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Abstract

Purpose Simulation-based training is embedded in surgical curricula. Augmented reality (AR) overlays digital guidance
onto real-world training environments while preserving haptic feedback, and recent systematic reviews have established that
AR improves technical performance during training. None of these reviews, however, has formally assessed whether AR-
acquired skill is retained over time or transfers to intraoperative or high-fidelity ex-vivo performance. This review aimed to
systematically synthesise and appraise the evidence on skill retention and transfer of AR-acquired surgical skills to intraop-
erative or high-fidelity ex-vivo performance.

Methods PubMed/MEDLINE, CINAHL, EMBASE, and Cochrane Library were searched from January 2000 to March
2026. Eligible studies used validated tools (OSATS, GOALS, GEARS, or equivalent) to assess AR skill retention beyond
the immediate training session, or transfer to intraoperative or ex-vivo performance, in surgical trainees of any specialty.
Two reviewers independently screened records and extracted data; quality and risk of bias were assessed using MERSQI and
Cochrane RoB2, with narrative synthesis given the anticipated heterogeneity. This review followed PRISMA 2020 guidance
and is registered on PROSPERO (CRD420261347095).

Results Of 304 records screened, 18 underwent full-text review and 9 were included (324 participants; laparoscopic, uro-
logical, neurosurgical, and orthopaedic specialties). Skill retention was maintained for up to 8 weeks, though gains were
outcome-dependent. Five studies assessed high-fidelity ex-vivo transfer and favoured AR on validated instruments; the sole
intraoperative transfer study found no significant difference on primary outcomes despite fewer trainer corrections in the AR
group. MERSQI scores ranged from 13.5 to 16.5 (all high quality); RoB2 showed some concerns in 7 studies and high risk
in 2, predominantly from unblinded outcome assessment.

Conclusions AR simulation shows technical benefits and short-term ex-vivo retention, but intraoperative transfer evidence
rests on a single, constrained study, and no included study measured effect sizes or clinical outcomes. This small, heteroge-
neous evidence base, distinct from the technical-performance literature already synthesised elsewhere, warrants adequately
powered, blinded intraoperative transfer trials before curricular implementation.

Keywords Augmented reality - Simulation training - Clinical competence - Surgical education - Skill retention - Skill
transfer

Introduction

Surgical education has moved away from the “see one, do
one, teach one” model toward structured, simulation-based
curricula. The shift reflects restricted duty hours, patient
safety concerns, and evidence that deliberate practice accel-
erates skill acquisition [1, 2]. Virtual reality (VR) and high-
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Augmented reality (AR) differs from VR in one important
respect: it overlays digital cues onto a trainee’s real-world
field of view rather than replacing that view, preserving
haptic feedback throughout. Head-mounted displays and
projector-based overlays have been investigated for their
effects on spatial understanding, cognitive load, and early-
stage skill acquisition [4], but evidence for AR’s capacity
to bridge early acquisition and clinical application remains
fragmented across heterogencous study designs, proce-
dures, and outcome measures [5].

A central challenge for any simulation modality is distin-
guishing performance achieved during training from dura-
ble, transferable competence [6]. Retention, the persistence
of a skill without continued practice, and transfer, whether an
AR-acquired skill carries over into operative or high-fidelity
ex-vivo settings, are the two outcomes that actually justify
curricular investment [7]. Despite a growing number of AR
training studies, this literature has not been synthesised with
a specific focus on these two outcomes, and heterogeneity
in follow-up intervals, outcome measures, and study design
has made it difficult to draw firm conclusions [8].

That gap has, if anything, become more visible over
the past year. El Ashry et al. [9] pooled eleven studies
across seven surgical specialties and reported consistent
AR advantages in technical performance, but none of their
included studies measured retention or operative transfer.
Xiong et al. [10], restricting their meta-analysis to basic
laparoscopic skills, reached a similar endpoint and called
explicitly for longer follow-up. Farooq et al. [11], synthe-
sising AR telestration trials specifically, pooled task com-
pletion time and error rate but likewise flagged long-term
retention as unmeasured. All three reviews, in other words,
answer a version of the question “does AR improve perfor-
mance during training” and leave the harder one, whether
that performance survives time and the transition to the
operating room, open. A related scoping review [7] mapped
the broader AR implementation landscape, including reten-
tion and equity considerations in low-resource settings, and
identified durability and clinical transferability as the area
most in need of a quality-appraised, risk-of-bias-assessed
synthesis.

This review addresses that gap directly. Rather than a fur-
ther audit of whether AR improves training-session perfor-
mance, a question the literature above has already answered
with reasonable consistency, it restricts inclusion to studies
reporting retention beyond the immediate training session,
or transfer to live intraoperative or high-fidelity ex-vivo per-
formance, and appraises each using PRISMA 2020 method-
ology, MERSQI, and formal risk-of-bias assessment.

@ Springer

Methods
Search strategy

This review followed PRISMA 2020 guidance [12]
and was prospectively registered on PROSPERO
(CRD420261347095). No funding was received and no
conflicts of interest were declared.

Protocol amendments broadened the retention interval to
any delayed post-training assessment, and redefined trans-
fer to include both in vivo (operating theatre) and ex vivo
(high-fidelity simulation or cadaveric) performance.

PubMed/MEDLINE, EMBASE, Cochrane Library, and
CINAHL were searched from January 2000 to March 2026,
combining MeSH headings and free-text terms across three
concept blocks: augmented or mixed reality and AR simu-
lation; surgical training and education; and skill retention,
transfer, and validated outcome measures (OSATS, GOALS,
GEARS). Reference lists of included studies and related
reviews were screened manually for additional records.

Eligibility criteria

Eligible studies evaluated an AR-based simulation interven-
tion and reported skill retention beyond the immediate train-
ing session, or transfer to live intraoperative or high-fidelity
ex-vivo performance, in surgical trainees of any specialty,
from medical students to fellows, using validated tools
(OSATS, GEARS, GOALS, or equivalent). Randomised
and non-randomised comparative studies, cohort studies,
and single-arm pre-post studies were eligible. Studies of
purely virtual reality systems without a physical component,
non-surgical disciplines, subjective-only outcomes such as
satisfaction or confidence, and grey literature or abstract-
only records were excluded.

Screening and study selection

Records were exported in .ris format into Rayyan for de-
duplication. Two independent reviewers screened titles
and abstracts, then full texts, against the eligibility criteria;
disagreements were resolved by discussion, with a third
reviewer available for arbitration (Fig. 1).

Data extraction and analysis

A piloted extraction form recorded study design, year, coun-
try, specialty, AR platform and fidelity, training protocol,
comparator, assessment tool and validity evidence, follow-
up interval, and outcome data. Outcomes were categorised
as skill retention or intraoperative/ex-vivo transfer.
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Quality and risk of bias assessment

Methodological quality was assessed using MERSQI, a val-
idated 10-item, eight-domain instrument classifying stud-
ies as low (0-6), medium (7-12), or high (13-18) quality
[13]. Risk of bias in randomised trials was assessed using
Cochrane RoB2 across five domains, randomisation, devia-
tions from intended interventions, missing data, outcome
measurement, and selective reporting, each rated low risk,
some concerns, or high risk, with an overall study-level
judgement [14]. Domain 4 received particular attention,
given how susceptible observer-rated performance assess-
ments are to bias without formal blinding. Both instruments
were applied independently by two reviewers, with dis-
agreements resolved through discussion. Non-randomised
studies were assessed using MERSQI alone, per protocol.

Use of artificial intelligence

This manuscript was written entirely by the authors. A large
language model was used in an advisory capacity to suggest
condensation and restructuring strategies during revision;
no Al-generated text was incorporated into the manuscript,
and all tables were formatted manually.

Results

Study selection and characteristics

The search identified 424 records; after removing 120 dupli-
cates, 304 were screened, 18 underwent full-text review,
and 9 studies were included.

Nine studies (2012-2025) enrolled 324 participants
across four specialties: laparoscopic/visceral surgery (n=15),
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urology (n = 2), orthopaedics (n = 1), and neurosurgery (n =
1). All were prospective comparative designs, seven RCTs,
one stratified three-arm RCT [15], and one multicentre two-
phase RCT [16]. Sample sizes ranged from 9 to 60, with
participants having no or limited prior procedural experi-
ence. AR platforms were heterogeneous: iSurgeon was used
in three studies [17-19], with each remaining study using a
distinct platform. Comparators were predominantly verbal
or video-based instruction, with one study [20] including an
additional VR arm (Table 1).

Skill retention outcomes

Four studies assessed performance beyond the immedi-
ate post-training session, with retention intervals ranging
from 1 to 8 weeks (Table 2). Shepard et al. [23] reported
the strongest evidence for durable retention: checklist
scores at 8 weeks improved significantly from baseline at
both the lower pole (45.5-66.0%; p = 0.006) and upper pole
(39.6-55.2%; p = 0.020) access sites, with only modest,
non-significant decline from post-test to retention at either
site (p = 0.057 and p = 0.150). Brinkman et al. [21] found

Table 1 Characteristics of studies assessing skill retention or intraoperative/ex-vivo transfer in augmented reality simulation training

Author  Specialty/procedure n  Participants Design AR platform Comparator Primary outcome
(year)
Sugand  Orthopaedic surgery; 45 Medical students Single- FluoroSim Minimal-exposure  Simulator performance
et al. DHS guidewire blinded control; TraumaVi-  (TAD, cut-out rate, time,
[20] insertion RCT sion VR fluoroscopic images, retries)
Felinska Visceral/laparo- 40 Medical students Random- iSurgeon (RGB-D  Verbal instruction ~ Ex vivo transfer performance
et al. scopic surgery; (laparoscopi- ized AR telestration) only (box trainer) (Global and task-specific
[17] cholecystectomy cally naive) crossover OSATS; task duration)
trial
Brink-  Laparoscopic 34 Medical interns  RCT Haptica ProMIS Fixed-duration vs. ~ Simulator performance
man et  surgery (basic skills: (pre-residency; (transfer assess- criterion-based metrics (time, path length,
al. [21]  clipping, grasp- novice) ment); Simbionix  training endpoint economy of movement, accu-
ing, cutting, object LAP Mentor II racy); 1-week retention
positioning, sharp (VR, primary
dissection) training)
Cizmic  General/hepato- 40 Medical students RCT iSurgeon (real-time Verbal-only tutoring Training performance
etal. biliary surgery (years 3—6; AR tutor hand- across 10 sessions (OSATS,
[18] (laparoscopic novice) gesture overlay); ex GOALS, operative time,
cholecystectomy) vivo porcine liver complication rates, CVS)
box trainer
Wild et Laparoscopic surgery 60 Medical stu- Random-  iSurgeon (AR Verbal instruction GOALS; OSATS (plus com-
al. [19] (LC) dents; laparo- ized telestration) only plication rate as secondary
scopic novices  crossover outcome)
RCT
Huettl et Laparoscopic cho- 32 Surgical trainees Prospec-  HoloPointer (Holo- Standard intraop- GOALS; CVS
al. [22] lecystectomy (live (PGY-2-PGY-6) tive Lens AR intraopera- erative teaching
surgery) and fellows single- tive annotation) (verbal/gestural)
centre
RCT
Chowri- Robot-assisted urol- 52 Residents Multi- HoST (AR-guided  Video-based GEARS; procedure-specific
appaet ogy (urethrovesical and fellows centre RoSS simulator instruction UVA score
al. [16] anastomosis) (low robotic 2-phase training)
experience) RCT
Shepard Urology (ultrasound- 12 Urology Ran- Vuzix M4000 smart In-person expert 20-item checklist-based
et al. guided PCNL) residents domised  glasses+HelpLight- instruction procedural score +procedure
[23] (PGY1-PGY6) crossover ning MR remote time; retention at 2 months
trial guidance
Dodier  Neurosurgery 9 Neurosurgery Prospec-  HoloLens Video review; no Clip selection accuracy;
et al. (aneurysm clipping residents tive strati- 1+ SOFA-based additional training  occlusion success (Raymond-
[15] simulation) (PGY1-PGY6) fied 3-arm FEM patient-spe-  (control) Roy Class I); procedural
RCT cific AR simulation efficiency (time, attempts);

tremor-based dexterity

ARaugmented reality, DHSdynamic hip screw, TADtip—apex distance, VRvirtual reality, RGB-Dred-green-blue depth, OSATSObjective
Structured Assessment of Technical Skills, RCTrandomized controlled trial, LClaparoscopic cholecystectomy, GOALS Global Operative
Assessment of Laparoscopic Skills, CVScritical view of safety, PGYpostgraduate year, GEARS Global Evaluative Assessment of Robotic Skills,
UVAurethrovesical anastomosis, PCNL percutaneous nephrolithotomy, MRmixed reality, SOFA Simulation Open Framework Architecture,

FEM finite element method
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Table 2 Summary of outcome findings—skill retention and transfer of AR-acquired procedural skills

Study Specialty/Setting Interval/ Assessment Tool(s) Group vs. Summary of Finding
Training Comparator
Detail
A. Skill Retention
Shepard  Urology PCNL 8 weeks Procedure checklist MR vs. in-person  Retention significantly above baseline;
et al. [23] score slight non-significant decline from post-test
Brink- Laparoscopy 1 week Simulator performance VR vs. AR Skills maintained at 1 week; no between-
man et al. composite training group differences

[21]
Dodier et Neurosurgery clipping 2 weeks
al. [15]

Sugand  Orthopaedics DHS 1 week
et al. [20] fixation (washout)
B. Intraoperative Transfer

Huettl et Live LC; operating -
al. [22] theatre

C. Ex vivo/high-fidelity simulation transfer
Porcine cadaveric -
specimen; box trainer

Felinska
etal. [17]

Cizmic et Porcine liver; box 10 sessions

Procedural perfor-
mance composite

Procedural perfor-
mance composite

GOALS (5 domains);
CVS achievement rate

OSATS
(global +task-specific)

GOALS; OSATS; CVS

AR vs. control

AR vs. control

Retention improvement in AR group; pro-
cess metrics unchanged

AR group retained improved performance;
controls did not

AR (HoloPointer) No significant between-group difference in

vs. conventional  operative performance (GOALS or CVS);

intraoperative AR group received fewer trainer correc-

instruction tions but trainer-rated assistance quality was
significantly worse

AR (iSurgeon) vs. Significantly higher OSATS scores in AR

verbal instruction

group on both global and task-specific sub-

al. [18] trainer rate; LC completion
rate; complication rate
Wild et  Porcine liver; box - GOALS; OSATS total;
al. [19] trainer complication rate
Chowri-  Inanimate UVA - GEARS (6 domains);
appaetal. model; daVinci; simu- UVA score;
[16] lation lab NASA-TLX
Dodier et Perfused aneurysm - Occlusion rate

al. [15] phantoms; ex vivo lab

tremor

(Raymond-Roy); clip
selection match; wrist

only scales; no difference in task duration

AR (iSurgeon) AR group significantly superior on all

vs. verbal-only technical performance and safety metrics;

guidance operative time did not differ; baseline ran-
domisation imbalance acknowledged

AR (iSurgeon) vs. Significantly higher GOALS and OSATS

verbal instruction scores and lower complication rate in AR

only group; operative time did not differ

HoST AR robotic  AR-trained group significantly outperformed

controls on overall robotic skill and all UVA
sub-domains; cognitive load significantly
reduced; crossover arm confirmed findings
Within-group improvement in AR group
occlusion rate; between-group comparison
limited by baseline randomisation imbal-
ance; process metrics (tremor, simulation
time) unchanged

training vs.
passive video
observation

AR holographic
simulation vs.
video-review-
only/no-training
control

AR augmented reality, CVS Critical View of Safety, DHS dynamic hip screw, GEARS Global Evaluative Assessment of Robotic Skills, GOALS
Global Operative Assessment of Laparoscopic Skills, LC laparoscopic cholecystectomy, MR mixed reality, NASA-TLX NASA Task Load Index,
OSATS Objective Structured Assessment of Technical Skills; PCNL percutaneous nephrolithotomy, UVA urethrovesical anastomosis, VR vir-

tual reality.

significant training gains on all LAP Mentor II metrics in
both time-based and criterion-based groups (p < 0.05),
maintained without significant decline at one week and
without between-group difference in retention magnitude.
Dodier et al. [15] found aneurysm occlusion rate (Raymond-
Roy Class 1) improved significantly in the AR group at 14
days (76-93%; p = 0.046), while active simulation time
(p = 0.755) and wrist tremor (p > 0.999) did not change;
pooled arms showed only a non-significant trend toward
higher occlusion versus control (p = 0.096), and baseline
imbalances mean this should be read cautiously. Sugand et
al. [20] used a one-week washout rather than a true post-
training interval: within-group improvement across all five
FluoroSim metrics was significant in the AR group (p <

0.05) but not in controls (p = 0.230-0.961), and between-
group differences were significant for three of five metrics
(procedural time, radiograph count, guidewire retries) but
not tip-apex distance or predicted cut-out rate. This washout
design does not constitute true retention evidence.

Transfer of AR-acquired skills to operative and ex-
vivo performance

Six studies assessed skills transfer: one intraoperatively
[22] and five to high-fidelity ex-vivo models [15—19], span-
ning laparoscopic cholecystectomy, aneurysm clipping,
and robot-assisted urethrovesical anastomosis (Table 2),
using GOALS/CVS [22], GOALS/OSATS/completion/
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complication rates/operative time [17-19], GEARS/NASA-
TLX [16], and a multimetric occlusion/tremor framework
[15].

Intraoperative transfer

Huettl et al. [22] found no significant difference between
AR-assisted (HoloPointer) and conventional intraoperative
guidance in GOALS total score (18.9 = 4.5 vs. 18.6 £ 4.8;
p = 0.94), any GOALS sub-domain (p = 0.39-0.66), CVS
score (3.8 £ 2.1 vs. 4.6 = 1.5; p = 0.38), or operative time
(» = 0.31). The AR group received fewer gestural (1.9 vs.
4.6; 59.4% reduction) and verbal corrections (11.4 vs. 17.8;
36.1% reduction), yet trainer-rated assistance quality was
significantly lower (2.1 vs. 1.5; p = 0.04).

Ex vivo/high-fidelity simulation transfer

All three studies assessing transfer to porcine box-trainer
cholecystectomy reported significant AR advantages [17—
19]. Felinska et al. [17] found higher global and task-spe-
cific OSATS scores in the AR group (p < 0.01 for both),
with no difference in task duration (p = 0.98). Wild et al.
[19] reported higher GOALS and OSATS scores (p = 0.007,
p = 0.015) and lower complication rates (60% vs. 86.7%;
p = 0.020), again with no difference in operative time (p =
0.458). Cizmic et al. [18], across a ten-session programme,
found the AR group superior on GOALS/OSATS (p <
0.001), CVS achievement (79.5% vs. 41.4%; p < 0.001),
completion (53.6% vs. 27.3%; p < 0.001), and complica-
tion rates (p < 0.001), with no operative time difference (p =
0.458) despite an acknowledged baseline imbalance favour-
ing the AR group (p = 0.022).

Operative time, notably, did not differ in any of these
three studies, despite consistent performance advantages
elsewhere.

Chowriappa et al. [16] found significantly higher GEARS
scores in the AR-trained group (14.4+1.2vs. 11.9+4.1;p=
0.012), advantages across all six GEARS domains and three
UVA metrics, and significantly lower NASA-TLX time
pressure (5.9 £3.4vs. 9.3+ 3.0; p=0.001) and effort (5.8 +
2.5 vs. 11.9 £ 3.7; p = 0.035); the crossover arm replicated
these findings.

Dodier et al. [15] found significant within-group
improvement in occlusion rate (p = 0.046), but the pooled
between-group comparison did not reach significance (p =
0.096); simulation time (p = 0.755) and tremor (p > 0.999)
were unchanged, and baseline imbalances favouring the
AR group (p = 0.001, p = 0.012) constrain interpretation.
Overall, four of five ex-vivo studies showed significant
AR advantages on at least one primary outcome; the fifth,
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Dodier et al. [15], showed within-group but not between-
group significance, and no study reported effect sizes.

Quality assessment
MERSQI score

All nine studies were rated high quality (13.5-16.5 of 18),
with eight scoring at least 15.0 (Supplementary Table S1).
All studies scored maximally on Domains 1, 4, 6, and 7,
and achieved response rates of at least 75% (Domain 3).
Domain 5 (validity evidence) was near-maximal except for
Brinkman et al. [21], which lacked internal structure valid-
ity data, and Shepard et al. [23], which reported content
validity only via a Delphi-derived checklist. The most con-
strained domains were Domain 2 (sampling institutions),
reflecting predominantly single-centre recruitment, and
Domain 8 (outcome type), reflecting ex-vivo or simulator-
only outcomes in every study but Huettl et al. [22]. No study
measured patient- or healthcare-level outcomes.

Risk of bias (RoB2)

No study was judged overall low risk: seven had some
concerns and two were high risk, both driven by Domain
4 (Supplementary Table S2). Domain 1 was rated some
concerns in 8 of 9 studies, owing to incomplete reporting
of sequence generation and allocation concealment; Wild
et al. [19] was the sole exception, using an independent
electronic randomiser with sealed, sequentially numbered
envelopes. Domains 2 and 3 (deviations, missing data) were
predominantly low risk, with some concerns in Cizmic et
al. [18] (shared working space between groups), Wild et al.
[19] (parallel rather than crossover design for its final task),
Huettl et al. [22] (AR not used in 3 of 16 allocated cases,
addressed via intention-to-treat and as-treated analyses),
and Chowriappa et al. [16], due to unexplained differential
dropout.

Domain 4 (outcome measurement) was the most conse-
quential source of risk, rated high in two studies. In Felin-
ska et al. [17], gaze data annotation was performed by an
unblinded assessor, and OSATS rater blinding was not
reported. In Wild et al. [19], the training tutor assessed out-
comes in real time with no blinding or independent video
review, and the AR overlay remained visible during assess-
ment, which precluded blinding altogether. Cizmic et al.
[18] was rated some concerns despite blinded video review,
since secondary outcomes were assessed by an unblinded
tutor in real time. Domain 5 (selective reporting) was rated
some concerns in eight studies, owing to absent prospective
registration or pre-specified analysis plans; the consistent
reporting of non-significant alongside significant findings,
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though, suggests this reflects a transparency limitation
rather than active selective reporting.

Discussion
Overall interpretation of the evidence base

The nine included studies show a consistent directional
signal favouring AR simulation, with no study reporting
inferior AR performance on its primary endpoint. But meth-
odological homogeneity (MERSQI 13.5-16.5; Supplemen-
tary Table S1) and the complete absence of reported effect
sizes mean statistical significance cannot be read as educa-
tional or clinical meaningfulness [24]. What the evidence
supports is narrower than a blanket endorsement: AR sim-
ulation looks like a useful early-stage skills adjunct, with
confidence that does not yet extend beyond controlled simu-
lation environments.

Position relative to existing evidence syntheses

This is a different question from the one recent AR reviews
have been answering. El Ashry et al. [9], Xiong et al. [10],
and Farooq et al. [11] each demonstrate, across overlapping
but not identical study sets, that AR improves technical per-
formance during training; four of the five laparoscopic stud-
ies included here, Felinska [17], Cizmic [18], Wild [19], and
Huettl [22], also appear in one or more of those meta-anal-
yses. None of the three, however, formally appraised reten-
tion or transfer as an outcome, and each names this as the
gap that remains. The present review is not a further count
of technical-performance trials; it is built around the subset
of that same literature, plus additional studies these reviews
did not capture, that actually reported a delayed or transfer
outcome, appraised with MERSQI and RoB2 rather than
pooled effect sizes alone. Two studies do the load-bearing
work here: Cizmic et al. [18], the only ex-vivo study with a
training programme long enough (ten sessions) to speak to
something beyond a single exposure, and Huettl et al. [22],
the only study of any AR platform assessing performance in
a live operating theatre. Both are included in the immediate-
performance meta-analyses above; neither has, until now,
been analysed specifically for what it says about retention
or transfer.

Simulation-to-clinical transfer gap

The most clinically significant tension in this review is
the contrast between consistent AR advantages in ex-vivo
transfer studies and the absence of AR superiority in the
one study assessing true intraoperative transfer. Huettl et al.

[22] found no difference between AR and control groups
in GOALS scores, CVS achievement, or operative time,
directly contrasting the significant advantages reported by
Felinska, Cizmic, and Wild et al. [17-19] under porcine
box-trainer conditions. Several factors could explain the
divergence. Ex-vivo settings remove contextual variables
present in the operating theatre, unpredictable anatomy,
time pressure, the consequences of error, that may oth-
erwise favour AR guidance [25]. Huettl et al. [22] also
evaluated a distinct AR modality, real-time intraoperative
annotation, rather than the pre-operative simulation training
used in every ex-vivo study. And AR-trained participants in
Huettl et al. [22] received fewer gestural and verbal correc-
tions yet were rated as receiving lower-quality assistance,
which suggests AR changed the structure of the teaching
interaction rather than the participants’ underlying technical
performance. Correction frequency, in other words, is not a
safe proxy for skill acquisition, at least not on this evidence.
A single, moderately powered null result cannot settle the
question either way: until adequately powered, pre-regis-
tered, blinded intraoperative trials exist, the gap between
ex-vivo and operative transfer remains the field’s largest
evidence deficit, and the one El Ashry [9], Xiong [10], and
Farooq’s [11] reviews could not close, because none of their
included studies addressed it.

Nature of learning effects

Operative time showed no significant difference in any
study that measured it (n = 8), regardless of specialty, plat-
form, or comparator. This is probably not a null finding so
much as a ceiling effect: in novice populations, duration is
driven more by hesitation and error recovery than by move-
ment quality, so AR may sharpen precision without shorten-
ing the procedure. That would fit the Fitts-Posner model,
where qualitative gains precede speed and automaticity
[26]. Chowriappa et al. [16] provided the review’s only cog-
nitive load evidence, with significantly lower NASA-TLX
time-pressure and effort scores in the AR group, which is
at least consistent with AR functioning as a cognitive scaf-
fold, offloading spatial information from working memory.
Retention findings were outcome-dependent: Dodier and
Sugand [15, 20] showed differential retention across met-
rics, favouring precision-guided measures over efficiency
ones, and Sugand’s [20] washout design is mechanistically
distinct from the true retention paradigms used by Shepard
and Dodier [15, 23] and should not be read as confirmatory.
With a maximum follow-up of eight weeks across the entire
evidence base, any inference about consolidation timescales
beyond that window is premature. These findings sit against
real methodological limits. Unblinded assessors in Felinska
and Wild et al. [17, 19] (RoB2 Domain 4: high risk) create a
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plausible mechanism for performance inflation on observer-
rated instruments, and only Huettl et al. [22] reached Kirk-
patrick Level 3. No study reported patient complication
rates, patient-reported outcomes, or safety data, so what this
evidence demonstrates is improved simulator performance,
not established clinical benefit.

Implications for practice and future research

The evidence supports a fairly circumscribed set of conclu-
sions. AR simulation produces measurable technical perfor-
mance benefits in controlled ex-vivo and simulator-based
settings, predominantly in novice learners undergoing lapa-
roscopic or robotic training, which justifies cautious inte-
gration as a pre-operative or early-curriculum adjunct, most
defensibly for laparoscopic cholecystectomy and robotic
surgery, where the evidence is most internally consistent.
What is not supported matters just as much: nothing here
demonstrates benefit for skill consolidation beyond an
eight-week horizon, procedural efficiency gains, or AR as a
substitute for conventional intraoperative supervision.

The highest research priority, and one El Ashry, Xiong,
and Farooq’s reviews converge on from the opposite direc-
tion, is replication of intraoperative transfer studies at Kirk-
patrick Level 3—4, adequately powered, with pre-registered
outcomes and blinded assessment [27]. A coherent research
agenda should also prioritise retention studies beyond three
months, enrol senior trainees, mandate effect size report-
ing, and standardise platform characterisation so that future
studies can actually be pooled. Field-wide consensus on
these reporting standards, frankly, would do more for this
literature than another single-platform trial. AR simulation
occupies a genuinely promising but evidentially immature
position, and it warrants the same methodological rigour
demanded of any other training intervention before system-
level adoption.

Limitations

This review’s central limitation is size: nine studies is a
small base on which to draw conclusions about retention
and transfer, and it spans laparoscopic, robotic, urological,
orthopaedic, and neurosurgical contexts with real hetero-
geneity in AR platform, training dose, retention interval,
and assessment setting, which precludes meaningful quan-
titative synthesis. A second, related limitation is assessor
blinding: randomisation sequence generation was inad-
equately reported in eight of nine studies, and RoB2 assess-
ment surfaced further gaps in allocation concealment and
outcome-assessor independence, which, combined with
small sample sizes, raises the risk of both inflated effect
estimates and type Il error. Grey literature may have been
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missed, English-language restriction may have introduced
language bias, and the short retention intervals across the
evidence base limit any conclusion about long-term dura-
bility, a genuinely important gap for curriculum design, but
one that is more a property of the field than of this review’s
methodology.

Conclusion

This systematic review synthesised evidence from nine
studies evaluating AR simulation for skill retention and
transfer to high-fidelity ex-vivo and intraoperative perfor-
mance, across laparoscopic, urological, neurosurgical, and
orthopaedic training. AR-based simulators were associated
with improved technical performance and short-term ex-
vivo retention, but the evidence base remains small, meth-
odologically heterogeneous, and variable in quality. Where
recent reviews of this literature have established that AR
improves performance during training, this review’s contri-
bution is narrower and, we think, more useful: it shows what
that same literature does, and mostly does not, say about
whether the improvement lasts and whether it survives the
operating theatre.

AR simulation holds potential as an adjunct within struc-
tured, competency-based curricula, supplementing rather
than replacing ex-vivo training or operative exposure. Until
higher-quality, adequately powered trials with longer fol-
low-up and blinded intraoperative assessment are available,
AR should be treated as complementary rather than stand-
alone, with implementation guided by specialty-specific
evidence and institutional resources.
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