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Abstract

The impact of artificial intelligence (AI) will be felt not only in the arena of patient care and deliverable
therapies but will also be uniquely disruptive in medical education and healthcare simulation (HCS), in
particular. As HCS is intertwined with computer technology, it offers opportunities for rapid scalability with
Al and, therefore, will be the most practical place to test new Al applications. This will ensure the acquisition
of Al literacy for graduates from the country’s various healthcare professional schools. Artificial intelligence
has proven to be a useful adjunct in developing interprofessional education and team and leadership skills
assessments. Outcome-driven medical simulation has been extensively used to train students in image-
centric disciplines such as radiology, ultrasound, echocardiography, and pathology. Allowing students and
trainees in healthcare to first apply diagnostic decision support systems (DDSS) under simulated conditions
leads to improved diagnostic accuracy, enhanced communication with patients, safer triage decisions, and
improved outcomes from rapid response teams. However, the issue of bias, hallucinations, and the
uncertainty of emergent properties may undermine the faith of healthcare professionals as they see Al
systems deployed in the clinical setting and participating in diagnostic judgments. Also, the demands of
ensuring Al literacy in our healthcare professional curricula will place burdens on simulation assets and
faculty to adapt to a rapidly changing technological landscape. Nevertheless, the introduction of AI will
place increased emphasis on virtual reality platforms, thereby improving the availability of self-directed
learning and making it available 24/7, along with uniquely personalized evaluations and customized
coaching. Yet, caution must be exercised concerning Al, especially as society’s earlier, delayed, and muted
responses to the inherent dangers of social media raise serious questions about whether the American
government and its citizenry can anticipate the security and privacy guardrails that need to be in place to
protect our healthcare practitioners, medical students, and patients.

Categories: Other, Medical Education, Medical Simulation
Keywords: neural blockade, deep learning, machine learning, task trainers, manikin, simulation, artificial
intelligence

Introduction And Background

Artificial intelligence (Al) is revolutionizing the field of healthcare education with a transformative power
reminiscent of the historical impact delivered by the Flexner Report on American Medical Education in 1910
[1]. Originally commissioned by the Carnegie Foundation, the report radically altered medical education and
academic medicine in the United States. Some of the most radical, accelerated changes that will be brought
about by AI will occur in the field of healthcare simulation (HCS) because, first, the realm of simulation-
based training is so deeply enmeshed with computer technology that it makes an HCS an exceptionally
fertile ground for Al integration [2]. Second, as we will explore, HCS is uniquely positioned for the rapid
scalability of Al, offering unparalleled opportunities to use and evaluate its impact. Third, medical
education, with its focus on both teaching and assessing the power of Al in healthcare, will increasingly rely
on HCS as AI’s training and proving ground. These unique demands will place a significant responsibility on
HCS to evolve and adapt swiftly. Finally, and perhaps most crucially, the shift towards AI-compatible
modalities and delivery systems offers both methodological and economic advantages that favor its rapid
adoption and integration into HCS [3].

The integration of Al in medical education enables the provision of learning and training services around
the clock, breaking the bounds of traditional classroom schedules. It paves the way for more immersive,
engaging, and personalized instructional methods, heralding a new era of educational experiences uniquely
tailored to the needs of the individual student. Moreover, the current shortage of healthcare workers across
various medical professions underscores the urgency of expanding training opportunities. Artificial
intelligence in HCS may very well be able to help meet this rising demand for training without the
proportional increase in faculty and instructional resources. Furthermore, the growing calls for enhanced
training opportunities with better healthcare outcomes underscore the necessity of leveraging Al to
maximize the efficiency and effectiveness of simulation training and assessment.

This review will begin with a concise summary of Al and its discipline-specific lexicon. Following this, we
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will delve into the current impact of AT on HCS-related training and education. However, one needs to
caution the reader that any attempt to classify Al or separate it into distinct 'areas of influence, where Al has
demonstrated substantive progress, suffers almost instantly from two unavoidable sins, namely a dangerous
trend toward oversimplification and a degree of artificial segregation that is not there. For example, one may
wish to focus on the inroads made by Al in the field of surgical robotics, but how does one separate the role
that Al also may have played in how residents acquired their expertise in the use of that particular robot?

Or, even slightly more afield, how does one separate the role that Al may have played in a diagnostic support
system that broadened the differential diagnosis to include a surgical one, which is now leading the patient
into the operating room? We are not dealing with scattered, distinct areas of development but rather looking
at an entire ecosystem that is being transformed under the influence of Al [4]. And, while, for the purposes
of discussion, it helps to tease the subject matter apart into its components, one must also be able to see
them as operating in concert.

With these significant limitations in mind, the review will focus primarily on AI’s impact on simulation. It
will begin by looking at 1) AI’s role in simulated patients, 2) Al-driven simulation targeting team skills (e.g.,
interprofessional education), 3) Al in procedural and task training (including surgery), 4) Al in simulated
instruction, 5) Al in clinical curriculum alignment, and 6) the obstacles to achieving Al literacy. Throughout
these subject areas, we aim to not only inform about AI’s applications but also inspire a rethinking of how Al
can be harnessed to reshape the future of healthcare education.

A brief primer on the concepts and nomenclature of Al

It is essential to remember that Al differs from other forms of computer processing because it mimics
human-like thinking and problem-solving. With natural language processing (NLP), AI can understand
written and spoken languages without specific programming. It also excels in pattern recognition and
predicting trends from large data sets. Finally, Al can automate tasks and processes without requiring
additional manual intervention or programming. In short, Al is different from all computer platforms that
preceded it for four reasons: 1) Al learns from the data it processes and can incorporate that learning to
change its behavior or decision process; 2) Al's database(s) can be enormous and may, under some
circumstance represent a substantial portion of knowledge available on the internet [5]; 3) Al can tackle
numerous tasks without needing to be specifically programmed to undertake those assignments; and 4)
under many circumstances, Al can write its own code to handle or complete a task. This combination of
capabilities makes Al a game-changer. They lend Al different properties from anything we have encountered
before in information technology.

Many individuals wonder why, in 2022, Al suddenly seemed to become a hot topic. First, the notion of Al per
se is nothing new. It can be traced back to World War II when British mathematician and cryptologist Alan
Turing developed pioneering notions about computers that could think like human beings. American
scientist John McCarthy coined the term "artificial intelligence" in the mid-1950s. Several terms have been
used either synonymously or in conjunction with AL They include expressions such as 'machine
intelligence, 'cognitive computing, 'autonomous computer systems, and 'artificial general intelligence’
(AGI). The latter most, i.e., AGI, is typically used to designate Al systems that possess human-like
intelligence and perform most (if not all) the cognitive and intellectual tasks that a human being can. It is
more theoretical than an actual concept, as most Al systems we currently work with would be termed
‘narrow’ or specialized. A final contributing father to the AI movement was mathematician John von
Neumann, who gave the world stochastic computing theory, topology, and gaming theory. On his deathbed,
von Neumann finished writing The Computer and the Brain in which he outlined the potential for an "arms
race” between the human brain and Al technology. He coined the concept of "singularity" to describe the
flexion point at which the pace of technological change could no longer be controlled by human beings.

A handful of other terms need delineation while addressing the application of Al The first is the overarching
concept of machine learning (ML) [6] which provides AI with the ability to automatically learn and improve
from experience without being explicitly programmed. The development of computer programs that support
ML means that Al can not only access databases but can also use them to learn for themselves [7]. Machine
learning begins with reviewing the data itself (such as illustrative examples, direct experience, instructions,
etc.) so Al can gain the capacity to look for patterns in the data and make better decisions in the future based
on the examples or databases provided. Machine learning aims to allow computers to learn automatically
without human intervention or assistance and adjust their actions accordingly. A handful of other terms also
need delineation when discussing Al. The term reinforcement learning (RL) represents a subfield of ML
where a computer learns to make assessments and decisions through interactions with the environment. A
prime example would be an Al system learning to play chess. Here, the chessboard, the pieces, and the
opposing player constitute the environment. When it starts, the computer system (an 'agent’) randomly
moves the chess pieces around. It progressively learns, for example, which moves are permitted, what may
put a particular piece at risk, and the relative value of particular chess pieces. By playing and evaluating the
outcome of each game, the agent progressively moves the pieces to achieve increasingly better outcomes.
The Al platform learns the intricacies of playing chess using a random, trial-and-error methodology. An
algorithm is a step-by-step instruction set by an agent to solve a specific problem or achieve a particular
goal. A rubric, by contrast, is a set of guidelines or a scoring system that the agent uses to assess and
evaluate the quality of a particular outcome or the performance of a designated task. In AI parlance, a model
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refers to a mathematical or computational representation of a particular process designed to simulate or
predict a task or outcome in the real world. For example, models are used for image analysis, predictive
analytics, or NLP.

Artificial intelligence uses ML, which describes how a computer system can learn and improve from the data
it processes without specific programming. Moreover, Al can feed itself more data and write its own code to
further adapt its behavior and responses to that data. Deep learning is a special case of ML that involves
deep neural networks that permit Al to process, analyze, and understand complex data sets. A neural
network is a computational model inspired by the principles of neuronal connectivity in the human brain. A
neural network comprises multiple layers of interconnected nodes to permit Al to carry out complex tasks
such as pattern recognition or decisional support analysis [8]. The other important principle at work in Al is
that it learns from large, complex data sets. If the way that data is collected or categorized is incomplete or
biased in any way, then the processing that will be subsequently carried out by Al will also be flawed.

One feature that dramatically altered the Al landscape in 2017 was the introduction of a new model or
computer 'engine’ called a transformer. Up until the introduction of transformer architecture, people were
working on language, predictive analytics, or image processing, but each group tended to work in their silo.
Transformers were introduced by Vaswani et al. in a landmark paper titled Attention Is All You Need [9]. It
advanced the notion of a "self-attention mechanism" that permitted the ATl model to weigh the importance
of different words or values in a sequence. In essence, it meant that any data could be converted into
symbolic language where Al would attempt to predict what item (word, pixel, etc.) would most likely appear
next in a given series. With the introduction of transformers, tasks could be broken down into a common
representational language, and all the various disciplines and functions of advanced computing were able to
communicate with each other. This was a breakthrough because it gave computer systems devoted to Al the
ability to capture contextual information, model long-range dependencies (semantic relationships in a
sequence), and perform these operations in parallel [10]. Transformers brought us what we know as the
generative large language multimodal models (GLLMMs, pronounced 'Gollum,’ like the character from The
Lord of the Rings) that can process and generate content across a wide range of modalities. The GLLMMs can
also generate creative content such as artwork, music, poetry, etc. [11] Because they are also typically pre-
trained on very large data sets, GLLMMs can be quickly applied to other fields or tasks without requiring
training for the agent from scratch, so they are much more quickly deployable to specific tasks. The kinds of
tasks to which GLLMMs can be applied include pre-training in content creation (such as text, audio tracks,
images, or videos) that become part of a larger undertaking such as designing art, composing music, or
telling a story. Another example would be language translation where GLLMMs can convert text from one
language to another with greater accuracy because they have also been primed by gaining earlier access to
cultural nuances and context [12]. An example where GLLMMs are applied in the field of medicine would be
to analyze the results of medical imaging more accurately (such as X-ray, MRI scans, or ultrasound) by pre-
training with access to additional databases that relate to the relevant histology and pathology implicated in
the imaging results [13].

Review
The current status of medical simulation

Artificial intelligence plays a crucial role in enhancing training, planning, and treatment strategies in what
are already well-established areas of HCS [14]. The first is one-on-one training honing bedside skills and
decision-making with individual patients. The second broad category is scenario-based training which calls
for group/team responses. These may be led by an individual, but that individual is responsible for the
conduct of the teams for a particular scenario. Team responsiveness and effectiveness are measures of how
well interprofessional education (IPE) skillsets are applied to ensure the appropriate behavior of team
members is enlisted. The third category is task or procedural training (PT). To the extent that practice with a
task trainer engenders familiarity, and sufficient handling of instruments imparts practiced expertise to the
healthcare professional (HCP), simulation is commonly used to assess surgical or technical proficiency. In
conclusion, simulation can be broken down into two broad categories, namely individual patient care and
task or PT. These simulations call for additional participation of personnel, thereby resulting in professional
team skills acquisition as well (Table I). Artificial intelligence-driven instruction in simulation can be
applied in several different formats, such as virtual patients (VPs), virtual instructors (VIs,) instructional
games, and so-called intelligent instructional tutoring systems (IITS). In older educational lexicons, IITS was
also known in its earliest iterations as computerized programmed learning, and later, as adaptive learning
systems [15,16].
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Case or patient scenario

Task or procedural training

Standardized patient Computerized manikin Virtual patient Simulated task trainer Virtual task or surgical trainer
Single Yes Yes Yes Yes Yes
Pair No Yes Yes No Yes
Team (IPE) No Yes Yes No Yes

TABLE 1: Types of simulation training

IPE: Interprofessional education

Al for clinical skills and patient care
Al and Standardized Patients (SPs)

Standardized patients currently form the backbone and gold standard of most preclinical teaching programs,
where interviewing and clinical examination skills assessment are part of the preclinical curriculum.
Standardized patients are individuals who have undergone preparation and coaching under professional
trainers to be able to role-play a specific subset of patient characters who are suffering from a series of
ailment-related symptoms and manifestations. Initial studies [17] in the early 1990s evaluated whether SPs
presenting as new patients in an ambulatory clinic could be differentiated from real, actual patients. In the
majority of cases (>80% of the time), treating physicians could not detect any differences. Williams [18] has
also suggested that the more trained and experienced the SP was, the more likely it would be that they would
escape detection. As for the accuracy of the 'case portrayal,’ SPs were deemed to have performed the
assigned malady well in 90% of the cases, but variability in the portrayal is a source of constant concern.
This variability is of deeper concern when it comes to issues of gender and ethnicity biases in the SPs’
evaluation of clinical skills [19]. There were also glaring incongruities between first-year residents’ self-
evaluation of their empathy and their scores on the Jefferson Scale of Empathy and how the SPs assessed
their empathetic skills.

Standardized patients are also trained to provide constructive feedback about student bedside techniques
and behaviors. While there is little doubt that having SPs role-play patients produces more consistent and
cost-effective results than having faculty perform this task, the costs for SPs for a single medical school,
especially those that have incorporated SPs into the Objective Clinical Skills Examination (OSCE), can run
well over a thousand dollars per student [20] and represent annual institutional costs that can be well into
six figures [21]. Not only is the provision of SPs for OSCE an expensive proposition but there is also a wide
range of disagreements over what checklist must be followed [22]. The best results are still derived by a panel
of three to five physicians who are subject matter experts (SMEs), but panels that large present logistical
problems when it comes to arranging for an entire class of medical or nursing school students at one time. It
also requires substantial funds to be set aside for SP personnel as well as for faculty time away from clinical
work. Standardized patients, however, continue to have an important place in the first years of medical
school, and there is a reasonable correlation between how students were ranked on their OSCEs as students
and how they were seen later to perform as trainees by their respective residency directors [23].

Al and Virtual Patients

One of the most important transformations that Al is bringing to HCS is the plethora of new AI-driven
virtual patients (VPs) [24]. Virtual patients have begun to manifest themselves in the healthcare curriculum
in different guises. The most common setting for a VP is an interactive, case-based scenario. The format
employs either 2D screen-based avatars or 3D Al-driven VP avatars [25] that can be visited either in an
immersive environment or even as a holographic representation [26]. Virtual patients are becoming an
increasingly vital component of simulated training across all disciplines and levels of experience.

There are many advantages to employing VPs [27]. These include reduced initial equipment outlays, easy
accessibility (students have 24/7 access to patients and cases), standardization in presentation and
evaluation, and decreased labor costs for both educators supervising clinical settings and the staff hired as
SPs. In addition, VPs offer the built-in reassurance of scalability (both concerning the number of students,
progressive difficulty, increasing expertise, and specialization). These advantages grow with the addition of
Al because it enhances interactivity and engagement while also providing almost immediate feedback and
coaching [28]. While some people wonder if a mannikin is not a VP, simulation mannikins are usually not
included in a discussion of VPs, although that position may have to change shortly with the advent of
increasingly animatronic mannikins.
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Artificial intelligence allows health educators to create an almost infinite number of case scenarios and
patients with specific objectives and assessments built into them [29]. In the past, it was difficult to design
Al-driven scenarios to include parameters such as cultural inclusivity, diversity, measures of empathy, and
mutual respect [30]. The Al-driven VPs can be used to help students probe for explicit or implicit biases [31]
that often find expression in differences in analgesic administration, empathetic communication, and even
in answering questions from family and patients. Artificial intelligence can be used to create VPs that
specifically respond and provide rapid feedback about a medical student’s expression of empathy during an
interview. Furthermore, such training translates to significantly higher expressions of empathy when
working with SPs [32]. Finally, Al permits the creation of 3D-printed patient-specific models derived from
the patient's imaging studies. Such models can assist surgeons in preoperative planning. The Al-derived
rapid prototyping of patient-specific anatomy for lumbar spine surgery has been used as part of the
procedural consenting process to make the operation easier for patients to understand and assist trainees by
permitting them to view image-based anatomy before the actual surgery [33].

With the funding support of the National Board of Medical Examiners, Ohio State University created a VP
that employed a gaming engine to create 3D avatars on demand in conjunction with a conversational engine
so that the patient characters could be interviewed by medical students to create a patient encounter [34].
Relative to the case generated by Al, the conversant responses were accurate between 79% and 86% of the
time. A simulation-based research group in Sweden has also developed VPs that permit enriching the avatar
with differences in ethnicity, culture, or socioeconomic status [35]. This offered students an opportunity to
repeatedly visit issues of diversity, inclusivity, and limited access to healthcare at a time when the entire
European Union was facing increasing pressure from influxes of refugees.

The Institute for Creative Technologies (ICT) at the University of Southern California uses NLP to create a VP
designed to enhance the interviewing skills of both doctors and therapists. It also focused on ensuring the
interviewers were reinforced by including verbal acknowledgments, relying on open-ended questions, using
non-judgmental questioning, and employing empathetic reinforcement with body language to engender a
greater sense of trust in their patients [36]. In a kind of 'virtual emotional reverse engineering, ICT also
created a virtual interviewer capable of recognizing verbal cues, facial changes, and body language to
enhance support from the human patients that it interviewed [37].

More than the simple growth vectors in the markets for Al and VPs, there are decided camps among clinical
instructors in medical school beginning to form around their experiences employing SPs versus VPs. In one
study, the teaching faculty felt VPs offered more opportunities for safe, repetitive training, and they seemed
to engender more self-directed learning and more instances in which to enhance clinical reasoning.
Standardized patients, on the other hand, seemed to excel in teaching team-based communication skills.
While VPs offered a major advantage in terms of saving labor, cost, and time, the authors of the study
suggested that the best outcome would lie with faculty learning to selectively exploit the advantages of each
modality to achieve their objectives as clinical instructors [38].

Often, studies have shown how hard it is to make valid, direct comparisons between Al-driven VPs and
human SPS. For example, in one study [39] that used a randomized crossover design, medical students were
taught about the delivery of high-value care to both kinds of patients. The investigators found that working
with VPs seemed to preferentially enhance students’ skills for interviewing and delivering treatment. By
contrast, the student’s success working with human SPs correlated more closely with the student’s basic
fund of knowledge in science and clinical areas, as it might be called upon for taking Steps 1 and 2,
respectively, of the United States Medical Licensing Examination (USMLE) [40]. In short, these results
suggested that a human performance system (HPS) called for a greater draw of basic and clinical facts, while
VPs might be better suited to practicing bedside communication skills. In another study, looking at primary
care across seven cities in China, the learners were confronted with a patient to be evaluated: either an
unannounced VP or SP in the clinic, both representing the same clinical case. Despite a relatively large
sample size, variables such as location and case condition influenced the outcome of the learner’s
performance, and there appeared to be little correlation between the VP and SP encounters. Certainly, with
the new capabilities to use Al to carry out detailed evaluation and assessment, there will need to be more
thorough research to sort out the respective advantages of VPs and SPs.

Al and Virtual Instructors

The use of Al does not stop with VPs. Artificial intelligence is just as comfortable working 'the other side of
the aisle, meaning that AI could just as easily inhabit the physician in a bedside or clinic interaction as the
patient [41]. Several studies have evaluated the impact of VIs [42]. Being able to switch back and forth at will
between VPs and VIs took on a new urgency during the isolation imposed on students and physicians during
the COVID-19 crisis. For example, in one study, 64 nursing students were randomized to receive their
mandatory sepsis team training under the tutelage of a VI or a real physician. Both groups underwent
baseline testing before being enrolled in the sepsis training. After the training was complete, both the VI
group and human instructor (HI) groups were assessed on their fund of knowledge, the efficacy they
demonstrated in team communication, and their sepsis care in a simulated case. Both groups demonstrated
significant improvements in their post-training testing, and there was no difference in sepsis care
performance between the VI and HI groups. However, the VI group demonstrated a significant improvement
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in their fund of knowledge compared to their HI counterparts. In this particular setting of sepsis team
training, providing a human physician instructor seemed to offer no advantage. Similarly, in a larger study
carried out at the Singapore National University during the COVID-19 pandemic, over 415 medical and
nursing students underwent instructional sessions using a remote virtual tele-simulation platform to
enhance interprofessional sepsis team communication skills, and both groups of students demonstrated
significant improvement in post-instruction test scores and their team communication skills [43], again
reinforcing the finding that VI were not inherently inferior or less successful in achieving measurable
educational objectives than human instructors [44]. Again, with continued research, we would hope to
predict areas and methodologies where there may be parity between VIs and HIs, as well as uncover areas
where each of the respective teachers might excel.

Al and Intelligent Instructional Tutoring Systems

Instruction by Al is much more widespread than by VIs. Artificial intelligence chatbots are ubiquitous on
today’s university campuses. They are no farther away than our cell phones, and every one of them
represents a customized, personalized mentoring system. Students query them without the least hesitation
(which may be imprudent in some cases), but it is still a testament to how naturally young adults gravitate
toward this unhindered access to learning. Chatbots are the teaching technology of the new age. Artificial
intelligence algorithms and ML rubrics of ML have established a new standard for these chatbot-based
mentorships. They are universally available, have unimpeded 24/7 access, can provide customized coaching,
are scalable to increasing numbers of users, and can adjust as the student’s mastery grows [45]. Many in
education have noted that students seem more willing to adopt a more collegial or collaborative attitude
toward their chatbots than, say, with earlier interactions with simple search engines [46].

Mentoring has played a key role in professional education and training. It ensures progressive exposure to
technique and professional demeanor, placing increased demands as the trainee’s proficiency increases with
the eventual goal of mastery. Modern NLP algorithms allow learners to literally converse with chatbots, and
many mechanisms permit the user to personalize their bot’s settings to customize their mentorship
experience by favoring user profiles, contextually relevant learning algorithms, and adaptive learning paths
[47]. These settings should help the user ensure the Al mentor focuses on appealing to the user’s needs,
preferences, and learning objectives while remaining responsive and engaging [48]. The addition of AI
mentors is even more notable as the availability and participation in online instruction continue to increase.
The use of chatbots makes participation in the online formats more attractive to students and enhances
their sense of self-satisfaction [49], while also providing an excellent way to profile how students are
progressing with mastering the material online [50].

Al and Chatbots

It has been suggested that the thought leaders in today’s world of medical education may have if anything,
grossly underestimated the extent to which chatbots have penetrated the lives and learning styles of our
medical and nursing students [51]. A.L.-driven chatbots can accomplish a host of educational housekeeping
chores: everything from turning lecture notes into flashcards for review, reminding students of useful and
pertinent acronyms or mnemonics, or isolating facts and figures likely to be on qualifying examinations like
the USMLE Step 1 and Step 2 [52]. Chatbots also serve as instant sources of internet-derived information
which help flesh out workups and double-check differential diagnoses. But it can also provide a ready-made
list of pre-op orders, issue cautions about drug interactions, emphasize dose adjustments, or even accelerate
the delivery of test results or radiographic findings directly to the bedside [53]. This next generation of HCPs
will have a different sense of intimacy with medical facts and data as well as an urgent impatience to see
data woven into coherence before their eyes at the speed of light.

Al and interprofessional education

Al and Gamification

The process of gamification refers to the application of the elements of game design into what were or are
traditionally non-game contexts in the hope that gamification might help improve learner engagement,
motivation, and participation [54]. The overarching principle of gamification is that the use of external
rewards embedded in the game experience (e.g., new levels of higher access in the game, additional points,
powers, etc.) serves to eventually support a higher level of intrinsic motivation. It has been said that the
success of games revolves around their ability to engender 'the 3 Fs', namely, fun, friends, and feedback [55].

Employing Al in gamification allows for the game to become more personalized and rapidly adaptive to the
needs of the individual [56]. Artificial intelligence analyzes the user’s data in real-time to tailor challenges,
rewards, and feedback to ensure the experience is engaging and effective for individual users. Artificial
intelligence-driven analytics can predict user preferences and adapt gamification strategies in real-time,
enhancing learning outcomes, user satisfaction, and the overall effectiveness of gamified applications.

Artificial intelligence-driven games have been developed across the healthcare sector [57] to address such
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diverse issues as motivating and charting progress in the first-of-its-kind FDA-approved game

(EndavorRx, Akili Interactive, Boston, MA, USA) to enhance attention in youth suffering from attention
deficit hyperactivity disorder (ADHD) [58]. Another game, Re-Mission (Hopelab Foundation, San Francisco,
CA, USA), helped children with cancer better track symptoms that arise from their disease versus those
relating to the toxicity of treatment and sought to improve the compliance of younger children [59].
Artificial intelligence-enhanced games have also been used in rehabilitation [60], specifically in the testing
and reinforcing of recovery in motion tracking after a stroke [61], as well as plotting and following cognitive
impairments [62] after a stroke.

Concerning Al-driven games that support medical simulation and training, one specific game (Fanta
Training®, Brain Refresh Lab, Milano, LM, ITA) in pediatric obstetrics and gynecology takes trainees
through a variety of scenarios where obstetrical anesthesia may be required [63]. While playing the game,
players are also peppered with quiz-type questions where they compete against other players for points.
Open-team competitions that pit one group of trainees from one medical program against another have
flourished, including Sim Wars, hosted by the Society for Simulation in Healthcare (SSH), where teams are
provided with a clinical scenario and must respond to it and treat the patient against the clock. A similar
competition was developed by Stanford to encourage skill acquisition by residents in point-of-care
ultrasound [64]. The potential applications of Al-enhanced gamification are almost limitless: it has been
applied to teach basic dermatologic diagnoses [65], on-boarding new nursing personnel [66], and the
application of resuscitative techniques in patients who have recently undergone cardiothoracic surgical
procedures [67]. However, the concept of scalable Al-enhanced gamification is a methodology that is still so
new as to have largely gone untested [68] with respect to its efficacy in transmitting a fund of knowledge,
enhancing the acquisition of technical skills, or maintaining proficiency once a trainee has attained it.

One would be hard-pressed to describe the notion of building a digital twin for a given app or simulated
therapy as a 'game.' However, the circumstances surrounding creating digital twins and their environments
are reminiscent of what developers do in the process of mapping out and building a game. The concept of
creating digital twins emerged from certain industrial manufacturing and engineering disciplines, where it
was used to create simulations of physical objects or systems [69]. It became commonplace, and better
computing capabilities allowed engineers to employ digital twin testing to evaluate materials, such as
looking for metal fatigue in airplane parts. The use of digital twins in the study of clinical causality training
refers to the creation of highly detailed and dynamic digital representations of patients that are used for
simulating and analyzing the effects of various medical interventions, treatments, or drugs. For example,
the creation of a digital twin for a cancer patient to evaluate the impact of multi-modality chemo and
radiation therapy and to measure the effect on the patient's overall health versus, perhaps, causing an
increased therapeutic response in the tumor bed [70].

AI and Teamwork Assessment

Artificial intelligence has created opportunities for IPE and practice, where scenarios (both clinical and non-
clinical) are developed to challenge interdisciplinary teams to solve problems, overcome obstacles together,
and decide on a course of action. These scenarios stress teamwork and leadership skills. Artificial
intelligence can be applied in IPE exercises to help evaluate five areas of team effectiveness as developed by
the Agency for Healthcare Research and Quality (AHRQ, a part of the US Department of Health and Human
Services) [71] that include measures of communication, member assignments, leadership, mutual support,
and situational awareness. Artificial intelligence has also been more recently configured as a virtual
facilitator for IPE training with the objective of reinforcing the AHRQ objectives [72].

Bedside Communication Skills With VIs

In terms of the perioperative environment, immersive virtual reality (IVR) has allowed students and trainees
to interact within specialized environments, such as the post-operative acute care unit (PACU), the intensive
care unit (ICU), the ambulatory clinical setting, and the emergency department (ED). Immersive virtual
reality has also been applied with an AI agent to provide exposure to and training for the human skill sets
that come into play outside the operating room (OR). Such platforms (e.g., Virti, Bristol, UK) allow HCPs to
converse with the patient, discuss operative options, or carry on a discussion with family and patient at the
bedside. Artificial intelligence and NLP allow the platforms to have realistic conversations. In addition, Al
monitors the progress of the HCP concerning empathy, communication skills, and situational awareness and
can adapt the scenario on the fly to the trainee's level of proficiency [73].

Al and Simulated Pediatric Referrals

Increasingly, there has been an emphasis in healthcare education on team dynamics and interprofessional
communication skills. Enhanced communication is amenable to being taught and practiced like any other
skill set. Cincinnati Children's Hospital developed 21 Al-generated scenarios using the IBM Watson Al
platform (IBM Watson Group, New York, USA). It provided a conversational exchange in which pediatric
residents in their ICU rotations were called upon to communicate in real-time with a simulated primary care
physician (PCP) about a fictitious pediatric patient who was being transferred to the ICU. The pediatric
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residents were instructed to include and discuss four specific areas: 1) the nature of the principal problem; 2)
the plan of care for the patient; 3) the anticipated discharge date for the patient; and 4) to solicit any
additional or ancillary information from the PCP that might impact the care of the child while they were in
the ICU. The Al engine also evaluated the residents on how successfully they carried out the objectives of the
conversation and provided each resident with individualized feedback (pre-verified by attending teaching
staff). The AI group was compared to a control group that had received the usual didactic training on
conversational objectives with PCPs during their internship year. Simulated exchanges were considered
equal to or more effective than reading instructional materials, online didactics, or real-time observation.
Only live simulated encounters where the PCP was role-played in person were ranked as superior to the AI-
simulated experience [74].

Al for procedural, task, and surgical training

Al and Surgical Simulation

The context of most traditional surgical simulation training is one in which the trainee is usually assured a
certain level of guaranteed supervision from their supervisor while also putting the faculty member at a
significant disadvantage, as one-on-one mentoring during designated sessions will limit how much time
each student gets and how equitably that attention is shared among participating learners. The McGill
Neurosurgical Simulation and Artificial Intelligence Learning Centre (MNSAILC) in Montreal, Canada, has a
long history of using its expertise in neurosurgical simulation to design studies that permit the more general
user in the field to benefit from the findings. For example, the research staff at MNSALIC carried out studies
to see how an Al-driven operative assistant would compare to its human counterpart [75]. The medical
students were randomized to a series of five operative sessions where they would receive procedural training
from an experienced surgical instructor. By contrast, the other group of students would be directed and
supervised by an Al-driven operative assistant that employed assessment algorithms that allowed close
monitoring of students’ progress before, during, and after each training session. The performance of
students from both groups was tested on completion of the training. Expertise scores were significantly
higher (p <0.01) for the group that received its instruction from a virtual operative assistant (VOA).
Operative Structures Assessment of Technical Skills (OSATS) scores were not significantly different between
groups, but OSATS sub-scores for instrument handling were higher in the VOA group. No differences were
seen in any of the emotional self-satisfaction questionnaires. The researchers concluded that students who
were taught by Al-driven virtual assistants “demonstrated superior performance outcomes and skill transfer”
[76]. This would seem to bode well for not only the efficacy of turning over procedural instruction to Al
virtual assistants but also suggest that substantive cost savings could be achieved in the long run. This
opinion is shared by other experts who have compared the institutional advantages of AI-driven instruction
compared to traditional surgical simulation expenses [77,78].

AI and Immersive Virtual Surgical Training

Currently, several platforms can employ Al to provide IVR for an immersive surgical training experience that
can be custom-tailored to the individual needs of the trainees. Osso VR (San Francisco, CA, USA) utilizes an
extensive library of virtual procedures, allowing surgical trainees to assemble individual portfolios of the
required operations and procedures. In addition, the level of expertise required by the individual trainee can
be carefully adjusted by tracking their earlier progress on preceding procedures and modifying the difficulty
of the surgical task according to each trainee's learning curve [79,80]. A small randomized clinical trial of
reverse shoulder arthroplasty (RSA) compared senior orthopedic residents trained with an IVR trainer to a
similarly senior control group that received traditional training based on surgical videos. At the end of the
training period, both groups were brought to a cadaveric facility to carry out the RSA on a specimen from a
fresh, frozen cadaver. The residents were evaluated by pre-trained, masked evaluators blinded to the
randomized group assignment. They scored the residents on implant parameters, such as implant rotation
and overall task completion time. Residents trained on the IVR platform completed their procedures at
significantly faster rates and performed statistically better on the cadaveric procedure assessment (p <0.01).
The control group also committed 50% more critical errors than the cohort that trained with the AI-IVR
program [81].

Al and Surgical Mentoring

There is a dramatic upswing in Al-driven assessments of surgical procedural proficiency. Although the
notion is still in its infancy with Al-driven surgical simulation, many educators are increasingly skeptical of
allowing Al to perform assessments without having better access to transparent decision algorithms [82].
Researchers at MNSALIC assessed the validity of an Al-driven surgical assistant to provide residents in
training with automated feedback on their technical performance of an IVR-based subpial brain tumor
resection. The performance measures were compared to the metrics obtained by a panel of experts
performing the same simulated procedure. The Al-driven operative assistant successfully differentiated
skilled versus novice participants using four metrics with accuracy, specificity, and sensitivity of 92%, 82%,
and 100%, respectively. A two-step feedback system was developed to provide participants with an
immediate visual representation of their standing relative to expert proficiency performance benchmarks.
The researchers felt that transparent algorithms used for assessment allowed educators to categorize the
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relevant psychomotor components contributing to technical proficiency carefully. It was felt that such an
approach was germane to surgical training, where hands-on experiential learning significantly contributes
to overall competence [83].

The MNSALIC randomized medical students into one of multiple arms for evaluation of the resection of a
simulated tumor. The first group received Al audiovisual instruction along with metric-based feedback (VOA
group), the second group received synchronous verbal scripted debriefing and instructions from a remote
expert (instructor group), and the third was a control group that received no feedback. The study focused on
two sets of measures. The first was an Al-generated expertise score. The second was an objective assessment
of expertise carried out by blinded observers. There was also a self-report on emotional and cognitive load
before, during, and after the intervention. The VOA group demonstrated superior performance outcomes
and skill transfer. There was no difference between the objective expertise ratings from the blinded
observers or in the self-reporting of cognitive and emotional workload between the VOA and instructor [76].

AI and the Future of Surgical Mentoring

The MNSALIC extended some of their research efforts to use Al to evaluate trainees’ neurosurgical skills
using a virtual hemilaminectomy [84]. The study employed an algorithm designed to accurately assign a level
of expertise to each participant using leave-one-out cross-validation (LOOCV). The LOOCYV is a method
applied in the evaluation of a model used in ML. In a given set of data points used for validation, each data
point is used as the validation set, while all the remaining data points are used to train the model. It is
especially useful when applying the model to training data [85]. Not only can such standards be applied to an
infinite catalog of procedures, but ML learning can apply a similar methodology to evaluate technical
surgical skill sets derived from simply analyzing videotaped recordings of actual procedures [86]. Naturally,
such Al models could then be used for determining surgical proficiency but also for instructing robots on
how to carry out competent surgical maneuvers. For example, the Smart Tissue Autonomous Robot (STAR),
developed by Johns Hopkins University (Baltimore, MD, USA), is an autonomous robot capable of performing
intestinal anastomosis with minimal human interference. The robot carries out an analysis of the surgical
field and then can choose from a host of autonomous surgical strategies before selecting which surgical
technique it will employ. This machine “outperforms expert surgeons’ manual technique and RAS (robot-
assisted surgery) technique in terms of consistency and accuracy” [87]. The evolution of modeling and
assessing surgical technical skills sets the stage for eventually being able to produce AI-driven, skilled
surgical robots capable of assisting surgeons in the operating room or autonomous surgical robots suitable
for battlefield or space missions.

Al and Curriculum

We have seen how Al can shape matter, facts, and even teams of practitioners. Artificial intelligence will be
ubiquitous in the medical school classroom, at the patient’s bedside, in ambulatory clinics, and throughout
simulation facilities for assessment. However, to date, little formal instruction is being built into current
medical school curricula or postgraduate training programs to ensure that our students and trainees acquire
a modicum of Al literacy and are fluent with the most frequently encountered Al apps in their own specialty
[88]. A second alternative method of study for students to gain Al literacy is to ensure that both didactic
material and practical lab sessions about Al are included as part of a structured, longitudinal curriculum in
medical or nursing schools [89,90]. Furthermore, Al is adept at helping to create easily administered pre-
and post-exposure (or training) assessments [91]. The effectiveness of the curriculum at translating
curricular objectives can easily be correlated with the students’ happiness in experiencing the course, and
both can be linked to measures of students’ success as determined by serial assessment. The injection of Al
into the course in all these manners of processing, satisfaction, and evaluation can make the reshaping of
curricular material rapidly responsive to a short feedback loop while delivering to the end users a
customized assessment that is unique to them [92]. By its very nature, Al deemphasizes rote learning while
underscoring increased active participation and interdisciplinary team engagement [93].

Reshaping curriculum with the help of Al requires a balancing act. On the one hand, one must weigh the
adept and facile manner in which AI can monitor the ability of the curriculum to deliver educational value
and return in real-time, and on the other hand, one needs to also ensure that Al is allowed to deliver
customized, responsive feedback that ensures learners are the beneficiaries of a training system that builds
on their personal strengths while addressing their weaknesses [94]. The application of Al to help the
curriculum evolve demands an honest and ethical appraisal of the best use of education resources and
instructor/facilitator time so that the students can avail themselves of the ascendant emphasis on feedback
and counseling [95]. A meta-analysis [96] of 257 papers describing the effects of Al-driven decision support
systems in public health protocols at four different institutions showed that when students used these
systems, there was (a) enhanced adherence to evidence-based guidelines; (b) improved, sustained
supervision by faculty; and (c) diminished medication errors consistently demonstrated. There were also
trends in diminished utilization of care and improved preventive health measures being put in place. This
analysis could not draw consistent conclusions about cost savings. Overall, there is a general consensus that
Al technology has a net positive impact on both the quality of instruction provided by teachers and on the
learning experience and outcomes of students [97].
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Artificial intelligence can also produce unique training solutions that are hybrid blends of ML built around
past team responses in combination with a diagnostic decision support system (DDSS) to determine when
and how a team is called into action. In the studies by Dillon et al. and Wheeler et al., prior experiences with
arapid response team (RRT) resulted in typical practice sessions built around scenarios drawn from
advanced cardiac life support (ACLS) training [98,99]. Artificial intelligence has made several inroads in
improving outcomes for training and deploying an RRT, but one of the key components is using ML to
effectively monitor vital signs, electrocardiogram (ECG) tracings, and other critical care functions around
the hospital. Such an Al-driven monitoring system increases the likelihood of a pre-emptive notification of
RRT personnel while also dramatically reducing the mean alarm count per day to which the team must
respond. Perhaps most significantly, the Al monitoring meant that team responses could be selective rather
than always activating the entire team to every alarm. The Al-based warning system proved to be 259% more
sensitive in identifying potentially unstable patients than the hospital protocols that had been previously in
place [100].

Finally, AI will be used to teach learners traditional skills, but with a greater emphasis on individual mastery
and assessment. For example, medical students need to acquire the ability to recognize pelvic fractures. To
accomplish this, an Al-enhanced instructional platform was created to assist students in learning how to
diagnose hip fractures from standard pelvic X-ray films. Through repetitive practice, the Al instructor
highlighted salient features that should be looked for and identified in the films. Medical students were
randomized into either an Al-enhanced instructional group or a control group that received conventional
didactic sessions and materials. While the pre-learning tests were equal between both groups, the Al group
demonstrated significantly more improvement in its post-test evaluations [101]. Artificial intelligence
instructional programs will need to be developed and tested for their effectiveness in supporting the needs
of the curriculum.

Al and Diagnostic Decision Support Systems

Perhaps there is no more daunting concern than grasping how HCPs will be taught to incorporate Al into the
very foundation of their clinical reasoning. There is no doubt that HCPs will need help to better understand
when and how to bring Al to bear on issues of patient care. One of the most important avenues available will
be to provide simulated clinical scenarios where HCPs can assess for themselves the impact of using Al as an
adjunct to clinical decision-making. One such study [102] was undertaken to evaluate if medical students
enhance their diagnostic and decision-making skills by consulting an AI platform named Isabel (Isabel
Healthcare, Ann Arbor, MI, USA). Students were assessed as they evaluated a series of specific patient
simulation scenarios. After each case, students were asked to present their diagnostic hypotheses before
consultation with AI (pre-Isabel) and then re-present their assessment after consultation with the Al
platform (post-Isabel). The quality of the pre-Isabel differential diagnosis was compared to that which was
presented after Al consultation (post-Isabel) to determine the impact of a DDSS on each student's clinical
reasoning. A follow-up survey and focus group identified student perceptions about using a DDSS in
educational settings. Paired t-tests demonstrated that diagnostic accuracy significantly improved after using
the DDSS (p <0.05). Students found the software relatively simple to use and felt it helped them reflect on
diagnostic options they had not considered initially. They valued the opportunity to train with the Al
platform and be able to apply the DDSS in a simulated training situation. This kind of effort to build up
confidence in new Al habits will thrust scenario-based simulation training into a brand-new role of
demonstrating and validating the use of DDSS in routine patient care.

Al and issues of responsibility and accountability

Al and Unexpected Consequences

There are a host of ethical and legal issues surrounding the development of Al and its applications to patient
care [103]. Numerous authors and subject matter experts have raised the question of how medical schools
(and other health profession schools) will address the looming issue of Al literacy [104]. Many educators
have raised the theoretical question of how dependent learners should be on Al platforms for diagnosis and
treatment. What happens when a physician relies too much on a fallible AI program and makes a critical
error? Finally, some researchers have suggested that incorporating Al into the bosom of the medical culture
may have unintended consequences. One study of simulated tumor resection allowed a group of
neurosurgical residents to be trained in conjunction with an Al-enhanced curriculum that was meant to
reinforce specific Al-selected technical competencies. True to form, the trainees in this Al-guided arm did
much better on the four competencies than the trainees in the control that had trained without any
highlighting of benchmarks. However, a global evaluation also indicated that other metrics showed
significant decrements in operative performance among members of the Al group, including deficiencies in
the amount of tumor resected [105]. These results should remind us that not everything associated with Al is
a de facto positive outcome. Scientists and educators must remain sufficiently skeptical, wary of
confirmation biases, and prepared to perform the requisite studies to ensure ill and positive effects are
pursued with equal zeal and objectivity.

Al and Hallucinations
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Artificial intelligence bots can be plagued with malfunctions known as hallucinations. The term
hallucination describes an occurrence where an Al system generates an anomalous answer or result that is
disconnected or unrelated to the expected operation of the bot. The result may appear immediately to be
false. Exactly how hallucinations are generated is largely hypothetical. It may be the result of a
misinterpretation of the data or an exaggerated extraction from the data. Other causes of hallucinations
include contextual error, overly generalized conclusions, and errant feedback loops [106]. But these
hallucinations can be substantive: seeing nonexistent objects in images, making inaccurate and false
statements, or drawing wild, speculative conclusions. The unexpected appearance of these kinds of aberrant
behaviors is unsettling in the context of medical applications of AI [107].

Al and Its Ethical and Legal Ramifications

While it is hoped that AI will increase the safety and availability of healthcare, it is paradoxically recognized
that it poses significant challenges and threats to the ethical and legal guardrails surrounding the practice of
healthcare and the protection of students within its educational and training programs. In part, this threat
stems from the staggering amount of data that fuels the engine of ML. This creates an uneasy equilibrium
between the desire to have access to vast databases, on the one hand, and the constant requirement to
ensure that records have been rendered adequately anonymized and sanitized, on the other. In a position
paper on Al and data privacy, experts drawn from across Europe concluded, “The development and
implementation of Al for healthcare comes with trade-offs: striving for all-embracing data privacy has
proven incompatible with the desire to realize the full potential of Al for medical problem-solving purposes”
[108]. These threats are all the more urgent because the adoption of Al is far outpacing early efforts to create
robust ethical and legal guidelines to govern its use. In addition, the scale of Al's applicability is so broad
that it is unlikely one set of principles can cover everything. A second factor arises when we consider that
bias can lurk in every database. These biases may over-represent the needs and issues of one segment of
society while underperforming for and discriminating against another [109]. While consent and privacy are
two of the most important principles governing the ethical delivery of healthcare and the conduct of its
practitioners, Al operates in such a way as to challenge those tenets in two fundamental ways. The first is
that ML operates largely on the premise that it can make decisions and exercise its own assessment without
being specially programmed for any particular or exclusive application. The second factor stems from the
fact that human beings can only penetrate so far and so deeply into the mechanisms whereby Al processes
data [110]. Indeed, a black box truly lies at the heart of Al, and there have already been instances where Al
bots have written their machine code that was indecipherable to their human creators [111]. Another ethical
consideration is the issue of informed consent: does a doctor have the right to evaluate a patient’s data by
employing Al without first informing the patient [112]? There has also been concern expressed about how Al
might affect the bond of trust between healthcare providers and their students, trainees, and students who
may see over-reliance on technology as a cause for losing confidence [113].

AI and Proximate Causality

The notion of using an Al platform that processes, analyzes, evaluates, and, in some cases, acts on the very
support systems that affect our patients begs the issue of who (or what) is responsible for the consequences
of actions impacted by Al. Obviously, the ultimate decision to pursue a particular treatment plan rests with
the physician and not ML. The lack of transparency in the bot’s algorithms means part of its decision-
making processes is a true 'black box' [114]. We should remind ourselves that bots don't go to jail; humans
do. The decisions about the well-being of human beings rest with human beings. Legal scholars and experts
in tort law have voiced concern that while Al may, in fact, streamline many liability concerns, it may also
produce a new array of experts to evaluate the impact of integrative Al in the care of an individual patient
[115]. Many experts believe that mistakes are inevitable and that, while the use of Al may help reduce errors,
it may also permit large increases in volume and, thus, greater denominators for assessing risks. This is
particularly important in fields like radiology and pathology, where computerized image evaluation with Al
can increase the throughput speed for studies by tenfold or more [116].

Al and Inadvertent Data Exposure

The possibility of causing harm with Al is significant when considering that GLLMMs, by their very nature,
can access extensive and disparate data sources, making protecting an individual far more worrisome
because there are many avenues by which information can be obtained and routes whereby it may be
exchanged, distributed, or stored. The sources for the leakage of identifiable information through the
handling of databases by Al are myriad [117]. The volume and sources of data can be difficult to track. In
addition, the thoroughness of procedures used to sanitize healthcare records can be quite variable, if not
undependable [118]. Since the stored data may be part of a broader learning process for training the bot,
there would be an opportunity for the Al agent to reflect its knowledge of the database in its responses. All
data that is sent to open Al sources should be treated as if it could be potentially exposed to the internet.

There is an urgent need to develop sufficiently solid and broad ethical and legal guidelines or guardrails to
facilitate the application of AI technologies while still protecting the privacy of patients under the provisions
of the Health Insurance Portability and Accountability Act (HIPPA) and safeguarding the rights of students
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and trainees under the standards of the Family Educational Rights and Privacy Act (FERPA) [119].

Al literacy and the future

There is a majority consensus among faculty and medical students that they wish to become fluent in Al,
especially regarding education and patient care [120]. Simulation takes on added importance as it offers
students and faculty opportunities to appreciate the principles behind Al and try its many applications on
simulated patients.

The application of Al to medical simulation will bring several direct advantages to the simulation itself.
Artificial intelligence will permit more personalized and adaptive learning and offer much greater
opportunities to tailor task training to the curricular needs and the individual student's experience. Future
medical simulations will leverage Al to create hyper-personalized learning experiences, adapting to a
trainee's performance, learning style, and career focus in real-time [121]. Artificial intelligence will enable
simulations to reach new levels of realism and interactivity, with virtual patients exhibiting complex, lifelike
symptoms and responses [122]. These Al-driven avatars could react dynamically to treatments, providing
immediate and realistic feedback. Such advancements will bridge the gap between simulation and real-life
clinical encounters, greatly enhancing preparedness for actual patient interactions. The GLLMMs will allow
advanced interactivity between multi-sensory modalities such as visual, audio, and haptic. There will be
increased ease in synthesizing everything from patients and organs to disease states and radiographic
studies.

Medical simulation is heavily invested in scenario-based training, as individuals and teams use
computerized mannequins (CMs) or SPs. To some extent, these two scenario-based modalities represent two
sides of the same coin: trying to provide a physically evocative semblance of a patient. However, very
quickly, these two methodologies will converge for a host of reasons. First, Al allows CMs to be more lifelike
and fluidly conversant when queried by scenario participants. Secondly, Al will give mannikins a voice,
allowing for high-quality animatronic reactivity in limb movement and facial expression [123]. Several
virtual patient platforms are trying to add the dimension of haptic feedback, i.e., palpation, to the IVR
experience [124]. Alternatively, mixed reality could combine realistically constructed tissues and surgical
instrumentation co-registered and embedded in an IVR. Standardized patients require extensive training
and redundancy to meet the needs of a busy simulation program. Some programs have rosters of SPs
numbering in the hundreds. It is anticipated that, shortly, the OSCE will be supplanted by a virtual version of
it [125]. Artificial intelligence-driven simulations will become more accessible and affordable worldwide,
breaking down geographical and financial barriers in medical education. High-quality training could be
delivered remotely via cloud-based platforms, making advanced medical education accessible even in
resource-limited settings. This democratization of medical training could lead to a more even distribution of
healthcare expertise around the world. Future medical simulations will integrate predictive healthcare
models, allowing HCPs to simulate and prepare for potential epidemics or patient-specific outcomes.
Artificial intelligence could analyze vast amounts of healthcare data to predict trends and simulate future
scenarios, such as the outbreak of a new infectious disease, thereby aiding in proactive healthcare planning
and response.

Conclusions

Artificial intelligence will not put trained physicians out of business, but it will change how they do business.
Trained physicians are here to stay, but not necessarily in their current numbers in all specialties. Some will
be more pressured by Al than others, and in that regard, Al may begin to affect the career choices our
students and trainees will make in the coming years. Artificial intelligence will continue to be a disruptive
agent in healthcare education. It will represent curricular challenges and demand reconfiguration of many of
our educational objectives. It will demand designing, developing, testing, and implementing AI-compatible
simulations that can take advantage of the enhanced functionality that AI can bestow on medical education
and training. It will make formative simulation more accessible, customizable, realistic, invasive, and
pervasive than any educational technology we have ever seen. Finally, there is guarded recognition that Al
may also represent an existential threat to humanity itself. As of yet, there are no national standards to
regulate the development or propagation of Al, nor are there specific government agencies that are
presently positioned to guide as to how we effectively regulate a technology primed to dominate the health
and well-being of our citizenry. Preparing ourselves adequately for the challenges of Al now represents the
highest priority for the entire ecosystem of healthcare education.

Additional Information
Author Contributions

All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design: Allan Hamilton

Acquisition, analysis, or interpretation of data: Allan Hamilton

2024 Hamilton et al. Cureus 16(5): €59747. DOI 10.7759/cureus.59747 12 of 17


javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

Cureus

Part of SPRINGER NATURE

Drafting of the manuscript: Allan Hamilton

Critical review of the manuscript for important intellectual content: Allan Hamilton

Disclosures

Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Intellectual property info: The Artificially Intelligent Medical
History Evaluation Instrument (AIMHEI) evaluates 16 social aspects of speech during a medical interview.
Excerpts from the transcript are analyzed by the Al medical evaluation tool, which then provides suggestions
for improving performance in these areas. This tool is under a provisional patent and is owned by the
University of Arizona. Other relationships: All authors have declared that there are no other relationships
or activities that could appear to have influenced the submitted work.

References

1. Samarasekera DD, Goh PS, Lee SS, Gwee MC: The clarion call for a third wave in medical education to
optimise healthcare in the twenty-first century. Med Teach. 2018, 40:982-985.
10.1080/0142159X.2018.1500973

2. Wartman SA, Combs CD: Medical education must move from the information age to the age of artificial
intelligence. Acad Med. 2018, 93:1107-1109. 10.1097/ACM.0000000000002044

3. Cooper A, Rodman A: Al and medical education — a 21st-century Pandora’s box . N Engl ] Med. 2023,
389:385-387. 10.1056/NEJMp2304993

4. Mehta S, Vieira D, Quintero S, et al.: Redefining medical education by boosting curriculum with artificial
intelligence knowledge. ] Cardiol Curr Res. 2020, 13:124-129. 10.15406/]CCR.2020.13.00490

5. WangF, Preininger A: Al in health: state of the art, challenges, and future directions . Yearb Med Inform.
2019, 28:16-26. 10.1055/5-0039-1677908

6. Muthukrishnan N, Maleki F, Ovens K, Reinhold C, Forghani B, Forghani R: Brief history of artificial
intelligence. Neuroimaging Clin N Am. 2020, 30:393-399. 10.1016/j.nic.2020.07.004

7. Toh TS, Dondelinger F, Wang D: Looking beyond the hype: applied Al and machine learning in translational
medicine. EBioMedicine. 2019, 47:607-615. 10.1016/j.ebiom.2019.08.027

8. SahaS, GanZ, Cheng L, et al.: Hierarchical deep learning neural network (HiDeNN): an artificial intelligence
(AI) framework for computational science and engineering. Computer Methods. 2021, 373:113452.
10.1016/j.cma.2020.113452

9. Vaswani A, Shazeer N, Parmar N, et al.: Attention is all you need. Arxiv. 2017, 1-15.
10.48550/arXiv.1706.03762

10. WangH, Liu Z, Ai T: Long-range dependencies learning based on non-local 1D-convolutional neural
network for rolling bearing fault diagnosis. ] Dyn Monit Diagn. 2022, 1:148-159. 10.37965/jdmd.2022.53

11.  Prather ], Denny P, Leinonen J, et al.: Transformed by transformers: navigating the AI coding revolution for
computing education: an ITiCSE working group conducted by humans. Proceedings of the 2023 Conference
on Innovation and Technology in Computer Science Education V. 2. Association for Computing Machinery,
New York; 2023. 561-562. 10.1145/3587103.3594206

12.  WangX, Chen G, Qian G, et al.: Large-scale multi-modal pre-trained models: a comprehensive survey . Arxiv.
2023, 20:447-482. 10.48550/arXiv.2302.10035

13.  Moon JH, Lee H, Shin W, et al.: Multi-modal understanding and generation for medical images and text via
vision-language pre-training. IEEE ] Biomed Health Inform. 2022, 26:6070-6080. 10.48550/arXiv.2105.11333

14.  Cooley T, Oswald I, Oxford MA, et al.: Operationalizing artificial intelligence in simulation-based training.
2021 Interservice/Industry Training, Simulation, and Education Conference (I/ITSEC). 2021. 1-10.

15.  Hou M, Fidopiastis C: A generic framework of intelligent adaptive learning systems: from learning
effectiveness to training transfer. Theor Issues Ergon Sci. 2017, 18:167-183.
10.1080/1463922X.2016.1166405

16. ElMiedany Y, El Miedany Y: E-learning, adaptive learning and mobile learning . Rheumatology teaching:
The art and science of medical education. Springer, Cham, New York; 2019. 235-258. 10.1007/978-3-319-
98213-7_13

17. Tamblyn RM, Klass DK, Schnabl GK, et al.: Factors associated with the accuracy of standardized patient
presentation. Academic Medicine. 1990, 65:55-56.

18.  Williams RG: Have standardized patient examinations stood the test of time and experience?. Teach Learn
Med. 2004, 16:215-222. 10.1207/s15328015tlm1602_16

19. BergK, Blatt B, Lopreiato J, et al.: Standardized patient assessment of medical student empathy: ethnicity
and gender effects in a multi-institutional study. Acad Med. 2015, 90:105-111.
10.1097/ACM.0000000000000529

20. Gillette C, Stanton RB, Rockich-Winston N, Rudolph M, Anderson HG Jr: Cost-effectiveness of using
standardized patients to assess student-pharmacist communication skills. Am ] Pharm Educ. 2017, 81:6120.
10.5688/ajpe6120

21. HasleJL, Anderson DS, Szerlip HM: Analysis of the costs and benefits of using standardized patients to help
teach physical diagnosis. ] Assoc Am Med Coll. 1994, 69:567-570.

22.  Gorter S, Rethans J], Scherpbier A, et al.: Developing case-specific checklists for standardized-patient-based
assessments in internal medicine: a review of the literature. Acad Med. 2000, 75:1130-1137.

23.  Smith SR: Correlations between graduates’ performances as first-year residents and their performances as
medical students. Acad Med. 1993, 68:633-634.

2024 Hamilton et al. Cureus 16(5): €59747. DOI 10.7759/cureus.59747 13 0f 17


https://dx.doi.org/10.1080/0142159X.2018.1500973
https://dx.doi.org/10.1080/0142159X.2018.1500973
https://dx.doi.org/10.1097/ACM.0000000000002044
https://dx.doi.org/10.1097/ACM.0000000000002044
https://dx.doi.org/10.1056/NEJMp2304993
https://dx.doi.org/10.1056/NEJMp2304993
https://dx.doi.org/10.15406/JCCR.2020.13.00490
https://dx.doi.org/10.15406/JCCR.2020.13.00490
https://dx.doi.org/10.1055/s-0039-1677908
https://dx.doi.org/10.1055/s-0039-1677908
https://dx.doi.org/10.1016/j.nic.2020.07.004
https://dx.doi.org/10.1016/j.nic.2020.07.004
https://dx.doi.org/10.1016/j.ebiom.2019.08.027
https://dx.doi.org/10.1016/j.ebiom.2019.08.027
https://dx.doi.org/10.1016/j.cma.2020.113452
https://dx.doi.org/10.1016/j.cma.2020.113452
https://dx.doi.org/10.48550/arXiv.1706.03762
https://dx.doi.org/10.48550/arXiv.1706.03762
https://dx.doi.org/10.37965/jdmd.2022.53
https://dx.doi.org/10.37965/jdmd.2022.53
https://dx.doi.org/10.1145/3587103.3594206
https://dx.doi.org/10.1145/3587103.3594206
https://dx.doi.org/10.48550/arXiv.2302.10035
https://dx.doi.org/10.48550/arXiv.2302.10035
https://dx.doi.org/10.48550/arXiv.2105.11333
https://dx.doi.org/10.48550/arXiv.2105.11333
https://www.researchgate.net/profile/Tim-Cooley/publication/356773653_Operationalizing_Artificial_Intelligence_in_Simulation_Based_Training_Operationalizing_Artificial_Intelligence_in_Simulation_Based_Training/links/61aac84950e22929cd452038/Operationalizing-Artificial-Intelligence-in-Simulation-Based-Training-Operationalizing-Artificial-Intelligence-in-Simulation-Based-Training.pdf
https://dx.doi.org/10.1080/1463922X.2016.1166405
https://dx.doi.org/10.1080/1463922X.2016.1166405
https://dx.doi.org/10.1007/978-3-319-98213-7_13
https://dx.doi.org/10.1007/978-3-319-98213-7_13
https://journals.lww.com/academicmedicine/abstract/1990/09000/Factors_associated_with_the_accuracy_of.42.aspx
https://dx.doi.org/10.1207/s15328015tlm1602_16
https://dx.doi.org/10.1207/s15328015tlm1602_16
https://dx.doi.org/10.1097/ACM.0000000000000529
https://dx.doi.org/10.1097/ACM.0000000000000529
https://dx.doi.org/10.5688/ajpe6120
https://dx.doi.org/10.5688/ajpe6120
https://journals.lww.com/academicmedicine/abstract/1994/07000/analysis_of_the_costs_and_benefits_of_using.13.aspx
https://journals.lww.com/academicmedicine/fulltext/2000/11000/developing_case_specific_checklists_for.22.aspx
https://journals.lww.com/academicmedicine/abstract/1993/08000/correlations_between_graduates__performances_as.14.aspx

Cureus

Part of SPRINGER NATURE

24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Talbot TB, Sagae K, John B, et al.: Sorting out the virtual patient: how to exploit artificial intelligence, game
technology and sound educational practices to create engaging role-playing simulations. Int ] Gaming
Comput Mediat Simul. 2012, 10.4018/jgcms.2012070101

Hauze SW, Hoyt HH, Frazee JP, Greiner PA, Marshall JM: Enhancing nursing education through affordable
and realistic holographic mixed reality: the virtual standardized patient for clinical simulation. Adv Exp Med
Biol. 2019, 1120:1-13. 10.1007/978-3-030-06070-1_1

Bray L, Spencer S, Pearson E, et al.: Assessing the impact of immersion on learning in medical students: a
pilot study comparing two-dimensional and three-dimensional virtual simulation. Simul Gaming. 2023,
54:576-592. 10.1177/10468781231189287

Cendan J, Lok B: The use of virtual patients in medical school curricula . Adv Physiol Educ. 2012, 36:48-53.
10.1152/advan.00054.2011

Talbot TB, Sagae K, John B, et al.: Sorting out the virtual patient. Int ] Gaming Comput Mediat Simul. 2012,
4:1-19.

Rodgers DL, Needler M, Robinson A, et al.: Artificial intelligence and the simulationists. Simul Healthc.
2023, 18:395-399. 10.1097/SIH.0000000000000747

Saleh N: The value of virtual patients in medical education . Ann Behav Sci Med Educ. 2010, 16:29-31.
Kleinsmith A, Rivera-Gutierrez D, Finney G, Cendan J, Lok B: Understanding empathy training with virtual
patients. Comput Human Behav. 2015, 52:151-158. 10.1016/j.chb.2015.05.033

Foster A, Chaudhary N, Kim T, et al.: Using virtual patients to teach empathy: a randomized controlled
study to enhance medical students’ empathic communication. Simul Healthc. 2016, 11:181-189.
10.1097/SIH.0000000000000142

Liew Y, Beveridge E, Demetriades AK, Hughes MA: 3D printing of patient-specific anatomy: a tool to
improve patient consent and enhance imaging interpretation by trainees. Br ] Neurosurg. 2015, 29:712-714.
10.3109/02688697.2015.1026799

Maicher K, Danforth D, Price A, et al.: Developing a conversational virtual standardized patient to enable
students to practice history-taking skills. Simul Healthc. 2017, 12:124-131. 10.1097/SIH.0000000000000195
Fors UG, Muntean V, Botezatu M, Zary N: Cross-cultural use and development of virtual patients . Med
Teach. 2009, 31:732-738. 10.1080/01421590903124724

Bohannon J: Artificial intelligence. The synthetic therapist. Science. 2015, 349:250-251.
10.1126/science.349.6245.250

Rizzo A, Scherer S, DeVault D, et al.: Detection and computational analysis of psychological signals using a
virtual human interviewing agent. | Pain Manag. 2016, 9:311-321.

Chen C: Virtual patients vs. standardized patients in medical education — from the perspectives of clinical
teachers. ] Med Educ. 2022, 10:6145. 10.6145/jme.202212 26(4).0004

Bond WF, Mischler MJ, Lynch TJ, Ebert-Allen RA, Mou KM, Aiyer M, Park YS: The use of virtual standardized
patients for practice in high-value care. Simul Healthc. 2023, 18:147-154. 10.1097/SIH.0000000000000659
Zeng M, Cai Y, CaoJ, et al.: The agreement between virtual patient and unannounced standardized patient
assessments in evaluating primary health care quality: multicenter, cross-sectional pilot study in 7
provinces of China. ] Med Internet Res. 2022, 24:e40082. 10.2196/40082

Kim J, Merrill K, Xu K, et al.: My teacher is a machine: understanding students’ perceptions of Al teaching
assistants in online education. Int ] Hum Comput Interact. 2020, 36:1902-1911.
10.1080/10447318.2020.1801227

Han ER, Yeo S, Kim MJ, Lee YH, Park KH, Roh H: Medical education trends for future physicians in the era of
advanced technology and artificial intelligence: an integrative review. BMC Med Educ. 2019, 19:460.
10.1186/s12909-019-1891-5

Chua WL, Ooi SL, Chan GW, Lau TC, Liaw SY: The effect of a sepsis interprofessional education using virtual
patient telesimulation on sepsis team care in clinical practice: mixed methods study. ] Med Internet Res.
2022, 24:e35058. 10.2196/35058

Liaw SY, Tan JZ, Bin Rusli KD, et al.: Artificial intelligence versus human-controlled doctor in virtual reality
simulation for sepsis team training: randomized controlled study. ] Med Internet Res. 2023, 25:e47748.
10.2196/47748

Khandait S, Choukhe R, Sharma R, Madale G, Turkar H, Fulzele ], Chawke R: AI mentor: using conversations
with the ChatGPT Android app. Int Res ] Modern Eng Technol Sci. 2023, 5:1208-1210.
10.56726/IRJMETS47313

Cumming G, Self JA: Learner modelling in collaborative intelligent educational systems . Teaching
knowledge and intelligent tutoring. 1991, 85:104.

Shah A, Abuelsaad T, Ahn JW, et al.: Content customization for microlearning using human-augmented Al
techniques. Proceedings of the Fourteenth Workshop on Innovative Use of NLP for Building Educational
Applications. Association for Computational Linguistics, Florence; 2019. 326-335. 10.18653/v1/W19-4434
Bagai R, Mane V: Designing an AI-powered mentorship platform for professional development:
opportunities and challenges. Int ] Comput Trends Technol. 2023, 71:108-114. 10.14445/22312803/1JCTT-
V7114P114

Neumann AT, de Lange P, Klamma R, et al.: Intelligent mentoring bots in learning management systems:
concepts, realizations and evaluations.. Learning Technologies and Systems. Springer, Cham, New York;
2020. 12511:3-14. 10.1007/978-3-030-66906-5_1

Neumann AT, Arndt T, K6bis L, et al.: Chatbots as a tool to scale mentoring processes: individually
supporting self-study in higher education. Front Artif Intell. 2021, 4: 10.3389/frai.2021.668220

Lomis K, Jeffries P, Palatta A, Sage M, Sheikh ], Sheperis C, Whelan A: Artificial intelligence for health
professions educators. NAM Perspect. 2021, 10.31478/202109a

Sharma P, Thapa K, Dhaka P, et al.: Performance of ChatGPT on USMLE: unlocking the potential of large
language models for ai-assisted medical education. Arxiv. 2023, 1-12. 10.48550/arXiv.2307.00112

Ghorashi N, Ismail A, Ghosh P, Sidawy A, Javan R: Al-powered chatbots in medical education: potential
applications and implications. Cureus. 2023, 15:e43271. 10.7759/cureus.43271

Ahuja AS, Polascik BW, Doddapaneni D, Byrnes ES, Sridhar J: The digital metaverse: applications in

2024 Hamilton et al. Cureus 16(5): €59747. DOI 10.7759/cureus.59747

14 of 17


https://dx.doi.org/10.4018/jgcms.2012070101
https://dx.doi.org/10.4018/jgcms.2012070101
https://dx.doi.org/10.1007/978-3-030-06070-1_1
https://dx.doi.org/10.1007/978-3-030-06070-1_1
https://dx.doi.org/10.1177/10468781231189287
https://dx.doi.org/10.1177/10468781231189287
https://dx.doi.org/10.1152/advan.00054.2011
https://dx.doi.org/10.1152/advan.00054.2011
https://www.igi-global.com/gateway/article/74790
https://dx.doi.org/10.1097/SIH.0000000000000747
https://dx.doi.org/10.1097/SIH.0000000000000747
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=50e5ef604cde70fb3eeaee0b263ff5969ba4280c
https://dx.doi.org/10.1016/j.chb.2015.05.033
https://dx.doi.org/10.1016/j.chb.2015.05.033
https://dx.doi.org/10.1097/SIH.0000000000000142
https://dx.doi.org/10.1097/SIH.0000000000000142
https://dx.doi.org/10.3109/02688697.2015.1026799
https://dx.doi.org/10.3109/02688697.2015.1026799
https://dx.doi.org/10.1097/SIH.0000000000000195
https://dx.doi.org/10.1097/SIH.0000000000000195
https://dx.doi.org/10.1080/01421590903124724
https://dx.doi.org/10.1080/01421590903124724
https://dx.doi.org/10.1126/science.349.6245.250
https://dx.doi.org/10.1126/science.349.6245.250
http://deadnet.se:8080/ict.usc.edu/pubs/Detection and Computational Analysis of Psychological Signals Using a Virtual Human Interviewing Agent.pdf
https://dx.doi.org/10.6145/jme.202212_26(4).0004
https://dx.doi.org/10.6145/jme.202212_26(4).0004
https://dx.doi.org/10.1097/SIH.0000000000000659
https://dx.doi.org/10.1097/SIH.0000000000000659
https://dx.doi.org/10.2196/40082
https://dx.doi.org/10.2196/40082
https://dx.doi.org/10.1080/10447318.2020.1801227
https://dx.doi.org/10.1080/10447318.2020.1801227
https://dx.doi.org/10.1186/s12909-019-1891-5
https://dx.doi.org/10.1186/s12909-019-1891-5
https://dx.doi.org/10.2196/35058
https://dx.doi.org/10.2196/35058
https://dx.doi.org/10.2196/47748
https://dx.doi.org/10.2196/47748
https://dx.doi.org/10.56726/IRJMETS47313
https://dx.doi.org/10.56726/IRJMETS47313
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=acd0f77e663aa9c1369b564afae40b7feceb833c
https://dx.doi.org/10.18653/v1/W19-4434
https://dx.doi.org/10.18653/v1/W19-4434
https://dx.doi.org/10.14445/22312803/IJCTT-V71I4P114
https://dx.doi.org/10.14445/22312803/IJCTT-V71I4P114
https://dx.doi.org/10.1007/978-3-030-66906-5_1
https://dx.doi.org/10.1007/978-3-030-66906-5_1
https://dx.doi.org/10.3389/frai.2021.668220   
https://dx.doi.org/10.3389/frai.2021.668220   
https://dx.doi.org/10.31478/202109a
https://dx.doi.org/10.31478/202109a
https://dx.doi.org/10.48550/arXiv.2307.00112
https://dx.doi.org/10.48550/arXiv.2307.00112
https://dx.doi.org/10.7759/cureus.43271
https://dx.doi.org/10.7759/cureus.43271
https://dx.doi.org/10.1016/j.imr.2022.100917

Cureus

Part of SPRINGER NATURE

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

artificial intelligence, medical education, and Integrative Health. Integr Med Res. 2023, 12:100917.
10.1016/j.imr.2022.100917

Cascella M, Cascella A, Monaco F, Shariff MN: Envisioning gamification in anesthesia, pain management,
and critical care: basic principles, integration of artificial intelligence, and simulation strategies. ] Anesth
Analg Crit Care. 2023, 3:33. 10.1186/544158-023-00118-2

Pitt MB, Borman-Shoap EC, Eppich W]: Twelve tips for maximizing the effectiveness of game-based
learning. Med Teach. 2015, 37:1013-1017. 10.3109/0142159X.2015.1020289

Tolks D, Schmidt JJ, Kuhn S: The role of Al in serious games and gamification for health: scoping review .
JMIR Serious Games. 2024, 12:e48258. 10.2196/48258

Kollins SH, DeLoss DJ, Canadas E, et al.: A novel digital intervention for actively reducing severity of
paediatric ADHD (STARS-ADHD): a randomised controlled trial. Lancet Digit Health. 2020, 2:168-178.
10.1016/S2589-7500(20)30017-0

Kato PM, Cole SW, Bradlyn AS, Pollock BH: A video game improves behavioral outcomes in adolescents and
young adults with cancer: a randomized trial. Pediatrics. 2008, 122:€305-e317. 10.1542/peds.2007-3134
Kristoffersen MB, Franzke AW, Bongers RM, Wand M, Murgia A, van der Sluis CK: User training for machine
learning controlled upper limb prostheses: a serious game approach. ] Neuroeng Rehabil. 2021, 18:32.
10.1186/512984-021-00831-5

Nasri N, Orts-Escolano S, Cazorla M: An sEMG-controlled 3D game for rehabilitation therapies: real-time
time hand gesture recognition using deep learning techniques. Sensors (Basel). 2020, 20:6451.
10.3390/520226451

Valladares-Rodriguez S, Ferndndez-Iglesias MJ, Anido-Rif6n L, Facal D, Rivas-Costa C, Pérez-Rodriguez R:
Touchscreen games to detect cognitive impairment in senior adults. A user-interaction pilot study . Int ] Med
Inform. 2019, 127:52-62. 10.1016/j.ijmedinf.2019.04.012

Gibiino G, Capogna E, Velardo M, et al.: Improving learning by playing with an app: the FantaTraining®
experience with anesthesia trainees. MedEdPublish. 2016, 2022:38. 10.12688/mep.19148

Lobo V, Stromberg AQ, Rosston P: The sound games: Introducing gamification into Stanford’s orientation
on emergency ultrasound. Cureus. 2017, 9:€1699. 10.7759/cureus.1699

Szeto MD, Strock D, Anderson J, et al.: Gamification and game-based strategies for dermatology education:
narrative review. JMIR Dermatol. 2021, 4:30325. 10.2196/30325

Sitterding MC, Raab DL, Saupe JL, et al.: Using artificial intelligence and gaming to improve new nurse
transition. Nurse Leader. 2019, 17:125-130. 10.1016/j.mnl.2018.12.013

Sadeghi AH, Peek JJ, Max SA, et al.: Virtual reality simulation training for cardiopulmonary resuscitation
after cardiac surgery: face and content validity study. JMIR Serious Games. 2022, 10:e30456. 10.2196/30456
Nacke LE, Deterding CS: The maturing of gamification research. Comput Hum Behav. 2017, 71:450-454.
10.1016/j.chb.2016.11.062

Jiang Y, Yin S, Li K, Luo H, Kaynak O: Industrial applications of digital twins. Philos Trans A Math Phys Eng
Sci. 2021, 379:20200360. 10.1098/rsta.2020.0360

Wu C, Lorenzo G, Hormuth DA 2nd, et al.: Integrating mechanism-based modeling with biomedical imaging
to build practical digital twins for clinical oncology. Biophys Rev (Melville). 2022, 3:021304.
10.1063/5.0086789

King HB, Battles ], Baker DP, et al.: TeamSTEPPS: team strategies and tools to enhance performance and
patient safety. Advances in Patient Safety: New Directions and Alternative Approaches. Henriksen K, Battles
], Keyes MA, et al. (ed): Agency for Healthcare Research and Quality, Rockville; 2008. 3:

Butow P, Hoque E: Using artificial intelligence to analyse and teach communication in healthcare . Breast.
2020, 50:49-55. 10.1016/j.breast.2020.01.008

Kerstein R: Ready surgeon one. Bull R Coll Surg Engl. 2021, 103:160-161. 10.1308/rcsbull.2021.63

Merritt C, Glisson M, Dewan M, Klein M, Zackoff M: Implementation and evaluation of an artificial
intelligence-driven simulation to improve resident communication with primary care providers. Acad
Pediatr. 2022, 22:503-505. 10.1016/j.acap.2021.12.013

Ledwos N, Mirchi N, Yilmaz R, et al.: Assessment of learning curves on a simulated neurosurgical task using
metrics selected by artificial intelligence. ] Neurosurg. 2022, 1-12. 10.3171/2021.12.JNS211563

Fazlollahi AM, Bakhaidar M, Alsayegh A, et al.: Effect of artificial intelligence tutoring vs expert instruction
on learning simulated surgical skills among medical students: a randomized clinical trial. JAMA Netw Open.
2022, 5:2149008. 10.1001/jamanetworkopen.2021.49008

McIntosh C, Macario A, Flanagan B, et al.: Simulation: what does it really cost?. Simul Healthc. 2006, 1:109.
10.1097/01266021-200600120-00041

Pottle J: Virtual reality and the transformation of medical education . Future Healthc J. 2019, 6:181-185.
10.7861/fhj.2019-0036

Park J], Tiefenbach ], Demetriades AK: The role of artificial intelligence in surgical simulation . Front Med
Technol. 2022, 4:1076755. 10.3389/fmedt.2022.1076755

Cevallos N, Zukotynski B, Greig D, Silva M, Thompson RM: The utility of virtual reality in orthopedic
surgical training. | Surg Educ. 2022, 79:1516-1525. 10.1016/j.jsurg.2022.06.007

Lohre R, Bois AJ, Pollock JW, Lapner P, McIlquham K, Athwal GS, Goel DP: Effectiveness of immersive
virtual reality on orthopedic surgical skills and knowledge acquisition among senior surgical residents: a
randomized clinical trial. JAMA Netw Open. 2020, 3:2031217. 10.1001/jamanetworkopen.2020.31217
Rogers MP, DeSantis AJ, Janjua H, Barry TM, Kuo PC: The future surgical training paradigm: virtual reality
and machine learning in surgical education. Surgery. 2021, 169:1250-1252. 10.1016/j.surg.2020.09.040
Mirchi N, Bissonnette V, Yilmaz R, Ledwos N, Winkler-Schwartz A, Del Maestro RF: The virtual operative
assistant: an explainable artificial intelligence tool for simulation-based training in surgery and medicine.
PLoS One. 2020, 15:e0229596. 10.1371/journal.pone.0229596

Bissonnette V, Mirchi N, Ledwos N, Alsidieri G, Winkler-Schwartz A, Del Maestro RF: Artificial intelligence
distinguishes surgical training levels in a virtual reality spinal task. ] Bone Joint Surg Am. 2019, 101:e127.
10.2106/]BJS.18.01197

Wong TT: Performance evaluation of classification algorithms by k-fold and leave-one-out cross validation .

2024 Hamilton et al. Cureus 16(5): €59747. DOI 10.7759/cureus.59747

150f 17


https://dx.doi.org/10.1016/j.imr.2022.100917
https://dx.doi.org/10.1186/s44158-023-00118-2
https://dx.doi.org/10.1186/s44158-023-00118-2
https://dx.doi.org/10.3109/0142159X.2015.1020289
https://dx.doi.org/10.3109/0142159X.2015.1020289
https://dx.doi.org/10.2196/48258
https://dx.doi.org/10.2196/48258
https://dx.doi.org/10.1016/S2589-7500(20)30017-0
https://dx.doi.org/10.1016/S2589-7500(20)30017-0
https://dx.doi.org/10.1542/peds.2007-3134
https://dx.doi.org/10.1542/peds.2007-3134
https://dx.doi.org/10.1186/s12984-021-00831-5
https://dx.doi.org/10.1186/s12984-021-00831-5
https://dx.doi.org/10.3390/s20226451
https://dx.doi.org/10.3390/s20226451
https://dx.doi.org/10.1016/j.ijmedinf.2019.04.012
https://dx.doi.org/10.1016/j.ijmedinf.2019.04.012
https://dx.doi.org/10.12688/mep.19148
https://dx.doi.org/10.12688/mep.19148
https://dx.doi.org/10.7759/cureus.1699
https://dx.doi.org/10.7759/cureus.1699
https://dx.doi.org/10.2196/30325
https://dx.doi.org/10.2196/30325
https://dx.doi.org/10.1016/j.mnl.2018.12.013
https://dx.doi.org/10.1016/j.mnl.2018.12.013
https://dx.doi.org/10.2196/30456
https://dx.doi.org/10.2196/30456
https://dx.doi.org/10.1016/j.chb.2016.11.062
https://dx.doi.org/10.1016/j.chb.2016.11.062
https://dx.doi.org/10.1098/rsta.2020.0360
https://dx.doi.org/10.1098/rsta.2020.0360
https://dx.doi.org/10.1063/5.0086789
https://dx.doi.org/10.1063/5.0086789
https://www.ncbi.nlm.nih.gov/books/NBK43686/
https://dx.doi.org/10.1016/j.breast.2020.01.008
https://dx.doi.org/10.1016/j.breast.2020.01.008
https://dx.doi.org/10.1308/rcsbull.2021.63
https://dx.doi.org/10.1308/rcsbull.2021.63
https://dx.doi.org/10.1016/j.acap.2021.12.013
https://dx.doi.org/10.1016/j.acap.2021.12.013
https://dx.doi.org/10.3171/2021.12.JNS211563
https://dx.doi.org/10.3171/2021.12.JNS211563
https://dx.doi.org/10.1001/jamanetworkopen.2021.49008
https://dx.doi.org/10.1001/jamanetworkopen.2021.49008
https://dx.doi.org/10.1097/01266021-200600120-00041
https://dx.doi.org/10.1097/01266021-200600120-00041
https://dx.doi.org/10.7861/fhj.2019-0036
https://dx.doi.org/10.7861/fhj.2019-0036
https://dx.doi.org/10.3389/fmedt.2022.1076755
https://dx.doi.org/10.3389/fmedt.2022.1076755
https://dx.doi.org/10.1016/j.jsurg.2022.06.007
https://dx.doi.org/10.1016/j.jsurg.2022.06.007
https://dx.doi.org/10.1001/jamanetworkopen.2020.31217
https://dx.doi.org/10.1001/jamanetworkopen.2020.31217
https://dx.doi.org/10.1016/j.surg.2020.09.040
https://dx.doi.org/10.1016/j.surg.2020.09.040
https://dx.doi.org/10.1371/journal.pone.0229596
https://dx.doi.org/10.1371/journal.pone.0229596
https://dx.doi.org/10.2106/JBJS.18.01197
https://dx.doi.org/10.2106/JBJS.18.01197
https://dx.doi.org/10.1016/j.patcog.2015.03.009

Cureus

Part of SPRINGER NATURE

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

112.

113.

114.

115.

116.

117.

118.

119.

Pattern Recognit. 2015, 48:2839-2846. 10.1016/j.patcog.2015.03.009

Goodman ED, Patel KK, Zhang Y, et al.: A real-time spatiotemporal Al model analyzes skill in open surgical
videos. Arxiv. 2021, 10.48550/arXiv.2112.07219

Saeidi H, Opfermann JD, Kam M, et al.: Autonomous robotic laparoscopic surgery for intestinal
anastomosis. Sci Robot. 2022, 7:eabj2908. 10.1126/scirobotics.abj2908

Caliskan SA, Demir K, Karaca O: Artificial intelligence in medical education curriculum: An e-Delphi study
for competencies. PLoS One. 2022, 17:€0271872. 10.1371/journal.pone.0271872

Langley P: An integrative framework for artificial intelligence education . Proc AAAI Conf Artif Intell. 2019,
1:9670-9677. 10.1609/aaai.v33i01.33019670

Sapci AH, Sapci HA: Artificial intelligence education and tools for medical and health informatics students:
systematic review. JMIR Med Educ. 2020, 6:€19285. 10.2196/19285

Grunhut ], Marques O, Wyatt AT: Needs, challenges, and applications of artificial intelligence in medical
education curriculum. JMIR Med Educ. 2022, 8:e35587. 10.2196/35587

Mir MM, Mir GM, Raina NT, et al.: Application of artificial intelligence in medical education: current
scenario and future perspectives. ] Adv Med Educ Prof. 2023, 11:133-140. 10.30476/]AMP.2023.98655.1803
George AS: Preparing students for an Al-driven world: Rethinking curriculum and pedagogy in the age of
artificial intelligence. Partners Univ Innov Res Pub. 2023, 1:112-136. 10.5281/zenodo.10245675

Berendt B, Littlejohn A, Blakemore M: Al in education: learner choice and fundamental rights . Learn Media
Technol. 2020, 45:312-324. 10.1080/17439884.2020.1786399

Ahmad SF, Alam MM, Rahmat MK, et al.: Academic and administrative role of artificial intelligence in
education. Sustainability. 2022, 14:1101. 10.3390/su14031101

Chaudhry B, Wang ], Wu S, et al.: Systematic review: impact of health information technology on quality,
efficiency, and costs of medical care. Ann Intern Med. 2006, 144:742-752. 10.7326/0003-4819-144-10-
200605160-00125

Alam A: Employing adaptive learning and intelligent tutoring robots for virtual classrooms and smart
campuses: reforming education in the age of artificial intelligence. Advanced computing and intelligent
technologies. 2022, 914:395-406. 10.1007/978-981-19-2980-9_32

Dillon P, Moriarty H, Lipschik G: Using simulation with interprofessional team training to improve
RRT/code performance. ] Interprof Educ Pract. 2018, 11:67-72. 10.1016/j.xjep.2018.01.002

Wheeler DS, Geis G, Mack EH, LeMaster T, Patterson MD: High-reliability emergency response teams in the
hospital: improving quality and safety using in situ simulation training. BMJ Qual Saf. 2013, 22:507-514.
10.1136/bmjgs-2012-000931

Winterbottom FA, Webre H: Rapid response system restructure: focus on prevention and early intervention .
Crit Care Nurs Q. 2021, 44:424-430. 10.1097/CNQ.0000000000000379

Cheng CT, Chen CC, Fu CY, et al.: Artificial intelligence-based education assists medical students'
interpretation of hip fracture. Insights Imaging. 2020, 11:119. 10.1186/s13244-020-00932-0

Carlson J, Abel M, Bridges D, Tomkowiak J: The impact of a diagnostic reminder system on student clinical
reasoning during simulated case studies. Simul Healthc. 2011, 6:11-17. 10.1097/SIH.0b013e3181f24acd
Naik N, Hameed BM, Shetty DK, et al.: Legal and ethical consideration in artificial intelligence in
healthcare: who takes responsibility?. Front Surg. 2022, 9:862322. 10.3389/fsurg.2022.86232.2

Wood EA, Ange BL, Miller DD: Are we ready to integrate artificial intelligence literacy into medical school
curriculum: students and faculty survey. ] Med Educ Curric Dev. 2021, 8: 10.1177/23821205211024078
Fazlollahi AM, Yilmaz R, Winkler-Schwartz A, et al.: Al in surgical curriculum design and unintended
outcomes for technical competencies in simulation training. JAMA Netw Open. 2023, 6:€2334658.
10.1001/jamanetworkopen.2023.34658

Athaluri SA, Manthena SV, Kesapragada VS, Yarlagadda V, Dave T, Duddumpudi RT: Exploring the
boundaries of reality: investigating the phenomenon of artificial intelligence hallucination in scientific
writing through ChatGPT references. Cureus. 2023, 15:e37432. 10.7759/cureus.374532

Salvagno M, Taccone FS, Gerli AG: Artificial intelligence hallucinations. Crit Care. 2023, 27:180.
10.1186/513054-023-04473-y

Bak M, Madai VI, Fritzsche MC, Mayrhofer MT, McLennan S: You can’t have Al both ways: balancing health
data privacy and access fairly. Front Genet. 2022, 13:929453. 10.3389/fgene.2022.929453

Kalluri P: Don't ask if artificial intelligence is good or fair, ask how it shifts power . Nature. 2020, 583:169.
10.1038/d41586-020-02003-2

Rudolph J, Tan S, Tan S: War of the chatbots: Bard, Bing Chat, ChatGPT, Ernie and beyond. The new Al gold
rush and its impact on higher education. ] Appl Learn Teach. 2023, 6: 10.37074/jalt.2023.6.1.23

An Artificial Intelligence Developed Its Own Non-Human Language . (2017). Accessed: May 31, 2023:
https://www.theatlantic.com/technology/archive/2017/06/artificial-intelligence-develops-its-own-non-
human-language/53....

Gerke S, Minssen T, Cohen G: Ethical and legal challenges of artificial intelligence-driven healthcare . Artif
Intell Healthc. 2020, 295-336. 10.1016/B978-0-12-818438-7.00012-5

Quinn TP, Senadeera M, Jacobs S, Coghlan S, Le V: Trust and medical Al: the challenges we face and the
expertise needed to overcome them. ] Am Med Inform Assoc. 2021, 28:890-894. 10.1093/jamia/ocaa268
Maliha G, Gerke S, Cohen IG, Parikh RB: Artificial intelligence and liability in medicine: balancing safety and
innovation. Milbank Q. 2021, 99:629-647. 10.1111/1468-0009.12504

Terranova C, Cestonaro C, Fava L, Cinquetti A: Al and professional liability assessment in healthcare. A
revolution in legal medicine?. Front Med (Lausanne). 2023, 10: 10.3389/fmed.2023.1337335

Mezrich JL: Is artificial intelligence (AI) a pipe dream? Why legal issues present significant hurdles to Al
autonomy. AJR Am ] Roentgenol. 2022, 219:152-156. 10.2214/AJR.21.27224

Yeniterzi R, Aberdeen |, Bayer S, Wellner B, Hirschman L, Malin B: Effects of personal identifier resynthesis
on clinical text de-identification. ] Am Med Inform Assoc. 2010, 17:159-168. 10.1136/jamia.2009.0022.12
Hashimoto DA, Rosman G, Rus D, Meireles OR: Artificial intelligence in surgery: promises and perils. Ann
Surg. 2018, 268:70-76. 10.1097/SLA.0000000000002693

Civaner MM, Uncu Y, Bulut F, Chalil EG, Tatli A: Artificial intelligence in medical education: a cross-

2024 Hamilton et al. Cureus 16(5): €59747. DOI 10.7759/cureus.59747

16 of 17


https://dx.doi.org/10.1016/j.patcog.2015.03.009
https://dx.doi.org/10.48550/arXiv.2112.07219
https://dx.doi.org/10.48550/arXiv.2112.07219
https://dx.doi.org/10.1126/scirobotics.abj2908
https://dx.doi.org/10.1126/scirobotics.abj2908
https://dx.doi.org/10.1371/journal.pone.0271872
https://dx.doi.org/10.1371/journal.pone.0271872
https://dx.doi.org/10.1609/aaai.v33i01.33019670
https://dx.doi.org/10.1609/aaai.v33i01.33019670
https://dx.doi.org/10.2196/19285
https://dx.doi.org/10.2196/19285
https://dx.doi.org/10.2196/35587
https://dx.doi.org/10.2196/35587
https://dx.doi.org/10.30476/JAMP.2023.98655.1803
https://dx.doi.org/10.30476/JAMP.2023.98655.1803
https://dx.doi.org/10.5281/zenodo.10245675
https://dx.doi.org/10.5281/zenodo.10245675
https://dx.doi.org/10.1080/17439884.2020.1786399
https://dx.doi.org/10.1080/17439884.2020.1786399
https://dx.doi.org/10.3390/su14031101
https://dx.doi.org/10.3390/su14031101
https://dx.doi.org/10.7326/0003-4819-144-10-200605160-00125
https://dx.doi.org/10.7326/0003-4819-144-10-200605160-00125
https://dx.doi.org/10.1007/978-981-19-2980-9_32
https://dx.doi.org/10.1007/978-981-19-2980-9_32
https://dx.doi.org/10.1016/j.xjep.2018.01.002
https://dx.doi.org/10.1016/j.xjep.2018.01.002
https://dx.doi.org/10.1136/bmjqs-2012-000931
https://dx.doi.org/10.1136/bmjqs-2012-000931
https://dx.doi.org/10.1097/CNQ.0000000000000379
https://dx.doi.org/10.1097/CNQ.0000000000000379
https://dx.doi.org/10.1186/s13244-020-00932-0
https://dx.doi.org/10.1186/s13244-020-00932-0
https://dx.doi.org/10.1097/SIH.0b013e3181f24acd
https://dx.doi.org/10.1097/SIH.0b013e3181f24acd
https://dx.doi.org/10.3389/fsurg.2022.862322
https://dx.doi.org/10.3389/fsurg.2022.862322
https://dx.doi.org/10.1177/23821205211024078
https://dx.doi.org/10.1177/23821205211024078
https://dx.doi.org/10.1001/jamanetworkopen.2023.34658
https://dx.doi.org/10.1001/jamanetworkopen.2023.34658
https://dx.doi.org/10.7759/cureus.37432
https://dx.doi.org/10.7759/cureus.37432
https://dx.doi.org/10.1186/s13054-023-04473-y
https://dx.doi.org/10.1186/s13054-023-04473-y
https://dx.doi.org/10.3389/fgene.2022.929453
https://dx.doi.org/10.3389/fgene.2022.929453
https://dx.doi.org/10.1038/d41586-020-02003-2
https://dx.doi.org/10.1038/d41586-020-02003-2
https://dx.doi.org/10.37074/jalt.2023.6.1.23
https://dx.doi.org/10.37074/jalt.2023.6.1.23
https://www.theatlantic.com/technology/archive/2017/06/artificial-intelligence-develops-its-own-non-human-language/530436/
https://www.theatlantic.com/technology/archive/2017/06/artificial-intelligence-develops-its-own-non-human-language/530436/
https://dx.doi.org/10.1016/B978-0-12-818438-7.00012-5
https://dx.doi.org/10.1016/B978-0-12-818438-7.00012-5
https://dx.doi.org/10.1093/jamia/ocaa268
https://dx.doi.org/10.1093/jamia/ocaa268
https://dx.doi.org/10.1111/1468-0009.12504
https://dx.doi.org/10.1111/1468-0009.12504
https://dx.doi.org/10.3389/fmed.2023.1337335
https://dx.doi.org/10.3389/fmed.2023.1337335
https://dx.doi.org/10.2214/AJR.21.27224
https://dx.doi.org/10.2214/AJR.21.27224
https://dx.doi.org/10.1136/jamia.2009.002212
https://dx.doi.org/10.1136/jamia.2009.002212
https://dx.doi.org/10.1097/SLA.0000000000002693
https://dx.doi.org/10.1097/SLA.0000000000002693
https://dx.doi.org/10.1186/s12909-022-03852-3

Cureus

Part of SPRINGER NATURE

120.

121.

122.

123.

124.

125.

sectional needs assessment. BMC Med Educ. 2022, 22:772. 10.1186/s12909-022-03852-3

Kimiafar K, Sarbaz M, Tabatabaei SM, et al.: Artificial intelligence literacy among healthcare professionals
and students: a systematic review. Front Health Inform. 2023, 12:168. 10.30699/fhi.v12i0.524

Sharma DK, Khera A, Singh D: Using artificial intelligence to bring accurate real-time simulation to virtual
reality. Advanced Computational Intelligence Techniques for Virtual Reality in Healthcare. Gupta D,
Hassanien A, Khanna A (ed): Springer, Cham, New York; 2019. 141-163.

Zhou G, Nagle A, Takahashi G, et al.: Bringing patient mannequins to life: 3D projection enhances nursing
simulation. Proceedings of the 2022 CHI Conference on Human Factors in Computing Systems. Association
for Computing Machinery, New York; 2022. 1-15. 10.1145/3491102.3517562

Lalitharatne TD, Tan Y, Leong F, et al.: Facial expression rendering in medical training simulators: current
status and future directions. IEEE Access. 2020, 8:215874-215891. 10.1109/ACCESS.2020.3041173

Daher S, Hochreiter |, Schubert R, et al.: The physical-virtual patient simulator: a physical human form with
virtual appearance and behavior. Simul Healthc. 2020, 15:115-121. 10.1097/SIH.0000000000000409

Saad SL, Richmond C, Jones K, Schlipalius M, Rienits H, Malau-Aduli BS: Virtual OSCE delivery and quality
assurance during a pandemic: implications for the future. Front Med (Lausanne). 2022, 9:844884.
10.3389/fmed.2022.844884

2024 Hamilton et al. Cureus 16(5): €59747. DOI 10.7759/cureus.59747

17 of 17


https://dx.doi.org/10.1186/s12909-022-03852-3
https://dx.doi.org/10.30699/fhi.v12i0.524
https://dx.doi.org/10.30699/fhi.v12i0.524
https://link.springer.com/chapter/10.1007/978-3-030-35252-3_8
https://dx.doi.org/10.1145/3491102.3517562
https://dx.doi.org/10.1145/3491102.3517562
https://dx.doi.org/10.1109/ACCESS.2020.3041173
https://dx.doi.org/10.1109/ACCESS.2020.3041173
https://dx.doi.org/10.1097/SIH.0000000000000409
https://dx.doi.org/10.1097/SIH.0000000000000409
https://dx.doi.org/10.3389/fmed.2022.844884
https://dx.doi.org/10.3389/fmed.2022.844884

	Artificial Intelligence and Healthcare Simulation: The Shifting Landscape of Medical Education
	Abstract
	Introduction And Background
	A brief primer on the concepts and nomenclature of AI

	Review
	The current status of medical simulation
	TABLE 1: Types of simulation training

	AI for clinical skills and patient care
	AI and interprofessional education
	AI for procedural, task, and surgical training
	AI and issues of responsibility and accountability
	AI literacy and the future

	Conclusions
	Additional Information
	Author Contributions
	Disclosures

	References


