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Abstract

From diagnostics and treatments to surgical techniques and postoperative outcomes, the field of spine surgery is
advancing at a historically unprecedented rate. Given the widespread integration of artificial intelligence (Al) in
various industries, its implementation in the medical field is not a question of if, but when it will happen. Al's ability
to sort, analyze, and summarize vast quantities of data demonstrates great potential in assisting surgical
professionals in all levels of training. Virtual reality (VR) enables users to explore and interact in a three-
dimensional, computer-generated environment, and its application in the field of spine surgery can include bringing
awareness and exposure of the field to medical students, surgical training and repetition of residents and fellows,
and surgical planning for attendings. Augmented reality (AR) has significant potential through its versatile
applications, offering benefits in medical education and training. While there are costs associated with the
implementation of Al and VR in training curriculums for spine professionals, the long-term benefits and savings to
various stakeholders outweigh the initial investment. This paper intends to offer a focused summary of the impact
of Al and VR tools in spine education and training.
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INTRODUCTION

With the advancement of orthopedic procedures and the introduction of novel technologies, the education
of medical students, residents, and fellows has become more comprehensive. Given the complexity of each
subspecialty, there is a limited amount of training that can be allocated to a given field, and that is where
artificial intelligence (AI) and virtual reality (VR) tools can be helpful if utilized properly. Spine pathologies
are one of the leading disorders worldwide, with spine treatments constantly evolving and including an
intricate network of instrumentation and graft materials. Providing residents and fellows with tools that
assist in understanding and assessing spine pathologies and appropriate treatment options is critical for
improving patient outcomes and enabling future spine clinicians to be part of innovation. While there are
many advantages in implementing those technologies, the costs associated with implementation, as well as
the allocation of resources and staff to carry out the initiatives, remain significant challenges across different
institutions, independent of their size. While the initiation costs might be higher than traditional education
modules, the overall cost of educating medical students, residents, fellows, and surgeons will be lower',
potentially reducing the overall cost of patient care and benefiting various stakeholders"..

Al

The authors of the AI textbook “Artificial Intelligence: A Modern Approach”, define AT as “the study of
agents that receive percepts from the environment and perform actions”. They outline four key perspectives
on Al it can act humanly, think humanly, think rationally, and act rationally"”. Additionally, there can be
confusion between “artificial intelligence” and “machine learning”. Machine learning is a subfield of AI
focused on enhancing performance through experience. While some AI systems rely on machine learning
techniques to develop capabilities, others do not use these methods at all.

With its integration in nearly every industry, AT's application in the medical field was inevitable. By
analyzing an exponentially expanding quantity of electronic medical records, imaging, and patient-reported
outcomes, Al is expected to assist healthcare professionals in predicting patients’ clinical outcomes quicker
and with more accuracy than ever before. Consequently, Al is estimated to generate up to $150 billion in
annual savings for the United States healthcare system by 2026, Al is transforming the landscape of spine
education and training, impacting all levels of medical professionals - from students and residents to
practicing physicians. As the volume of medical knowledge and technological advancements continues to
grow, Al tools are being integrated into educational frameworks and clinical practices. This integration not
only aids medical students in mastering complex material but also supports residents in refining their
surgical skills and helps practicing physicians enhance patient outcomes through improved preoperative
decision making.

Education and training

The 21st century has transformed the medical field with new information, diagnostics, treatments, and
surgical techniques being discovered, developed, and refined at a rate never seen before. Burdened with an
overwhelming amount of new information while trying to build a foundation in medical knowledge,
medical students are turning to a generative model of AT known as ChatGPT to optimize study time.
ChatGPT is a large language model developed by OpenAI on November 30, 2002. Gathering a following of
100 million users within two months, it is the fastest-growing application to date”. With its ability to scan
all available resources on the internet, ChatGPT can summarize and identify key points in seconds. By
identifying key points and concepts, ChatGPT can generate study materials such as flashcards, practice
questions, and self-assessments. As ChatGPT is interactive, the medical student can prompt it to further
customize the materials and provide a personalized study plan. Additionally, ChatGPT has demonstrated its
ability to simulate patient encounters, enabling the student to improve communication skills and practice
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clinical decision making'.

As residents develop their surgical skills and increasingly feel pressure to maintain expertise in their
education and training, AI can be combined with VR or augmented reality (AR) to provide immersive
simulations. It can complement residency training by offering realistic and interactive surgical scenarios
while providing automated, objective surgical performance feedback. Due to the delicate nature of the spine
and the detrimental repercussions of injuring the spinal cord and nerve roots, this would be of great benefit
for residents to practice and master techniques and approaches in spine surgery in a safe and controlled
environment. Although not currently utilized, AI can assess their performance and identify what areas need
improvement!”.

Surgical planning and outcomes

AT has demonstrated promising utility in assisting surgeons with the preoperative planning of spinal
surgery, from diagnostics and risk stratification to the prediction of outcomes and complications. Currently,
AT’s clinical use is limited to the generation of 3D models with vertebral body segmentation and labeling.
Automated vertebral body detection and segmentation are widely available for both computed tomography
(CT) and magnetic resonance imaging (MRI)"™. Suzani et al. developed a type of Al called deep neural
network that can detect and localize vertebrae in CT scans in less than 3 s with an accuracy of 96%".
Additionally, with the intention of further expanding AT’s application in spinal diagnostics, developments
have been made in the identification of vertebral fractures, measuring of spine angles, evaluation of spinal
cord pathology, screening assessment of osteoporosis, classification of degenerative changes, and detection
of spinal metastases"”. Several groups have used machine learning models in spinal deformity utilizing
various radiological parameters to predict the severity of spinal deformity, spinal curvature, and spinopelvic
parameters"'l. Advancements in Al in the identification of various spine and spinal cord pathologies would
assist surgeons and healthcare professionals with earlier detection and a decrease in missed or delayed
diagnosis.

With rising healthcare costs, there has been increased scrutiny of surgical outcomes, as many suspect them
to be a large contributor. Therefore, greater emphasis has been placed on understanding the preoperative
state of the patient, and the potential of Al predictive models in the preoperative risk stratification of
patients can be profound. Currently, the American Society of Anesthesiologists (ASA) physical status
classification system is the universally accepted method of determining the preoperative health of a patient.
Kim et al. developed an algorithm that analyzed over 4,000 patients who underwent fusion for adult spinal
deformities with predictive variables including sex, age, ethnicity, diabetes, smoking, steroid use,
coagulopathy, functional status, ASA class > 3, body mass index (BMI), pulmonary comorbidities, and
cardiac comorbidities. This algorithm outperformed ASA scoring in predicting every complication (P <
0.05), including cardiac complications, wound complications, venous thromboembolism, and mortality
rates"”. Furthermore, Arvind et al. trained various Al models to predict the same set of surgical
complications following anterior cervical discectomy and fusion (ACDF) of more than 20,000 patients and
found that they also outperformed ASA physical status classification (P < 0.05)"". By increasing the
accuracy of preoperative risk stratification, clinicians would not only be better equipped to decide whether
the postponement of surgery to optimize the patient is justifiable, but also be better prepared to deal with
postoperative adverse events.

Limitations

Al in spine education and training is not without limitations. Firstly, some generative AI technologies, like
ChatGPT, have been found to fabricate information and references, a behavior known as hallucination'.
Moreover, Al relies on algorithms that require extensive data sets to extrapolate and deliver accurate, high-
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quality insights. However, the effectiveness of these models is fundamentally tied to the quality of the data
used for training. Incomplete or inaccurate data will invalidate AT’s practicality. Additionally, a significant
challenge to expanding AI’s application in spinal diagnostics is its robustness - an essential trait for
enhancing diagnostic accuracy and improving patient outcomes. Developing reliable deep neural networks
for machine learning is complex, as these systems must consistently and accurately analyze spinal images
across a wide range of conditions and scenarios. Furthermore, although countless AT surgical applications
are being developed, there is a paucity of literature investigating its adoption into clinical practice, especially
in the field of spine surgery.

VR

Training and education of medical students, residents, surgeons, and patients

The rise of VR and its applications in the medical field has been remarkable, particularly in orthopedic
surgery, where usage has surged by 300% over the past decade!"*. This growth is expected to continue, with
further advancements and applications anticipated in the near future. VR can drastically transform medical
training and education by enabling users to explore the human body and simulate conventional, new, or
highly complex medical procedures through immersive virtual experience™”. VR technology comes in
various forms, with head-mounted devices (HMDs) being the most commonly used in medical settings,
which have been shown to make learning content more accessible, engaging, and effective for acquiring
better cognitive skills"*'”. Barteit et al. conducted a systematic review to evaluate the effectiveness of VR
HMDs in medical education, specifically for knowledge and skills training. One approach examined
involved VR HMD scenarios where sensors were attached to real surgical instruments to navigate a virtually
created operating room (OR). Participants reported that this training is beneficial to surgical approach
learning"*.

Cadavers are commonly utilized in medical school as a method for medical students to become adept in
human anatomy. However, there are limitations, as cadavers require skillful, laborious dissection to
properly visualize anatomical structures. In some cases, these structures are obscured or inaccessible due to
tissue damage caused during the dissection process. Furthermore, some schools may not have the means to
replace the cadavers frequently, and students are required to interact with a cadaver that had been handled
extensively already, leaving the structures poorly intact or completely unrecognizable. Time constraints and
the need for cost-effectiveness have led medical schools to reduce the amount of time spent on anatomy and
laboratory instruction using human cadaveric specimens"”. VR tools may be effective solutions to those
limitations as multiple studies have demonstrated their value in the education of medical students. Karbasi
et al. reported that first-year medical students, who have less knowledge of human anatomy and experience
with anatomical dissection, benefited from integrating VR into their curriculum"”. Additionally, Cooper
Medical School of Rowan University implemented an educational VR platform into the anatomy
curriculum of first-year medical students and reported that students found it to be a valuable educational
tool and even preferred it over traditional methods of learning anatomy". Ekstrand et al.” study provided
evidence that immersive and interactive VR environments may provide effective supplemental tools for
medical students learning the essentials of medical practice with the fact that the VR group presented
significantly greater accuracy than the paper-based group, highlighting further needs for studies of VR as a
learning tool in medical education"”.

Orthopedic physicians focus on diagnosing, treating, and repairing the musculoskeletal system, which
requires proficiency in various surgical procedures. However, the level of exposure to these procedures can
differ significantly among residency programs, potentially limiting residents’ skill development and
affecting their performance as attending physicians. While VR is still in the early stages of adoption in
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orthopedic training, it offers an engaging platform for residents and physicians to gain realistic surgical
experience across a wide range of procedures. Its human-machine interaction features varying levels of
procedural complexity, creating an immersive learning pathway aimed at improving surgical performance
and postoperative outcomes"**". Studies by McCloskey et al. and Godzik et al. examined training systems
used to teach pedicle screw placement and found a statistically significant reduction in penetration rates and
improvement in accuracy rate in the VR groups compared to the control groups®*. Hooper et al.
conducted a study to assess the effectiveness of VR simulation for total hip arthroplasty (THA) in providing
targeted surgical training to first-year orthopedic residents. They compared the improvement in specific
aspects of surgical skills, surgical anatomy, and medical knowledge between the VR training group and the
traditional cadaveric THA training group. The results indicated that the VR group showed greater
improvement than the cadaveric group, although these differences were not statistically significant.

Logishetty et al. conducted a study involving a VR-trained group and a conventionally trained control
group. The assessment was performed using a cadaveric THA, with the primary outcome based on the
participants’ procedure-based assessment (PBA) scores. The VR group reported a significant score, which
reflected procedural independence, in comparison to the control group®. The study authors reported that
if VR training was conducted prior to live surgery, there was greater potential for a positive impact on
technical skills. Berthold et al. conducted a systematic review of a study focused on pedicle screw placement
with VR. The control group consisted only of attending physicians and showed a success rate of 82.9% for
the VR-trained surgeons, compared to 74.2% for the control group, with statistical significance (P < 0.05).
The VR group showed an improvement in their baseline from 69.2% to 82.9% after VR simulation training,
suggesting that VR is an effective tool for improving attending physician skills*. One of the most
important values in surgical skills is manual dexterity, which can be developed and perfected meticulously
through repeated practice in VR simulation*. Immersive VR simulations are expected to evolve with
advancements in software, enhancing procedural complexities and providing more training opportunities
for both residents and attending surgeons. As a result, VR will become increasingly valuable as a tool for
improving surgical skills®”. Several studies have shown that VR in 3D neuroanatomical learning is
significantly effective in improving neuroanatomical knowledge and retention. These improvements also
extend to a better understanding of spatial relationships, resulting from both physical and virtual exposure
to anatomy". Additional benefits of VR simulation for training orthopedic surgeons include: minimal
disposable costs, accessibility of consoles (i.e., one may practice anywhere, not just in a laboratory or OR),
the ability of remote teaching and real-time feedback, availability of a wide range of simulations offering an
assessment of objective skills, and the potential for skills learned to be translated to real patients**"*”),

Surgical planning

VR can supplement surgeons not just through simulation training but with preoperative surgical planning
as well. In surgical planning or training, VR enables the exploration of various strategies, where individual
steps can be undone or corrected, providing a safe environment for learning and refining techniques
without the risk of real-world consequences™. In lieu of utilizing two-dimensional patient-specific
radiological images, VR can reconstruct an interactive three-dimensional simulation of patients’ anatomy
from their preoperative images, thus optimizing visualization of the patient’s anatomical structures and
pathology™. VR technology has advanced to the point where it offers enhanced visualizations and
interactive capabilities for planning complex patient cases, delivering faster and more efficient results than
traditional desktop-based methods. Going beyond single-user applications, planning and collaborative VR
has been employed to improve team collaboration, enabling seamless interaction between users, whether
remotely or in the same physical location”. This would improve patient-specific preoperative planning and
execution of a successful surgery with greater precision in dissection, alignment, and instrumentation"’.
Studies have reported that using VR systems for patient-specific preoperative planning leads to improved
outcomes, including reductions in surgical time, damage to surrounding anatomy, bleeding, intraoperative
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fluoroscopy and radiation, and hospital stay

Limitations to VR

While numerous studies demonstrate VR’s ability to enhance the knowledge and surgical performance of
orthopedic residents and attendings, its integration into orthopedic training programs lags compared to
other surgical specialties. Currently, VR training simulators are found in only a limited number of
orthopedic residency programs and there is a lack of VR that supports the development of more complex
orthopedic skills”**”". Additionally, the absence of physical sensation may reduce the precision required for
surgical procedures, concerning some on its ability to be translated to real procedures. The lack of tissue
responsiveness during incisions can be a challenge, especially in the spine with various surrounding tissues.
Potential intraoperative complications that are caused by interactions of different instrumentation sets can
present as a major limitation, especially in the early stages of training. Although participants in VR
simulation training could be immersed in a realistic environment where they could repeat training
processes multiple times, it did not diminish the reality that the simulators lack haptic feedback, tactility,
pulsatile flow, and real-life simulation™. Furthermore, many VR tools rely on headsets, often causing
dizziness for users™. Although VR systems excel in immersive surgical planning and training, their impact
on surgical execution is limited because they do not allow surgeons to operate on patients using integrated,
patient-specific information. As with any new technology implementation, there are associated costs for
hospitals and university departments. Although the cost of VR headsets has gone down, the software
components needed for medical purposes remain expensive and often require additional revisions. The
administrative and information technology costs are often forgotten when considering VR.

VR systems immerse users in a virtual world, thus limiting their view of reality and resulting in a lack of
practicality in live surgeries"?. AR creates an artificial layer over the real world, blending a virtual
environment with the live, physical setting®”. While VR creates an entirely artificial world that replaces the
real one, AR integrates virtual elements into the real world, allowing users to remain connected to their
physical environment. However, VR’s integration with AR would combine virtual and physical realities by
superimposing digital imaging onto the surgical site while maintaining the ability to visualize anatomical
landmarks during the surgical procedure®. By creating a visual overlay directly on the patient, an
integrated VR and AR system exhibits great potential as a tool for preoperative planning and the training of
medical students, residents, and surgeons in orthopedics procedures and spine surgeries®*"..

AR

Education

AR is a tool capable of bridging artificial simulation and the real world by superimposing artificial images
into the real environment while allowing its users to distinguish them"”. AR can provide surgeons with a
real-time three-dimensional view of patient anatomy without the need to move their field of vision from the
patient during procedures, allowing for more accurate identification of trajectories and anatomy"*. AR has
significant potential through its versatile applications, offering benefits in medical education and training.
Studies showed that the use of AR for medical education increased learning ability and provided a platform
to increase practical skills in various areas"”, including significantly enhancing students’ understanding of
anatomy. Due to its broad applications, AR has been integrated into medical education through various
classroom study apps and clinical training simulators, helping to provide foundational medical knowledge.
When used for technical repetition, AR allows students to practice surgical techniques in a realistic,
simulated environment without the need for physical patients, thereby reducing potential risks and enabling
safer, more effective skill development™. Once their skills have progressed through AR-based training,
students can begin performing procedures on physical patients with greater confidence and competence,
having already refined their techniques in a controlled, low-risk environment.
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Training

VR platforms serve to provide rehearsal environments that are better suited for surgical execution. Its ability
to serve as a training platform for technical skills and repetitive learning has been shown to improve
residents’ abilities, resulting in increased accuracy through repeated practice. Luciano et al. evaluated the
use of an AR simulation for thoracic pedicle screw placement with real patient CT where they observed a
15% mean improvement in accuracy with a 50% reduction in standard deviation from practice to testing"*.

AR is capable of enhancing learning experiences, improving procedural accuracy, and providing immersive,
hands-on training opportunities for medical professionals. AR’s clinical applications are found to be much
broader than VR”. An AR application designed to train physicians with a step-by-step guide in rod bending
and implantation showed a significant reduction in rod bending errors compared to the traditional free-
hand method”. The study demonstrated that AR could enhance precision and improve the accuracy of
surgical techniques. AR has the capability to decrease the learning curve for complex spine procedures and
promote surgical skills, encouraging confidence in physician spine surgeons and residents.

CONCLUSION

AT’s ability to analyze, predict, and generate large quantities of data could optimize and customize medical
students’ time and study materials, enhance and assess resident performance, and assist surgeons in
optimizing preoperative planning. VR provides an immersive simulation capable of displaying a three-
dimensional, computer-generated environment that could enable trainees and surgeons to visualize and
interact with human anatomy and surgical procedures. AR can project patient CT or artificial images into
the real world while keeping the distinction between the simulation and the real world. It enhances skills,
decreases the learning curve, and promotes accuracy. It is more clinically adapted in surgery than VR. VR
and AR differ in the sense that VR provides a new artificial world, replacing the real world, while AR
overlays digital elements onto the real world without separating the user from reality. AR and VR can be
combined, bringing greater potential for their use in medical education, benefiting medical students and the
training of residents and physicians. Additionally, the integration of AI with VR can provide personalized
feedback during simulations. Although the current state of Al and VR integration into spine education and
training is preliminary, they demonstrate promising potential and may be essential in supporting surgical
professionals at every stage of their training to adapt to a rapidly evolving field.
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