum reaming follows the planned implant direction [38]. 

Some limitations of the HoloLens when using it in the context of orthopedic rehabilitation pop-

ulation, include ergonomics discomfort to the user. For example, when using the HoloLens for long 

periods in a single session (e.g., 40 minutes) it may cause postural discomfort or visual fatigue during 

use. There are also system registration errors rating an average of ~1.5-2.5 cm that may cause the 
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virtual overlay to not be aligned or the closest to the physical anatomy, which is vital when precision 

is required in therapeutic exercise implementation. But these are just some of the issues imposed by 

the device as well as limitations with people wearing corrective lens and/or cost to further develop 

the technology, which limits the use of HoloLens in many rehabilitative programs [37]. 

 

Figure 15. Optimal and comfort zones for placing virtual content in HoloLens mixed-reality applications, as 

defined by Microsoft. To minimize discomfort from the vergence-accommodation conflict, virtual content 

should be positioned as close to 2.0 meters as possible. If placement at this distance is not feasible, discomfort 

can be reduced by ensuring the virtual content remains stable over time [37]. 

In contrast, the Apple Vision Pro excels at providing an immersive experience using spatial com-

puting to create a realistic atmosphere for complex procedural simulations such as total knee arthro-

plasty, which could potentially shorten the learning curve for trainees. Despite its high-fidelity spatial 

computing, the Vision Pro has specific limitations with rehabilitation. At 600 grams, wearing the Vi-

sion Pro for a long time presents the potential for neck fatigue, lessening its value for prolonged 

rehabilitation. More seriously, in real time, challenges to overlay calibration such as latency or misa-

lignment could interfere with motion-tracking reliability during guided therapeutic movements. Fur-

ther, it is not designed to be used for medical procedures, which means both the operating room 

workflow will need to be adjusted for sterility and for use with rehabilitation modalities, as noted by 

surgeons who reported sustained vision focus with mixed reality screens led to eye strain that could 

pose potential risk to patients undergoing vision-referenced motor retraining [3,39,40]. 

The HTC Vive Pro stands out with its haptic feedback and room-scale tracking, making it par-

ticularly effective for hands-on surgical training. This tactile realism, as demonstrated by reduced 

errors and improved procedural efficiency in various studies, is critical for skill acquisition. For basic 

X-ray imaging, first-year radiography students reported increased confidence in beam collimation, 

anatomical marker placement, and centering of the X-ray tube when using the HTC Vive Pro [34–36]. 

In addition, VR simulator xRayWorld also helped students build a visuospatial understanding of X-

ray imaging [41]. 

 

Figure 16. xRayWorld’s overall game structure [41]. 
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Figure 17. Example view of a practice lab used in the xRayWorld [41]. 

The Vive Pro’s haptic feedback and room-scale tracking face rehabilitation-specific hurdles, in-

cluding cybersickness, which up to 30% of users experience during dynamic simulations, posing 

problems for patients with vestibular impairments. Cybersickness, characterized by nausea, disori-

entation, and visual discomfort, varies based on VR content attributes such as camera movement, 

field of view, and controllability. A study analyzing cybersickness across 52 VR scenes with 154 par-

ticipants identified significant correlations between its severity and six brain activity biomarkers (e.g., 

Fp1 delta, Fp2 gamma, T4 beta waves) with a determination coefficient exceeding 0.9. Individual 

characteristics, including age and susceptibility, also influence cybersickness levels. Using this data, 

researchers developed predictive models to quantify and anticipate cybersickness, making the da-

taset broadly applicable for optimizing VR experiences and minimizing adverse effects [29,43]. 

Furthermore, patients may struggle with controller operations, necessitating extensive pre-train-

ing that delays therapy initiation. The high hardware costs (~$1,500/headset) and limited evidence of 

long-term efficacy raise questions about ROI in outpatient settings [44,45]. 

Ultimately, platform choice will depend on the institutional priority, such as prioritizing AR 

guided anatomy visualization with HoloLens, immersive spatial computing with Vision Pro, and 

tactile skill development with Vive Pro, while remaining budget conscious. All these factors will fac-

tor into the platforms’ general effectiveness and appropriateness regarding orthopedic education and 

training. 

All the platforms face the same issues: standardization gaps in tracking protocols and ethical 

dilemmas of maintaining data privacy. While all platforms aid in promoting engagement, if a person 

relies too much on a platform, it can detract from the hands-on opportunities with the patient them-

selves and using indirect observational measures to evaluate patient subtle biomechanical cues [7,45]. 

Improving the shortcomings of these platforms will rely on iterative hardware updates, cost mitiga-

tion, and completing rigorous clinical studies to support rehabilitation claims made on patient out-

comes [38,39,45]. 
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Table 1. Detailed Comparison of the mentioned AI-based platforms used for enterprise and educational pur-

poses. 

 

4. Discussion 

Integrating AI and MR technologies into orthopedic education represents a transformative ad-

vancement in medical training methodologies. These tools address several longstanding challenges 

in the field, offering innovative solutions to enhance learning and skill development. Orthopedic ed-

ucation requires a strong grasp of three-dimensional anatomical relationships, and mixed reality 

technologies provide an unparalleled way to visualize and interact with complex structures. For ex-

ample, virtual reality platforms like the HTC Vive Pro have been used to improve spatial understand-

ing in radiography students. A study by O’Connor et al. (2021) demonstrated that a VR simulator 

increased student confidence in beam collimation, anatomical marker placement, centering of the X-

ray tube, and exposure parameter selection [34,35]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 April 2025 doi:10.20944/preprints202504.0306.v1

https://doi.org/10.20944/preprints202504.0306.v1


13 of 6 

 

Figure 18. Study results illustrating student’s enjoyment of VR-based learning [35]. 

 

Figure 19. Study results illustrating students’ opinion on VR’s benefits in developing their confidence across a 

variety of radiographic settings [35]. 

Mixed reality also facilitates procedural training, allowing students to repeatedly perform tech-

niques without any danger to patients in a way that expedites the learning curve for complex ortho-

pedic procedures. Personalized learning experiences are another significant advantage that arise in 

the context of mixed reality, wherein AI platforms adjust to adapt to the individual learning styles 

and speed of learners. Because of this personalization, knowledge retention and skill acquisition is 

enhanced. Lenz et al. (2021a) led a study that utilized a VR simulator called xRayWorld, which em-

ployed gamification and visuospatial tasks to help students develop an understanding of X-ray im-

aging. In this example, the versatility of mixed reality tools in medical education is further reinforced 

[34,35]. 

Social distancing has made learning remotely more important and mixed reality technologies 

can provide high-quality distance learning opportunities when face-to-face teaching would other-

wise not be possible [36]. AI can also promote data-driven education by providing educators with 

performance data in simulations to provide valuable insight into areas of the curriculum and where 

individual students may need additional support [3]. 
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Mixed reality applications can support students and medical professionals in the context of clin-

ical practice not only in regard to procedural training but also in the context of diagnostic assessments 

since virtual environments allow practitioners to view, observe and/or manipulate complex anatom-

ical structures to make quality assessments. Virtual reality and mixed reality also offer value in rela-

tion to patient care as mixed reality and VR experiences can improve patients’ understanding of their 

medical conditions leading to higher rates of adherence. Finally, mixed reality improves learning 

opportunities as the technologies are remote, increasing opportunities for equitable learning via re-

mote collaboration between learners and educators or educators from around the world or commu-

nity or organizational partnerships that may be located outside of the geographical area. Studies sug-

gest immersive experiences activate the prefrontal cortex, enhancing engagement, retention, and cog-

nitive learning functions [36]. 

 

Figure 20. Example of a doctor using MR techniques for preoperative planning [5]. 

Despite their potential, these technologies face implementation challenges. Cost and accessibility 

remain significant barriers, as high-end devices like the Microsoft HoloLens (~$3,500) or Apple Vision 

Pro (~$3,499) are expensive, limiting their widespread adoption in educational institutions [3,5]. 

Technical limitations persist, with current devices often lacking the fidelity to fully replicate tactile 

feedback crucial for orthopedic procedures [36]. Educators also face difficulties integrating these tools 

into existing curricula while ensuring alignment with traditional teaching methods [3]. Finally, more 

research is needed to validate the long-term benefits of AI-enhanced education on clinical compe-

tence [5]. 

As mixed reality and AI evolve, they promise to transform orthopedic education by bridging 

theoretical knowledge with practical application. Addressing current limitations will be key to un-

locking their full potential and ensuring equitable access across institutions globally. 

5. Limitations to Integration of AI-Based Platforms in Orthopedic Medical Education 

The integration of artificial intelligence (AI) into orthopedic education faces several significant 

barriers that need to be addressed for successful implementation. These challenges span various do-

mains, including data standardization, algorithm evaluation, ethics, and curriculum integration. 

Data standardization remains a critical hurdle in AI adoption for orthopedic education. The het-

erogeneity of medical data sources, formats, and terminologies poses significant challenges for AI 

model development and deployment. A study by SignalFire (2024) highlights that most healthcare 

data currently reside in siloed systems within individual health organizations, making it difficult to 

access and utilize for AI training. Furthermore, regulations such as HIPAA and GDPR often compli-

cate the sharing of patient data. The study also notes that while standards like FHIR and OMOP have 

improved data-sharing capabilities, they lack the flexibility required for multimodal longitudinal da-

tasets increasingly used in AI research [48]. 
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Algorithm evaluation presents another significant barrier. The accuracy and reliability of AI al-

gorithms in orthopedic applications are crucial for their acceptance in educational and clinical set-

tings. A recent study published in Bone and Joint Research (2023) emphasizes the need for robust 

reporting and validation frameworks to prevent avoidable errors and biases in AI applications for 

orthopedic surgery [45]. The study also highlights the importance of establishing systematic valida-

tion processes to allow for the safe adoption of AI technology in clinical practice. 

Ethical considerations form a substantial barrier to AI integration in orthopedic education. A 

comprehensive ethical framework is essential to address issues such as algorithmic bias, data privacy, 

and equitable access to AI-driven healthcare innovations. A study published in the World Journal of 

Gastroenterology (2024) proposes an ethical framework centered around the four key principles of 

medical ethics: respect for autonomy, beneficence, non-maleficence, and justice. The framework em-

phasizes the need for regular audits of AI systems for bias and the implementation of corrective 

measures when disparities are identified [49]. 

 

Figure 21. A proposed ethical framework for integrating AI into healthcare [49]. 

Integrating AI into the medical school curriculum presents its own set of challenges. Despite the 

growing use of AI in healthcare, there is a notable lack of formal AI instruction in undergraduate 

medical education. A study published in PMC (2022) highlights that only 5.9% of medical schools in 

the United States offer formal AI training. The study identifies several barriers to AI curriculum in-

tegration, including uncertainty about effective delivery methods, limitations in available curricular 

hours, and a lack of faculty expertise in A. The study goes on to propose that students may start to 

rely on AI for clinical decision-making and hamper their growth as physicians [50]. 

Addressing these barriers requires a multifaceted approach involving collaboration between 

medical educators, technology developers, and policymakers. As AI continues to evolve and become 

more prevalent in healthcare, overcoming these challenges will be crucial for preparing future ortho-

pedic surgeons to effectively utilize and critically evaluate AI technologies in their practice. 

6. Conclusions 

The incorporation of AI and mixed reality technology into orthopedic medical education consti-

tutes a significant change in how we will train future orthopedic surgeons. The benefits of immersive 

and interactive education are unparalleled with the availability of devices like the Microsoft Ho-

loLens, Apple Vision Pro, and HTC Vive Pro, facilitating the acquisition of complex orthopedic skills 

and knowledge [8,46,47]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 April 2025 doi:10.20944/preprints202504.0306.v1

https://doi.org/10.20944/preprints202504.0306.v1


16 of 6 

While challenges related to implementation and integration persist, particularly related to costs 

and technical constraints, as well as further integration into the curriculum, the potential benefits of 

these technologies are worth it. Benefits in spatial understanding, procedural training, and personal-

ized learning are readily identified advantages of these technologies, with ongoing research looking 

to explore the optimal utilization of AI, enabling even more personalized and optimal learning path-

ways [35–42]. As we continue to grow into these technologies, there will clearly be increasing utiliza-

tion in orthopedic education. Therefore, it will be paramount for educators, technology developers, 

and AI researchers to continue to collaborate in developing these innovations and moving forward 

in orthopedic medical education [37]. 

Future research should focus on developing standardized protocols for integrating these tech-

nologies into medical curricula and conducting longitudinal studies to assess the long-term impact 

on clinical competence and patient outcomes. 
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