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ABSTRACT

BACKGROUND Artificial intelligence (Al) offers innovative and efficient training
methods for neurosurgery residents, yet existing evidence remains fragmented, often
limited to specific technological applications and failing to fully assess their impact on
clinical competence. Therefore, this study aimed to map the current evidence on Al
applications in neurosurgery and curriculum development.

METHODS This study was conducted following the preferred reporting items for
systematic reviews and meta-analyses guidelines by searching for observational
or experimental studies on Al in neurosurgery residency education (2020-2025)
in PubMed, ScienceDirect, and Google Scholar. Keywords included variations of
“training,” “artificial intelligence,” and “neurosurgery”. After screening 719 initial
records and assessing their eligibility, 10 studies were selected for narrative synthesis.

RESULTS A review of 10 studies reveals 2 key roles for Al in neurosurgical training:
improving psychomotor skills through machine learning-integrated simulators and
reinforcing theoretical knowledge through large language models (LLMs). Virtual
reality (VR) simulators such as NeuroVR and virtual operative assistant provide
objective metrics and personalized feedback, with assessment accuracy of up to
80%. LLMs such as ChatGPT show 50.4-84.8% accuracy in answering exam questions.
However, simulators cannot yet capture all surgical competencies, and LLMs are still
weak in processing image-based data.

CONCLUSIONS Al can improve neurosurgical training through personalized, objective
learning tools, but Al simulators and LLMs remain supplements and cannot replace
human expertise in clinical reasoning and complex image interpretation.

KEYWORDS artificial intelligence, education, internship and residency, medicine,
neurosurgery, simulation training

The development of digital technology, particularly
after the coronavirus disease 2019 pandemic, has
accelerated the transformation of education and
healthcare, including the increased use of artificial
intelligence (AlI)."> Al can mimic human thought
processes, such as reasoning and problem solving,
and is increasingly accepted as a learning support
tool.>* In medical education, this technology is used
to personalize learning materials, provide automatic

feedback, and manage large-scale data. A cross-
sectional survey using an online questionnaire revealed
that 99.1% of students believed that Al would play an
important role in healthcare services, and 82.1% of the
respondents agreed that medical students should be
trained using Al*

In clinical medicine, Al improves the quality of
education and healthcare services through its strong
analytical capabilities, assisting in diagnosis, clinical
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decision-making, and the prediction of treatment
outcomes quickly and with precision.#® In medical
education, Al supports adaptive learning, data-driven
simulations, and administrative efficiency, allowing
educators to focus more on clinical interactions.” Its
relevance is even greater in specialized fields such
as neurosurgery, which require long-term intensive
training and high technical skills but have limited
practical experiences because of complex anatomy
and the risk of technical errors.® Neurosurgery is a
data-rich field that frequently uses medical imaging,
surgical recordings, and robotic procedures. Al has a
strong potential for recognizing complex patterns,
analyzing unstructured data such as images and
videos, and improving procedural precision, thereby
accelerating the learning curve and enhancing training
safety.’™ Furthermore, there is a lack of synthesis
regarding the quality of evidence, effectiveness of
skill transfer, and readiness for Al integration into the
neurosurgical curricula. Therefore, this study aimed
to collate the current evidence on Al applications in
neurosurgery, identify existing knowledge gaps, and
provide recommendations to guide future research
and curriculum development.

METHODS

A systematic literature search considering studies
related to using Al in neurosurgery was conducted.
This systematic review adhered to the preferred
reporting items for systematic reviews and meta-
analyses (PRISMA) guidelines and was registered
with the prospective register of systematic reviews
(CRD420251131073). The studies included in this review
were articles published in online scientific databases,
including PubMed, ScienceDirect, and Google Scholar.

The inclusion criteria used in the systematic review
consisted of observational or experimental studies

Table 1. PICO framework and search strategy
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investigating the use of Al in neurosurgery resident
education published from January 1, 2020, to January
1, 2025. Furthermore, the inclusion criteria focused on
specific educational targets, categorized into three
domains: psychomotor skills acquisition, theoretical
knowledge enhancement, and clinical reasoning
support. The exclusion criteria included irrelevant
data, inaccessible full texts, and studies not written in
English.

A literature search of relevant studies using
controlled keywords from population/patient/problem,
intervention, comparison, and outcome development
was conducted to obtain keywords (Table 1). During
journal search using search engines, researchers initially
determined the keywords to be used along with their
synonyms using Medical Subject Headings related to

“training,” “

artificial intelligence,” and “neurosurgery”
in the article title, abstract, and keywords.

To identify relevant studies, abstracts and titles
were reviewed by three independent reviewers
(DPWW, IA, and 1Y). The same reviewers independently
determined whether the full texts were relevant to the
topic. Where there were differences in judgment, they
were resolved through a discussion.

Data extraction was performed by three
independent reviewers (DPWW, IA, and 1Y) using an
agreed standardized form. Any disagreements were
discussed or resolved through consensus.

Data collection and management were performed
using Microsoft Office LTSC Professional Plus 2021
(Microsoft Corp., USA), and no automation tools were
used. The extracted data included the author, year of
publication, study design, Al model, outcomes, and
limitations.

Data were analyzed using a narrative synthesis
approach, allowing for a comprehensive exploration of
various Al applications in the training of neurosurgery
resident doctors without relying on quantifiable

Component Description Keywords/search terms

Population Neurosurgical field “Neurosurgery” OR “Neurosurgeries” OR “Neurosurgical”

Intervention Al e e ”ArtiﬁciaI”InteIIigenc_e" OR ”AI"_OR ”l\/ll’achirle Intelligenc_e’.’ OR ”Reass)lning” OR
Computational Intelligence” OR “Computer Vision System

Comparison Traditional/standard methods “Training” OR “Education”

Outcome Peelvmmeior Sdls, deerE e Not specifically used as string keywords

knowledge, and clinical reasoning

Al=artificial intelligence; PICO=population/patient/problem, intervention, comparison, and outcome
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Table 2. Risk of bias assessment summary

First author, year Study design

Risk of bias level

Primary reason

Observational/

Use of consistent and objective simulator

Alkadri,** 2021; Li,** 2024 R Low .
simulator performance metrics.
Fazlollahi,* 2022 Randomiz_ed clinical Low Robust rar_\domization, appropriate controls, and
trial blinded outcome measurement.
Fazlollahi,*® 2023 Retrospective cohort Low Transparent mgthodology and objective metric
extraction from simulator data.
Chen,*” 2023; Stengel,® 2024; Comparative Low Use of standardized question banks and predefined
Powers,*® 2024 P reference standards.
. _ -10) limiti
Williams,?® 2024; Bartoli,?* 2024 Comparative Moderate to high small convenience samples: (n . .8 and n =10), limiting
generalizability.
Dabbas, 2024 AR High Lack of blinding in evaluator scoring, introducing

interpretation bias.

effect sizes. The studies were grouped based on
characteristics such as publication year, research
design, country, sample size, and Al model. Following
a detailed description of the study findings in a
manuscript, a cross-study synthesis was conducted to
identify patterns, themes, differences, and correlations
to comprehensively understand the potential of Al in
neurosurgical education.

Methodological quality assessment
To evaluate the methodological quality and risk
of bias of the included studies, we used standardized

appraisal instruments tailored to specific study designs.
Cohort and experimental studies were assessed using
the Joanna Briggs Institute Critical Appraisal Checklist,
and diagnostic accuracy was evaluated using the
Quality Assessment of Diagnostic Accuracy Studies-2
tool (GitHub, USA). These tools enabled a systematic
examination of the study design, conduct, and analysis
to identify potential sources of bias. The assessment
revealed a heterogeneous risk-of-bias profile across the
selected studies, with studies demonstrating varying
levels of methodological rigor depending on their
design, sample size, and blinding protocols (Table 2).%-2

Identification of studies via databases and registers

Identification

Records identified from (n = 719):
- PubMed (n=216)

- ScienceDirect (n = 403)

- Google Scholar (n =100)

Records removed before screening:
- Duplicate records removed (n = 2)

A4

Records screened
(n=717)

Records excluded:
- Irrelevant after title and abstract
screening (n = 686)

A4

Screening

Reports assessed for eligibility
(n=31)

Reports excluded (n = 21):

- Inaccessible full text (n = 11)

- Not relevant or related to the
topic of the review (n = 10)

Included

Figure 1. Flowchart of the search and
study selection process

Studies included in review
(n=10)
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Table 3. Characteristics and key findings of the included studies on Al in neurosurgical education

First author,

- Study design Al model Outcomes Limitations
13 . . ANN model trained on 9 selected surgical The ACDF. simulator used in this study
Alkadri, Observational  Sim-Ortho . . . does not include many of the complex
. metrics, including motion, safety, and . . .
2021 study simulator . : interactions that occur in the performance
efficiency achieved a test accuracy of 80%. L
of a patient’s ACDF procedure.
VOA can improve performance during
traln.mg, il transfep improve VR simulation platforms fail to capture the
- surgical performance metrics and the . 7
Fazlollahi, VOA . - full spectrum of competencies required
RCT vast majority of participants (96%) . . o
2022 (NeuroVR) in surgery, such as interdisciplinary
reported that they prefer to learn from a —
combination of expert instruction and Al ’
guidance.
The Al-enhanced simulation curriculum
Fazlollahi Cohort demonstrat.ed significant un.intended
. VOA changes in 52 out-of-curriculum NA
2023 retrospective .
performance metrics that were not
observed in the control cohort.
By using mRMR and SVM-RFE algorithms,
. Observational . 91 surgical performance metrics are
14
L™ 2024 study MLin VR reduced to 15 metrics making it more NA
efficient than traditional training models.
ChatGPT correctly answered 335 out of 509
Chen,Y Retrospective ~ ChatGPT questions (65.8%) on its first try. After 3 NA
2023 analysis (GPT-4) tries, ChatGPT’s success rate increased to
383 questions (75.3%).
- ChatGPT cannot process queries
L h L
S — ChatGPT scored 21.4 (25.5/50 based on fg?;f;?'p”rget'mages or schematic diagrams
2024 e ChatGPT 3.5 42 questions) and .ranked 6th out of 11 - e G R SRt E T
candidates. . : .
requires an iterative process to ensure
the questions and answers are correct.
Across 46 neurolocalization scenarios,
Dabbas 22 Comparative ChatGPT 3.5 achieved an accuracy score This simplified case scenario may not
2024 ! sfud ChatGPT 3.5 of 84.8%, generating completely complete  fully capture the complexity of real-world
¥ and largely correct responses. The average neurological cases.
score was 4.5 out of 5 with an SD of 0.97.
The Bard LLM achieved the highest
ith 629 .
accuracy with 62% of q.uestlons co.rrect - Not taking the exam questions multiple
overall and 69% (excluding IB questions), . > . .
. . o times, which could theoretically improve
- . ChatGPT outperforming human examinees at 59%
Stengel, Comparative . . the overall score of the Al model.
3.5, Bing, and 59%, respectively. All LLMs scored .
2024 study . . - The questions used do not cover every
and Bard highest on theory-based questions aspect or tobic within the broad field of
(excluding IB questions): ChatGPT: 79%; neFl)Jrosur erp
Bing: 83%; and Bard: 86%, significantly gery.
outperforming human examinees at 60%.
. Prospective The average overall score for the ChatGPT . . . .

Will 2 : . . Lack of int tati f radiol |
riams, comparative ChatGPT 3.5 interview was 41.7/60 (69.5% of overall) . ack ol interpreta .on © r? |o.og|ca.\
2024 . images, such as cranial or spinal imaging.

study and ranked 7th out of 9 participants.
ChatGPT had an accuracy of 0.4% = [1EBCIERE TRSTER T
19 . (1,068/2,120), with the highest and lowest plexity
Powers, Comparative ChatGPT e e the actual board exam.
2024 study ¥ p By 8~.27 - Smaller samples of evaluated questions

13/16) and vascular (32.9%, 91/277)
subcategories.

hinder the analysis of the quality of
education in specific subjects.

ACDF=anterior cervical discectomy and fusion; Al=artificial intelligence; ANN=artificial neural network; ChatGPT=chat generative pre-trained
transformer; IB=image-based; LLM=large language model; ML=machine learning; mRMR=minimum redundancy maximum relevance; NA=not
available; RCT=randomized clinical trial; SD=standard deviation; SVM-RFE=support vector machine-recursive feature elimination; VOA=virtual
operative assistant; vr=virtual reality
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RESULTS

Of 10 studies met the inclusion criteria, 4 were
comparative studies, 2 were observational studies, 1
was randomized controlled trial, 1 was retrospective
cohort study, 1 was retrospective analysis, and 1
was prospective comparative study. The systematic
literature search and study selection process,
conducted according to PRISMA guidelines, resulted
in an initial 719 records, with the final selection
summarized in the PRISMA flowchart (Figure 1).

A systematic review of 10 selected studies identified
two primary applications of Al in neurosurgical
residency training: the use of Al-integrated simulators
for technical skill development and the utilization of Al
platforms to support theoretical medical education.
Data from these studies characterize the integration
of Al as a tool for mapping educational evidence and
identifying specific knowledge gaps within the current
neurosurgical curricula (Table 3).

Training of surgical skills through virtual reality (VR)
simulation

The results of the analyzed studies indicate that
Al-integrated surgical simulators, such as NeuroVR,
utilize performance data recorded at 50 Hz. The
implementation of a virtual operative assistant (VOA)
provides post-hoc feedback based on predetermined
performance metrics. The trainee outcomes within the
VR environment deviated from the expert benchmarks
in two primary categories: safety and efficiency.
Safety metrics demonstrated a reduction in healthy
tissue removal and maximum instrument divergence
distance. Contrastingly, the efficiency metrics
decreased in dominant hand speed and acceleration,
along with a reduced rate of tumor removal. The
limitations identified in the VOA system include a lack
of contextual components and time-specific directions.
This study identified the development of an Intelligent
Continuous Expertise Monitoring System (ICEMS) for
real-time error projections and feedback.

Exam preparation and medical knowledge

The use of Alin educationis reflected in the ability of
large language models (LLMs), such as chat generative
pre-trained transformer (ChatGPT), Bing, and Bard, to
handle exam questions in neurology and neurosurgery.
In a text-based neurolocalization study using 46 case
scenarios, ChatGPT-3.5 achieved an accuracy score of

mji.ui.ac.id

84.8% in generating “completely correct” and “mostly
correct” responses. Although promising, the accuracy
is not sufficiently reliable for routine patient care.
Regarding the neurology board exam questions (from
the commercial question bank BoardVitals), ChatGPT
(likely version 3.5) answered 65.8% of the questions
correctly on the first attempt and 75.3% on the third
attempt. However, another study evaluating ChatGPT
for neurosurgery board exam questions (Congress of
Neurological Surgeons Self-Assessment in Neurological
Surgery) reported an overall accuracy of 50.4%. This
performance was lower than that of humans in most
subcategories and was below the required pass rate
for the exam (72% by 2023).

DISCUSSION

This systematic review of 10 studies identified two
distinct but complementary Al roles in neurosurgical
training: enhancement of psychomotor skills through
machine learning (ML)-integrated simulation and
augmentation of theoretical knowledge via LLMs.
The principal finding is that while Al tutors in VR
environments can objectively classify expertise and
improve safety metrics, such as reducing healthy
tissue removal, they may inadvertently compromise
procedural efficiency. Conversely, while LLMs, such as
ChatGPT, demonstrate potential in answering board-
level text-based questions with accuracy ranging
from 50.4-84.8%, their utility is currently limited by
significant inconsistencies in handling complex clinical
reasoning and image-based diagnostics. Collectively,
the evidence suggests that Al is currently best utilized
as a supplementary educational tool rather than to
replace human instruction.

While traditional neurosurgical training relies on
direct mentorship, this approachis subject to increasing
constraints due to reduced resident work hours,
stringent patient safety requirements, and ethical
concerns regarding intraoperative learning.”? Our review
identifies that Al-driven simulation platforms address
these systemic limitations by providing standardized,
risk-free training environments that objectively
quantify technical proficiency. Consequently, Al is
not an alternative to but a supplementary framework
to traditional mentorship, enabling skill acquisition
independent of clinical caseload or faculty availability.>

VR simulations are increasingly used as
surgical simulators, providing new benefits for



training and assessing neurosurgical skills.>* Using
Al through simulators will significantly impact
neurosurgical education and training.s2¢ Al simulators
provide objective and quantitative performance
assessments.”™* Al systems generate measurable
and reliable metrics from the analysis of performance
data recorded during simulations. The ICEMS is an Al
simulator that uses deep learning algorithms to predict
skill levels based on performance metrics derived from
simulator data.™® This can be used by instructors and
trainees to evaluate their technical performance and
comprehensively understand skill gaps for individuals.™

Simulators can provide personalized and formative
feedback to trainees. VOA systems use support vector
machine algorithms to classify trainee performance
and provide goal-oriented, metrics-based audiovisual
feedback®™™ specific to the learning needs of an
individual, and it helps learners to identify areas for
improvement and set realistic performance goals.
Fazlollahi et al® demonstrated that metrics-based
feedback from an Al tutor was more effective in
improving surgical skills than remote expertinstruction,
consistent with the findings by Yilmaz et al,”” who
revealed that Al-guided feedback outperformed
human instructors in a neurosurgical training study,
resulting in significantly better performance outcomes
for trainees. Al provides consistent and objective
feedback, and throughits ability to identify deficiencies,
can contribute to more effective and efficient skill
development of resident doctors compared with that
of potentially subjective and variable human training.”

In addition to improving technical performance,
using Al simulators can lead to unexpected learning
outcomes.” A cohort study conducted by Fazlollahi et
al* revealed that an Al-enhanced simulation curriculum
led to significant changes in 52 performance metrics
beyond the taught curriculum. These unexpected
changes included significant improvements in
procedural safety, such as reduced damage to healthy
tissues and decreased motion and efficiency metrics,
indicating the need for continuous evaluation and
expert intervention to optimize educational objectives
and ensure that unexpected outcomes are managed
effectively.” Alkadri et al® conducted a data extraction
study, resulting in 157 surgical performance metrics
spanning three categories: motion, safety, and
efficiency. An artificial neural network model trained
on nine selected surgical metrics, covering all three
categories, achieved a testing accuracy of 80%.” The
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findings by Li et al* were consistent with those of the
two previous studies, reporting that ML-based training
in VR, using the mRMR and SVM-RFE algorithms,
generated 91 surgical performance metrics that were
subsequently reduced to 15, making the training
method more efficient than traditional approaches.

Al tutoring systems can provide automated
feedback and assessments, reducing the need for
intensive supervision by instructors. Fazlollahi et al®
found that an Al intervention saved approximately
53 hours of expert supervision and assessment over
13 weeks, compared to that via an instructor-only
group. This finding is consistent with those of Chawla
et al** and Patel et al,?® suggesting that Al simulators
provide more efficient and cost-effective training. Al-
powered simulators can deliver training that is not
limited by the availability of operating room time,
expert supervision, or physical location,* particularly
in  resource-constrained  settings.®®  Al-enhanced
simulation can replicate neurosurgical training, making
high-quality practice opportunities more accessible to
various trainees regardless of geographic or logistical
constraints. Unlike traditional training, which relies on
scheduled surgeries and the availability of supervising
surgeons, Al simulators can be accessed anytime and
anywhere, thus providing flexibility and convenience to
trainees.

Previous studies have emphasized the potential
of Al in identifying key performance metrics that
differentiate skill levels.»'% By analyzing data
from experts and trainees with varying levels of
experience, ML algorithms can identify the factors
that contribute the most to expert performance.™*
This information can be used to develop more focused
and efficient training curricula for residents and
establish measurable competency benchmarks for
neurosurgical education.™

However, Al simulators have limitations. VR
simulators may not capture all aspects of surgical
competence, such as interdisciplinary teamwork and
situational decision making. Therefore, it is necessary
to develop systems that provide real-time feedback
and combine the power of Al tutors with human
instruction.’

LLMs, such as ChatGPT, have been identified
as tools for personalizing neurosurgical education
through the generation of customized learning
materials and simulated patient encounters.?3° Our
review of the included studies demonstrates that LLMs
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can facilitate quick access to complex neurosurgical
information, assist in clinical decision-making, such as
determining adjuvant therapy in neuro-oncology.>"*
Furthermore, the evidence revealed that these tools
support surgical planning by evaluating medical
records and recognizing patterns to assist in risk-
benefit assessments for individual treatment plans.3
In addition to its clinical applications, the literature
suggests that Al can improve work efficiency by
simplifying medical writing and data handling.
However, the utility of LLMs remains primarily
supplementary as their performance in important
neurosurgical examinations and complex image-
based diagnostics continues to exhibit significant
variability.>>

Considering the potential benefits of ChatGPT,
it is often used in neurosurgery resident education.
Previous studies have compared the accuracy of
ChatGPT and neurosurgery residents in answering
medical questions. In a study conducted by Bartoli et
al,” ChatGPT 3.5 scored 21.4 out of 42 questions and
ranked sixth out of 11 candidates, consistent with
the findings of a study by Williams et al,*® where the
average overall score for ChatGPT 3.5 interviews was
41.7/60 (69.5% accuracy overall), ranking seventh out
of nine participants. In another study, ChatGPT 3.5
achieved an accuracy score of 84.8% in generating
completely complete and largely correct responses,
out of 46 neurolocalization case scenarios.?
Stengel et al® observed contrasting results, with
ChatGPT exhibiting 69% accuracy compared to 59%
for human participants on theory-based questions.
These results align with ChatGPT’s high accuracy
of 81.2% in the field of pharmacology.” Collectively,
these results demonstrate significant variability in
ChatGPT’s performance across different neurosurgical
subspecialties and assessment formats, possibly
reflecting inconsistencies in its ability to process
complex clinical data.

However, a critical comparison of these studies
revealed significant inconsistencies. ChatGPT has not
surpassed the overall capabilities of residents, but has
demonstrated its potential to contribute to improving
education and other medical fields.>>* ChatGPT has
weaknesses in image-based diagnostics.”® ChatGPT
performs poorly in classifying glioma types and has low
accuracy in the vascular field,'#33 suggesting that it has
weaknesses in processing complex data and requires
further elaboration. Contrastingly, Stengel et al®
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reported that LLMs outperformed humans in theory-
based questions, while Powers et al® revealed that
ChatGPT failed the American Board of Neurological
Surgery primary exam with 50.4% accuracy. This
inconsistency is attributed to the “exclusion bias”
in some studies where image-based questions were
removed, artificially inflating the text-based accuracy
scores.

ChatGPT operates on ML principles, requiring
continuous database refinement and improving
accuracy with increasing data input.””3” Furthermore, to
achieve good accuracy, the data provided to ChatGPT
must be accurate and concise. This demonstrates that
the quality of the data provided is more important
than the quantity of data provided to determine the
accuracy.?Furthermore, most studies still use ChatGPT
3.5, while ChatGPT 4 is now available, offering higher
accuracy than ChatGPT 3.5. ChatGPT 4 addresses the
weaknesses of ChatGPT 3.5, demonstrating 20% greater
accuracy than that of ChatGPT 3.5 in imaging-based
diagnosis.?®

Although Al tools have potential, their results
must be continuously reviewed.? Furthermore, the
ethical implications of ChatGPT, legal responsibilities,
data privacy, licensing, and regulations are a major
concern. Integration with hospital personnel on
the judicious use of Al is required to address ethical
and validation challenges.* The above data show
that ChatGPT has advantages and disadvantages
when applied to neurosurgery resident education.
Therefore, among
physicians, conventional teaching methods, and the

collaboration supervising
use of ChatGPT is necessary to improve the quality of
neurosurgery resident education.

The integration of Al tools has profound
implications for patient safety and clinical standards.
The ability of Al-enhanced simulators to enforce safety
thresholds, such as limiting force application and
maximizing healthy tissue preservation, potentially
reduces iatrogenic injuries during practical procedures.
However, reliance on LLMs for decision support is a
public health risk if not rigorously supervised, given
their documented propensity for factual inaccuracies.

Despite the promising initial results, this
review identified a critical scientific gap: the lack of
longitudinal data correlating Al-based training with
long-term skill retention and operative outcomes in
patients. Most of the included studies were cross-
sectional and assessed immediate performance.



Future research must bridge the ‘simulation-to-
theatre’ gap to validate the clinical efficacy of these
educational interventions.

This systematic review had limitations. First, several
comparative studies were based on small convenience
samples (n = 10), which limits the statistical power and
generalizability of the results to a broader population of
trainees. Second, methodological quality assessments
revealed a critical risk of bias in some studies. Third,
the evaluation of LLMs often excludes image-based
questions owing to technical constraints, artificially
inflating the accuracy scores, and not reflecting the
multimodal complexity of practical neurosurgical
operations. Additionally, most studies employed
cross-sectional designs that assessed immediate
performance in simulated environments, leaving a
gap in the evidence regarding long-term skill retention
and the transferability of these skills to clinical patient
outcomes. Finally, the review was restricted to English-
language publications from 2020 to 2025, potentially
introducing publication bias, and excluding relevant
data from other languages or earlier timeframes.

Future research should prioritize longitudinal
studies that bridge the “simulation-to-operating
room” gap by correlating the performance of Al-
based simulators with long-term surgical outcomes
and patient safety metrics. Furthermore, to
address the current diagnostic limitations of LLMs,
prospective studies should focus on adopting
multimodal Al architectures capable of integrating
radiological imaging and
surgical video into clinical reasoning frameworks.

complex real-time
Additionally, the development of next-generation
simulators is necessary to incorporate non-technical
competencies, such as interdisciplinary teamwork
and situational decision-making, which are currently
underrepresented in VR platforms. Finally, the
establishment of standardized ethical guidelines and
policy frameworks is crucial to ensuring data privacy
and algorithmic transparency before Al can be fully
institutionalized within global neurosurgery residency
curricula.

In conclusion, this study underscores that
Al is a transformative and supplementary tool in
neurosurgical education, primarily through the
dual application of ML-integrated simulators for
psychomotor skill acquisition and LLMs for theoretical
knowledge enhancement. Although Al-driven VR
simulators provide objective and personalized
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feedback that improves safety metrics and
procedural precision, they do not capture all surgical
competencies, and current LLMs exhibit significant
inconsistencies when handling complex clinical
reasoning or image-based diagnostics. Ultimately, Al
cannot replace clinical reasoning and human expertise
provided by traditional mentorship, necessitating
a collaborative approach between supervised
instruction and Al tools. Future research must address
the current scientific gap by focusing on longitudinal
studies that correlate Al-based training with long-term
operative outcomes and patient safety to ensure that
these technologies are rigorously validated before full
integration into neurosurgical residency curricula.
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