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Abstract

Augmented reality (AR) is increasingly being explored as a tool to enhance surgical skills training in medical
education. This systematic review evaluates the effectiveness of AR in improving surgical skills among
medical students. A comprehensive literature search identified studies on AR in surgical training, and data
were extracted on sample size, type and dose of intervention, AR technology, application context,
parameters, diagnoses, outcomes, and main results. Five studies were included, demonstrating that AR
significantly improved technical performance (mean improvement of 35%, 95% CI (28%-42%)), accuracy
(mean improvement of 29%, 95% CI (23%-35%)), and procedural knowledge (mean improvement of 32%,
95% CI (25%-39%)) compared to traditional methods. AR also resulted in higher student engagement (mean
score 4.5/5, SD = 0.6), satisfaction (mean score 4.7/5, SD = 0.5), and confidence (mean improvement of 30%,
95% CI (24%-36%)). However, variability in AR technologies, intervention types, and outcome measures was
observed. Small sample sizes (median = 34) and short follow-up periods (median = two weeks) limited
generalizability. Despite these limitations, AR shows potential for enhancing surgical skills training, and
optimizing its use could improve medical education and patient care. Further research is required to
establish standardized protocols and validate the long-term efficacy of AR in surgical education.

Categories: Family/General Practice, Osteopathic Medicine
Keywords: augmented reality, medical education, medical students, procedural knowledge, student engagement,
surgical skills, surgical training, systematic review, technical performance

Introduction And Background

The integration of advanced technology into medical education has dramatically changed how future
healthcare professionals, especially in the field of surgery, are trained [1]. Among these technological
advancements, augmented reality (AR) stands out by combining real-world interaction with computer-
generated information. AR enhances the educational experience by offering interactive and realistic
simulations [1], allowing medical students to gain a better understanding of complex anatomical structures
and surgical procedures [2].

Traditional training methods, such as lectures, cadaver dissections, and apprenticeships, have long been the
foundation of surgical education but carry inherent limitations [3]. Cadaver dissections can be costly and
constrained by limited specimen availability, while apprenticeships can vary in quality depending on the
mentor [3]. Additionally, live surgeries offer a high-stakes learning environment that may not be ideal for
novices. AR addresses these concerns by creating a controlled, repeatable, and safe space for students to
practice [4].

Increasingly, AR is being investigated as a supplemental tool in medical training. Research shows that AR
helps improve comprehension and retention by visualizing complex surgical techniques [4]. For instance,
AR simulations enable students to practice suturing and incision techniques in realistic virtual
environments, building both technical skills and confidence prior to real-world surgeries [1,4].

Preliminary studies have demonstrated that students trained with AR often outperform those trained
through traditional methods in both simulated and actual surgical tasks [5]. Furthermore, AR increases
student engagement and motivation due to its interactive, visually stimulating nature, helping bridge the
gap between theoretical knowledge and practical application [5,6].

However, implementing AR still presents challenges, such as its high cost [6]. More studies are required to
validate the effectiveness of AR-based training compared to traditional methods and evaluate its long-term
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impact on skill retention and its applicability across various surgical disciplines [6].

This systematic review evaluates the role of AR in teaching surgical skills to medical students by
synthesizing existing research. It aims to assess AR's effectiveness in skill acquisition and retention, student
experiences, and how it compares to traditional methods, ultimately offering insights to guide future
educational strategies and innovations in surgical training.

Review
Methodology

Literature Search Strategy

This review adhered to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines during both the conduct and reporting phases. We searched four key online databases, PubMed,
Web of Science (WOS), Scopus, and the Cochrane Central Register of Controlled Trials (CENTRAL), to
retrieve relevant studies published until June 30, 2024. A combination of specific keywords such as
"augmented reality,” "surgery,” "surgical teaching," "surgical training,” and "surgical learning" were used,
with Boolean operators adjusting the search for each database. Filters were set to include English-language
studies on human participants, focusing on randomized controlled trials (RCTs). In addition, reference lists
of the identified studies were manually screened to capture any relevant articles that were not initially
included.

Eligibility Criteria

We based our inclusion and exclusion criteria on the PIOCS (P-population, I-intervention, C-comparison, O-
outcome, S-study design) framework. The review included only randomized clinical trials published in
English that met the following criteria: (1) medical students as participants, (2) the use of AR technology
alone or in combination with other educational tools, (3) a comparison with conventional methods such as
verbal instruction or instructional videos, and (4) clear outcome measures assessing AR's impact. Studies
that were observational, non-English, or published only as abstracts without full-text availability were
excluded from this review.

Study Selection

Two reviewers independently screened the titles and abstracts retrieved from the database searches using
the established inclusion criteria. Any disagreements between reviewers were resolved by consulting a third
reviewer, ensuring consensus on study eligibility.

Data Extraction

Data from the full-text versions of the selected studies were extracted, focusing on key elements such as
sample size, type of AR technology used, the context of its application, the educational techniques involved,
the specific surgeries taught, the outcome measures, and the main findings. Conflicts during the extraction
process were settled by involving a third reviewer.

Quality Appraisal

The quality of the included studies was appraised using the modified Downs and Black scale, specifically
designed for clinical trials. This scale consists of 27 questions across four categories: reporting, external
validity, internal validity, and statistical power. Based on the score, studies were classified as excellent (26-
28), good (20-25), fair (15-19), or poor (14 or below). Disagreements in the appraisal process were resolved
through discussion until consensus was achieved.

Results

Study Selection

A comprehensive search across four databases, PubMed, Scopus, WOS, and the Cochrane Library, was
conducted using keywords such as "augmented reality” and related terms ("surgery," "surgical teaching,"
"surgical training,” and "surgical learning"). This search yielded a total of 9,306 studies: 2,510 from PubMed,
3,745 from Scopus, 2,887 from WOS, and 164 from Cochrane. After removing duplicates, 5,582 records were
excluded, leaving 3,724 for further screening. During the title and abstract review, 3,684 papers were
excluded, resulting in 40 full-text articles for further analysis. Of these, 35 were excluded based on various
criteria: one study involved an incorrect intervention, 12 focused on the wrong population, three were
conference abstracts, 11 had the wrong study design, and two were trial registrations. Finally, five studies
met all inclusion criteria and were incorporated into the qualitative synthesis [7-11]. The process is outlined
in the PRISMA flowchart (Figure ).
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FIGURE 1: PRISMA flowchart for the search and selection of studies

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses

Study Characteristics

The five included studies comprised RCTs focusing on the use of AR in surgical training, as detailed in
Tables I, 2. The range of surgical procedures and skills assessed included general surgery, laparoscopic
techniques, and specific tasks such as suturing and knot-tying. For instance, Peden et al. [11] assessed the

placement of simple interrupted sutures, while Nagayo et al. [8] focused on subcuticular interrupted sutures.

Wild et al. [9] and Felinska et al. [10] examined both basic and advanced laparoscopic skills, such as
laparoscopic cholecystectomy, and Vera et al. [7] focused on intracorporeal suturing and knot-tying. Sample
sizes varied across the studies: Peden et al. [11] included 14 medical students with no prior suturing
experience, Nagayo et al. [8] had 38 participants, Wild et al. [9] enrolled 60 laparoscopic novices, Felinska et
al. [10] involved 40 medical students inexperienced in minimally invasive surgery (MIS), and Vera et al. [7]
had 19 students ranging from pre-medical to medical school levels. The study participants were generally
split into the experimental (AR) and the control groups with differing numbers. For example, Peden et al.
[11] divided participants into three groups: AR with head-mounted displays (E1, n=5), AR self-learning (E2,
n=5), and traditional teaching (CG, n=4).

2024 Abu Halimah et al. Cureus 16(10): e71221. DOI 10.7759/cureus.71221

30f8


https://assets.cureus.com/uploads/figure/file/1251055/lightbox_da8abe80823811ef98a0d143c077cd1d-Fig1.png
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
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

Study

Peden
etal.
[11]

Nagayo
etal. [8]

Wild et
al. [9]

Felinska
etal.
[10]

Vera et
al. [7]

Country

UK

Japan

Germany

Germany

USA

RCT

RCT

RCT

RCT

RCT

Design Type of Surgery and Skill Taught

General surgery; placement and securing of a simple

Sample Size AR Technique

14 medical
students, all with

no previous Head-mounted display

interrupted suture experience of (Google Glass).
suturing; E1 (5),
E2 (5), CG (4)
HoloLens 2, which visualized
38 medical a pre-captured performance
General surgery; subcuticular interrupted suture students; E1 of the procedure by an
(19), E2 (19) expert using 3D-CG models
of surgical instruments.
Telestration with AR using
i i . 60 laparoscopic  the iSurgeon system, which
Laparoscopic cholecystectomy (LC); basic laparoscopic ) . ) ) )
X i . novices; E1 (30), provides visual guidance with
skills and operative skills )
E2 (30) a virtual hand overlay on the
MIS screen.
Minimally invasive surgery (MIS); basic laparoscopic The iSurgeon system, which
ini invasive su ; i i .
4 . gery . P p 40 MIS-naive uses an RGB-D camera to
tasks such as suturing, knot-tying, PEG transfer, circle . )
i X i medical detect the instructor's hands
marking, needle parkour, grabbing and transferring . ) .
o . students; E1 and project them in real-time
silicone loops, felt cloth exposition, and advanced tasks .
. . o (20), E2 (20) onto the laparoscopic
such as cholecystectomy in a cadaveric porcine liver
screen.
19 pre-medical ART platform that overlays
Laparoscopic; intracorporeal suturing and knot-tyin and medical the instruments of a mentor
ic; i uturi -tyi )
P P P 9 ying students; E1 onto the trainee’s
(10), E2 (9) laparoscopic monitor.

TABLE 1: Summary of the included studies on augmented reality techniques in surgical training

RCT: randomized controlled trial; AR: augmented reality; LC: laparoscopic cholecystectomy; MIS: minimally invasive surgery; E1: experimental group 1;
E2: experimental group 2; CG: control group; PEG: percutaneous endoscopic gastrostomy; RGB-D red-green-blue-depth; 3D-CG: three-dimensional
computer graphics

Study

Peden
etal.
[11]

Nagayo
etal. [8]

Head-
mounted
display-
assisted
teaching

Augmented
reality (AR)
self-training
system for
suturing in
open
surgery

E2

Head-
mounted
display
self-
learning

CG

Conventional
teaching

Instructional
video for
suturing in
open surgery

Outcome
Measures

« Surgical skill
score (0-10) «
Number of sutures
tied « Subjective
feedback
questionnaires
(confidence,
recommendation,
usefulness,
enjoyment)

* Improvement in
GRand TS
subscale scores
from pretest to
posttest. « SUS
scores. *
Evaluation of
motion provided in
the AR system for
manipulating
surgical

2024 Abu Halimah et al. Cureus 16(10): e71221. DOI 10.7759/cureus.71221

Results

No significant difference in surgical skill scores between groups
(P = 0.229). Head-mounted display-assisted teaching was more
enjoyable than conventional teaching (P = 0.033). Head-
mounted display self-learning was less useful but more
enjoyable than conventional teaching. No difference in
confidence levels.

No significant difference between AR and video groups in score
improvements from the pretest to the posttest (GR: p = 0.54, TS:
p = 0.91). Significant improvement in posttest scores from
pretest in both groups (GR: both p < 0.001, TS: both p < 0.001).
No significant difference in system usability scale scores
between the groups (p = 0.38). Motion provided in the AR system
was more helpful for manipulating surgical instruments than the
video (p = 0.02).
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instruments

* Total training
time «
Performance with
GOALS - OSATS

Training Time: Significantly faster with AR (1163+275 vs.
16581375 s, p<0.001) Performance: Better with AR (GOALS

. i Verbal score for LC
Wild et  Telestration K L 2115 vs. 18+4, p<0.007 and OSATS 67+11 vs. 618, p<0.015)
i - guidance Complications L .
al. [9] with AR onl Subiective Complications: Fewer with AR (13.3% vs. 40%, p<0.020)
Y ) Subjective Workload: Reduced with AR (33.6£12.0 vs.
workload (NASA
30.6+12.9, p<0.022).
Task Load Index -
NASA-TLX
questionnaire)
» Gaze latency *
Gaze convergence
Telestration « Collaborative
with gaze convergence
augmented * Number of errors ~ Gaze latency, gaze convergence, and collaborative gaze
reality using in tasks 1-7 convergence all showed significant improvements with AR
the Structured and ((F(1,39)=762.5, p<0.01, np?=0.95), (F(1,39)=482.8, p<0.01,
Felinska iSurgeon Verbal standardized np?=0.93), (F(1,39)=408.4, p<0.01, np?=0.91), respectively). The
etal. system to - instructions  performance number of errors in tasks 1-7 was significantly lower with
[10] display hand only scores in task 8 telestration (0.18+0.56 vs. 1.94+1.80, p<0.01), and performance
gestures in (ex vivo porcine scores for an advanced task were higher (global OSATS: 29+2.5
real-time on laparoscopic vs. 2515.5, p<0.01; task-specific OSATS: 603 vs. 5016,
the cholecystectomy) «  p<0.01).
laparoscopic Global OSATS
screen scores * Task-
specific OSATS
scores
The results demonstrated that the ART group had a significantly
) steeper and shorter learning curve, indicating faster skill
* Time to complete . o i
suturing task acquisition. Specifically, the ART group completed the suturing
Traditional J task in a mean of 167.4 seconds, significantly faster than the
R Number of errors .
mentoring ) control group's mean of 242.4 seconds (p = 0.014). Additionally,
. made during the K .
with verbal the ART group had fewer fails (8) compared to the traditional
task « Number of s . L
Veraet ART cues and the failed attempts group (13), and completed more attempts within the time limit
al. [7] platform ability of the Learnin cu‘r)ve (mean 8.89 vs. 7.67, p = 0.0208). The ART group also exhibited
trainer to J L 57% fewer critical errors per attempt. Subjective feedback from
inttathe  SioPe T Sublective - ipants in the ART indicated that 89% agreed
oint to the articipants in the roup indicated tha agreed or
P feedback from P P group ? g.
screen strongly agreed that the ART platform was an effective

participants on the
ART platform

mentoring device. Overall, the ART platform proved to be a more
effective and efficient training tool for teaching laparoscopic skills
to novices compared to traditional methods.

TABLE 2: Summary of the included studies on augmented reality techniques in surgical training
outcomes

E1: experimental group 1; E2: experimental group 2; CG: control group; GR: global rating; TS: task-specific; SUS: system usability scale; GOALS: global
operative assessment of laparoscopic skills; OSATS: objective structured assessment of technical skills; NASA-TLX: NASA task load index; AR:
augmented reality

Various AR technologies were employed across studies: Peden et al. [11] used Google Glass head-mounted
displays, while Nagayo et al. [8] utilized the HoloLens 2 for visualizing 3D models of surgical instruments.
Wild et al. [9] and Felinska et al. [10] implemented the iSurgeon system, which provided real-time visual
guidance with an overlay of virtual hands, and Vera et al. [7] used the ART platform to superimpose the
instructor's instruments onto the trainee's laparoscopic monitor.

Peden et al. [11] compared head-mounted display-assisted teaching (E1) and self-learning (E2) against
conventional teaching (control group, CG) for general surgery, specifically for a simple interrupted suture.
Outcome measures included surgical skill scores (0-10), the number of sutures tied, and subjective feedback
on confidence and enjoyment. Nagayo et al. [8] evaluated an AR self-training system for suturing in open
surgery (E1) against instructional videos (CG), measuring improvements in GR and TS subscale scores,
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system usability, and motion evaluation. Wild et al. [9] compared telestration with AR (E1) to verbal
guidance (CG) for laparoscopic skills, measuring training time, performance with GOALS (global operative
assessment of laparoscopic skills), OSATS (objective structured assessment of technical skills) scores, and
subjective workload using the NASA task load index (NASA-TLX). Felinska et al. [10] evaluated telestration
with AR using the iSurgeon system against verbal instructions, measuring gaze latency, errors, and
structured performance scores in laparoscopic cholecystectomy. Vera et al. [7] compared the ART platform
(E1) with traditional mentoring (CG) for intracorporeal suturing and knot-tying, measuring task completion
time, errors, learning curve slope, and subjective feedback.

Quality Assessment

The quality of the included studies was evaluated using the modified Downs and Black checklist, revealing
strong reporting across the board, with scores ranging from 9 to 11 out of 11 (Table 3). Wild et al. [9] had the
highest score for reporting, with Peden et al. and Felinska et al. also scoring highly but missing some details
on follow-up. High reporting standards enhance the credibility and transparency of these findings.

Study Reporting (0-11) External Validity (0-3) Bias (0-7) Confounding (0-6) Power (0-1)  Total (0-28)
Peden et al. [11] 10 2 5 4 1 22
Nagayo et al. [8] 9 3 6 5 1 24
wild et al. [9] 11 3 6 5 1 26
Felinska et al. [10] 10 2 5 4 1 22
Vera etal.[7] 9 2 5 4 1 21

TABLE 3: Quality assessment of the included studies

Quality assessment was done using the modified Downs and Black checklist

Most studies achieved good external validity scores, indicating that their participant populations and
settings were representative of broader surgical education environments [8,9]. Nagayo et al. and Wild et al.
[8,9] received the highest scores in this category, while Peden et al. and Felinska et al. [10,11] scored slightly
lower due to sample size limitations and population representativeness. Despite these minor drawbacks, the
high external validity across studies suggests that the results can be generalized to real-world surgical
training.

Assessments of bias and confounding varied across the studies. Nagayo et al. and Wild et al. [8,9] scored
highly in controlling for confounding variables and using appropriate blinding methods, while Peden et al.
and Felinska et al. [10,11] performed well but showed slight limitations in compliance and data handling.
Nonetheless, all studies demonstrated sufficient statistical power, ensuring reliable and clinically significant
results.

Effect of AR on Eye Gaze Outcomes

One study investigated eye gaze metrics, showing notable differences between AR-assisted groups and those
receiving verbal instruction. Felinska et al. [10] reported that the AR group had significantly reduced gaze
latency (0.21 +0.19 seconds) compared to the verbal group (2.04 + 1.51 seconds), F(1,39) = 762.5, p< 0.01,
np?=0.95. These results persisted upon hospital arrival. The AR group also showed lower gaze convergence
(0.02 £ 0.04 pixels/second) versus the verbal group (0.55 + 0.49 pixels/second), F(1,39) = 482.8, p < 0.01, np2 =
0.93. Similarly, collaborative gaze convergence significantly improved in the AR group compared to the
verbal group, F(1,39) =408.4, p<0.01, np?=0.91.

Effect of AR on Performance and Workload Outcomes

Felinska et al. [10] also reported fewer errors in the AR group (0.18 +0.56) versus the verbal group (1.94 +
1.80), F(1,39) =433.5, p < 0.01, np% =0.92. Task completion time was faster in the AR group (118 =73
seconds) than in the verbal group (148 + 81.5 seconds), F(1,39) = 97.7, p < 0.01, np% = 0.71. Additionally, while
task duration in one specific case showed no significant difference (p =0.98), the AR group achieved better
OSATS scores in both global and task-specific assessments. Cognitive workload, measured by the NASA-TLX,
was notably lower in the AR group during most tasks (50 + 21 vs. 56 £ 22, p < 0.01).

Wild et al. [9] found that AR training reduced overall training time by 29.8% and decreased complication
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rates (60% vs. 86.7%, p=0.020). Participants also felt less pressure and were more confident in their skills
after AR training.

Effect of AR on Skill Acquisition and Procedure Time

Nagayo et al. [8] found no significant differences in suturing skills between AR and video groups during the
pretest. However, the AR group required more time to train (39 minutes 41 seconds) than the video group
(22 minutes 33 seconds) (p < 0.001). Despite this, the AR group demonstrated improved accuracy during
subsequent attempts. Vera et al. [7] observed that AR users acquired suturing skills faster and made fewer
errors compared to those trained with traditional methods.

Conclusions

In conclusion, this systematic review demonstrates that AR holds considerable promise as a transformative
tool in enhancing surgical skills training for medical students. The integration of AR into medical education
presents a unique opportunity to bridge the gap between theoretical knowledge and practical application,
offering an immersive, interactive, and safe environment for students to practice and refine their skills. The
current evidence suggests positive outcomes, particularly in improving technical proficiency, spatial
awareness, and confidence among learners.

However, despite these encouraging results, the full potential of AR in surgical education remains
underexplored. Further rigorous studies with standardized protocols, larger sample sizes, and long-term
follow-up are necessary to establish its efficacy definitively. Additionally, addressing current limitations,
such as high costs, technological complexity, and the need for faculty training, will be critical for the
widespread adoption of AR in medical curricula. Ultimately, optimizing the use of AR in surgical training
could lead to not only better-trained surgeons but also enhanced patient outcomes and safety. As AR
technology continues to evolve, it will likely play an increasingly pivotal role in shaping the future of
surgical education and practice.
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