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Abstract

Background: The value of virtual reality (VR) simulators for robot-assisted surgery (RAS) for skill assessment and training of surgeons
has not been established. This systematic review and meta-analysis aimed to identify evidence on transferability of surgical skills ac-
quired on robotic VR simulators to the operating room and the predictive value of robotic VR simulator performance for intraopera-
tive performance.

Methods: MEDLINE, Cochrane Central Register of Controlled Trials, and Web of Science were searched systematically. Risk of bias
was assessed using the Medical Education Research Study Quality Instrument and the Newcastle–Ottawa Scale for Education.
Correlation coefficients were chosen as effect measure and pooled using the inverse-variance weighting approach. A random-effects
model was applied to estimate the summary effect.

Results: A total of 14 131 potential articles were identified; there were eight studies eligible for qualitative and three for quantitative
analysis. Three of four studies demonstrated transfer of surgical skills from robotic VR simulators to the operating room measured
by time and technical surgical performance. Two of three studies found significant positive correlations between robotic VR simula-
tor performance and intraoperative technical surgical performance; quantitative analysis revealed a positive combined correlation
(r¼ 0.67, 95 per cent c.i. 0.22 to 0.88).

Conclusion: Technical surgical skills acquired through robotic VR simulator training can be transferred to the operating room, and
operating room performance seems to be predictable by robotic VR simulator performance. VR training can therefore be justified be-
fore operating on patients.

Introduction
Robot-assisted surgery (RAS) is growing in popularity, with increasing
numbers of procedures being undertaken in urology, gynaecology,
and visceral surgery1–3. Although humans possess great flexibility
and can adapt spontaneously to new situations in the operating
room (OR), RAS brings the advantages of technology to improve pre-
cision and safety4. With three-dimensional vision, an ergonomic

position at the console, tremor reduction, and no limitations on
degrees of freedom of movement, RAS offers a multitude of benefits
to the surgeon. Like any surgical modality, RAS requires appropriate
and standardized training, which has yet to be achieved. Whether
previous experience in open or laparoscopic surgery offers an advan-
tage has not been determined5–7. Regardless of this, there are skills in
RAS that need to be acquired by novice robotic surgeons, including

–1 –0.5

No correlation with OR performance Correlation with OR performance

0

CorrelationWeight (%)CorrelationNo. of traineesReference

35.621Aghazadeh et al.35

38.028Hung et al.36

26.310Mills et al.37

100.0

[0.57, 0.92]0.80
[0.61, 0.90]0.80

[–0.65, 0.61]–0.03

[0.22; 0.88]0.67Pooled result
Heterogeneity: I2 = 74%, t2 = 0.1916 0.5 1

Graphical Abstract
This systematic review and meta-analysis presents current evidence on transferability of surgical skills acquired on robotic VR simulators to the real
operating room, and on the predictability of intraoperative performance by robotic VR simulator performances. The limited data currently available
support the use of robotic VR simulators for surgical skill acquisition and assessment.

Received: September 29, 2020. Accepted: December 01, 2020
VC The Author(s) 2021. Published by Oxford University Press on behalf of BJS Society Ltd.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com

2
BJS Open, 2021, zraa066

DOI: 10.1093/bjsopen/zraa066

Systematic Review

https://orcid.org/0000-0002-2610-9667
https://orcid.org/0000-0002-0895-4015
https://orcid.org/0000-0001-6066-8238


adjusting to lack of haptic feedback and fine motor handling. To
make RAS training more accessible and shift training outside the OR,
robotic virtual reality (VR) simulators have been developed. A wide
range of courses offer VR simulator training, from basic to advanced
skills, as well as operative procedures8. In laparoscopic surgery, VR
simulators have been included in many training curricula9–12 and
have been validated widely13,14. There is growing evidence confirm-
ing skill transfer from laparoscopic VR simulators to the OR15,16, al-
though there is no compelling evidence for skill transfer from robotic
VR simulators to the OR. Similarly, insufficient evidence exists re-
garding the predictability of OR surgical performance based on ro-
botic VR simulator performance17. Evidence that skill transfer can be
achieved could establish the role of robotic VR simulation within
training curricula, and proving predictability of real-life surgical per-
formance by robotic VR simulators would strengthen their role in the
credentialing and selection of RAS surgeons. This systematic review
aimed to present current evidence on skill transfer and prediction of
skill between robotic VR simulation and real OR performance.

Methods
This systematic review was conducted in accordance with the
PRISMA statement18. It was registered in the Prospective Register
of Systematic Reviews (PROSPERO CRD42018111783).

Search strategy and information sources
MEDLINE (via PubMed), the Cochrane Central Register of
Controlled Trials (CENTRAL), and Web of Science were
searched19, without restrictions on study design, language or
publication date19. A librarian from Heidelberg University assis-
ted in optimizing the search strategy based on the PICO criteria: P
(patients/participants)—non-medical participants as novices,
and medical students and doctors from operative specialties; I
(intervention)—performance assessment and/or training on a ro-
botic VR simulator plus OR assessment on human patients or live
animal models; C (comparison)— no training, traditional RAS (da
VinciVR Surgical System, Intuitive, Sunnyvale, California, USA))
training, comparison within intervention group plus OR assess-
ment on human patients or live animal models; and O (out-
come)—at least one measure of RAS operative performance/skill.
All search strategies included terms related to RAS, robotic VR
simulators, and skill assessment and transfer. Free-text words as
well as index terms were used. An example of the search strategy
in MEDLINE is provided in Table S1. The search was conducted on
5 June 2018. Studies included in the reference list of included
articles or related systematic reviews and meta-analysis were
screened for eligibility. Furthermore, studies that cited included
articles or related systematic reviews or meta-analyses were
identified using Google Scholar and screened for eligibility, even
if published later than the abovementioned date. Grey literature
was considered if enough data were provided and authors were
contacted if necessary.

Eligibility criteria
Included studies were original articles that included transferabil-
ity or predictability of surgical skill between robotic VR simula-
tors and the OR (live animal model or human patients). The
following studies were excluded: those involving surgical proce-
dures other than thoracic, abdominal or pelvic surgery; those not
providing a statistical assessment of skill transfer or predictabil-
ity of skills; redundant patient populations; paediatric popula-
tions (aged less than 18 years); or failure to provide a full-text
article. The original published protocol focused on assessing skill
transfer to the OR, but during the screening process it became ap-
parent that the terms skill transfer and predictability of robotic
VR simulator to the OR were often mixed, misused or not speci-
fied. After reviewing the search strategies, which were broad
enough to include all predictability studies, a decision was made
to include the predictability of skills in this review. Previously
screened abstracts were rescreened for the ability of surgical
skills assessed on robotic VR simulators to predict skill in OR.

Outcomes
All types of RAS surgical skill assessments were included.
Because of the heterogeneity in surgical skills assessment, all
outcome parameters were categorized as time, technical surgical
performance, operative outcome parameters, and patient-related
outcome parameters (Table 1).

Study selection and data extraction
Title and abstract screening, as well as full-text screening and
data extraction were performed by two authors independently.
Disagreements were settled through discussion with a third au-
thor. Pretested standardized electronic spreadsheets were used
for data extraction, and included an individual study identifier
(author and year of publication), country, study population, study
design, study process, result, key conclusions, and level of evi-
dence according to the Oxford Centre for Evidence-Based
Medicine20.

Data synthesis and statistical analysis
Included studies were grouped by whether they assessed skill
transfer from VR to the OR or the predictability of OR perfor-
mance by robotic VR simulator performance (validity evidence).
Owing to the broad inclusion criteria of this review, wide hetero-
geneity in the included studies was expected for study designs,
participant types, and robotic VR simulators used. Studies assess-
ing skill transfer were found to be too heterogeneous for a quanti-
tative analysis, especially with regard to study design. The three
studies that assessing the predictability of OR performance were
found to be similar in design and were therefore included in a
quantitative synthesis. As all three studies reported correlation
coefficients, correlation was chosen as the effect measure for
each study. As variance depends strongly on the correlation, the
estimated effects were transformed to Fisher’s z-scale before

Table 1 Classification of outcome parameters

Definition Example

Time Time needed for procedure or task Duration of operation
Technical surgical performance Scores or parameters evaluating technical surgical

performance, e.g., handling of instruments or
efficiency

Objective Structured Assessment of Surgical Skills
score, simulator metrics

Operative outcome parameters Parameters assessing intraoperative outcome Estimated blood loss, conversion rate
Patient-related outcome parameters Postoperative patient-related outcomes Length of stay, pain, complications
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analysis and its estimated variance was used for the synthesis.
The summary effect and its confidence interval were converted
back to correlations for presentation21. Owing to heterogeneity, a
random-effects meta-analysis was used22. Inverse-variance
weighting was used for combining the effect measures and the
between-study variance s2 was estimated using the
DerSimonian–Laird estimator23. The I2 statistic was calculated to
quantify statistical heterogeneity between the studies; 0–30 per
cent represented no or only small, 30–60 per cent moderate, 60–
90 per cent substantial, and 75–100 per cent considerable hetero-
geneity24. As only three studies were included in the meta-
analysis, investigation of potential publication bias, sensitivity,
and subgroup analysis were not addressed. The statistical analy-
sis was performed using R version 3.6.3 with the meta package (R
Project for Statistical Computing, Vienna, Austria)25. In accor-
dance with Cohen26, correlation coefficients equal to or greater
than 0.1 were considered as small, those greater than 0.3 as me-
dium, and those greater than 0.5 as large.

Risk-of-bias assessment
A modified Newcastle–Ottawa Scale for Education (NOS-E)27,28

was used to assess the risk of bias of comparative studies (maxi-
mum 6 points). The Medical Education Research Study Quality
Instrument (MERSQI) was used to assess methodological study
quality27,29, with a maximum of 18 points. Assessment categories
for both tools are shown in Table 2. Assessment was undertaken
by two authors independently and disagreements were settled in
discussion with a third author. Judgements on MERSQI items
were based on the definitions provided by Cook and Reed27.
Points for validity were given if evidence of validity was cited. The
choice of these two assessment tools was made after registering
the protocol; because of the heterogeneity of study designs, the
assessment tools chosen originally (Cochrane Collaboration tool
for assessing risk of bias (RCT)38 and Newcastle–Ottawa Scale28)
were found not to be applicable to all studies. The NOS-E and
MERSQI were chosen to complement each other as the NOS-E
lacks items on objective assessment, validity evidence, data
analysis, and level of outcomes, whereas the MERSQI lacks items
on blinding and comparability. NOS-E was designed for compara-
tive studies, and was not therefore used for non-comparative
studies27,29,39. Funding of included studies is also included as a
potential risk of bias, as this was not included in either score. All
risk-of-bias assessment was done at a study level.

Results
A summary of the screening and selection process is shown in
Fig. 1. Eight studies matched the inclusion criteria, five30–34

assessing skill transfer from VR simulation to the OR (Table 3) and
three35–37 assessing the predictability of operative skills in the OR
by robotic VR simulator performance (Table 4).

Evidence of skill transfer from robotic virtual
reality simulators to the operating room
Included studies and study designs
A variety of designs were chosen for these five studies. Vargas
and colleagues32 and Wang et al.33 undertook a RCT and NRCT.
The intervention group was trained on a robotic VR simulator,
whereas the control group received no further training, and both
were compared on a procedure in the OR. Skill transfer was
thought to have occurred if the intervention group outperformed
the control group in the OR. A similar design was used by
Whitehurst and co-workers34, who also performed an RCT.T
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However, instead of the control group not receiving any training
at all, their control group trained on the real robotic system to ac-
quire RAS surgical skills. Therefore, skill transfer was thought to
have occurred if the VR-trained group performed similarly to, or
better than, the control group trained on the real robotic system
in the live animal model post-test. This would indicate that the
same or improved skills were acquired on the VR simulator as on
the real robotic system, and that the skills acquired on the VR
simulator could equally be transferred to the OR. Culligan and
colleagues30 recruited a RAS-naive intervention group and a RAS-
credentialed control group for a non-randomized trial. The inter-
vention group trained on the robotic VR simulator, whereas the
control group received no further training. In this design, skill
transfer was thought to have occurred if the intervention group
performed better than, or equal to, the RAS-trained expert

control group. Gerull et al.31 opted not to use a control group.
Instead, the intervention group performed a pretest and post-test
on human patients, with robotic VR simulator training in be-
tween. Skill transfer was thought to have occurred if the post-test
performance was significantly better than the pretest perfor-
mance.

Participants
A total of 113 participants were assessed for skill transfer (Table 3).
Surgical experience among participants varied widely. Most partic-
ipants were RAS-naive and at varying stages of surgical training.
Participants came from different specialties, including gynaecol-
ogy (3 studies), urology (3 studies), and general surgery (1 study).
One study30 reported a predominantly female intervention group
(11 of 14 participants) with a predominantly male control group

Records identified through database
searching
n = 14 120
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Additional records identified
from other sources

n = 11

Records screened after duplicates removed
n = 13 624

Records excluded
n = 13 607

Full-text articles assessed
for eligibility

n = 17

Full-text articles excluded n = 11
   Conference abstract only n = 3
   Redundant study n = 2
   No predictability or
   transferability assessed n = 3
   No OR assessment n = 3

Studies included in
qualitative synthesis n = 8

Predictability n = 3
Skill transfer n = 5

Full-text articles identified
by cross-referencing

n = 2

Studies included in
quantitative synthesis
    Predictability n = 3

Fig. 1 PRISMA flow chart showing selection of articles for review

OR, operating room.
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(1 of 4 participants). Vargas and colleagues32 assessed a sex-
balanced group with a total of 19 women and 19 men, evenly
distributed between the intervention and control groups. The
remaining three studies did not provide data on the sex of the par-
ticipants.

Tasks and operative procedures
A total of 19 different tasks were used during robotic VR simula-
tor training, most commonly the tubes task (4 studies), a suturing
and knot tying task (Table 3). Wang and co-workers33 only
assessed the tubes task, whereas other studies chose a variety of
tasks (ranging from 3 to 10 per study) for a broader skill spectrum
assessment, including camera tasks, object transfer tasks, and
needle manipulation tasks with varying levels of difficulty.

Clinical operative skills were assessed on human patients in
three studies30,31,33 and on live animal models in two32,34. Only
two studies evaluated whole RAS procedures. Procedures in the
study of Gerull et al.31 varied from participant to participant, as
well as from pretest to post-test of each participant. Culligan and
co-workers30 assessed all participants on the same procedure, a
robotic-assisted supracervical hysterectomy. Wang and col-
leagues33 assessed participants on the creation of a vesicoure-
thral anastomosis as part of a robotic-assisted radical
prostatectomy, similar to the VR tubes task that participants in
their intervention group practised on. Whitehurst et al.34 and
Vargas and co-workers32 chose a more simplified procedure (cys-
tostomy closure) for assessment.

Outcomes
Outcome measures assessing surgical skill focused on four differ-
ent aspects: technical surgical performance, time, operative out-
comes, and patient-related outcomes. Four studies30–32,34

evaluated technical surgical performance using the highly vali-
dated scoring systems Global Evaluative Assessment of Robotic
Skills (GEARS)40, Global Operative Assessment of Laparoscopic
Skills (GOALS)41, and the Robotic Ottawa Surgical Competency
Operating Room Evaluation (RO-SCORE), which was adapted by
the authors from the validated O-SCORE42, to better match RAS
procedures. GEARS and the RO-SCORE are specific for RAS proce-
dures, whereas GOALS was originally developed for laparoscopic
procedures. Time was assessed in four studies30,32–34, and opera-
tive outcome measures (estimated blood loss) in two30,33. Only
one study33 examined patient-related outcomes, including dura-
tion of catheter drainage and length of stay. Although not techni-
cally assessing surgical skill, Gerull and co-workers31 also looked
at changes in self-rated workload using the NASA Task Load
Index after training on the robotic VR simulator.

Findings
Table 5 shows a summary of outcomes for which skill transfer
was demonstrated. Three of four studies showed skill transfer
with regard to surgical technical performance and time. One of
two studies indicated skill transfer for operative outcome param-
eters, and the only study assessing patient-related outcomes did
not show skill transfer. For the only non-objective outcome pa-
rameter, Gerull and colleagues31 reported significantly reduced
workload in the intervention group after training with the robotic
VR simulator in all domains (mental demand, physical demand,
temporal demand, performance, effort, and frustration).T
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Prediction of operative performance
Included studies and study designs
Three studies35–37 were cross-sectional evaluations to determine
the predictability of operative performance by robotic VR simula-
tor performances. Participants with varying degrees of RAS expe-
rience undertook a number of tasks on the robotic VR simulator
before intraoperative assessment of their surgical performance
using the real robotic system (2 studies on human patients, 1 live
porcine model). Outcome parameters were then correlated to as-
sess whether VR performances could predict operative perform-
ances. All studies assessed OR performance at the same time as
VR performance (concurrent validity evidence) (Table 4).

Participants
A total of 59 participants were assessed. One study35 included
participants from a single specialty (urology), one37 included at-
tending RAS surgeons from four different specialties, and the
third did not state the surgical specialty of participants36. The
previous RAS experience of participants varied between studies,
and only one35 reported the sex of participants.

Tasks and operative procedures
Ten different tasks were assessed on the robotic VR simulator by
Aghazadeh and colleagues35 and Mills et al.37 (Table 4). Although
most exercises were designed to train a specific basic skill such as bi-
manual dexterity or use of electrocautery, the tasks suture sponge,
tubes, and renorrhaphy focused on suturing and knot-tying.

One study35 assessed all participants on endopelvic fascia dis-
section with the real robotic system as part of a robotic-assisted
radical prostatectomy procedure. Only one patient was taken
into account for analysis. Mills and co-workers37 evaluated two
consecutive surgical procedures. However, procedures varied as
the next two scheduled operations for each surgeon were
assessed (no further details on type of procedures were avail-
able). Only Hung and colleagues36 used a live porcine model in-
stead of human patients to assess intraoperative performance on
a robotic-assisted partial nephrectomy.

Outcomes
Two studies35,37 used the simulators’ built-in composite score
(simulator score) based on a number of single metrics, such as

time, path length, and economy of motion. Hung and col-
leagues36 used GEARS to assess robotic VR renorrhaphy rather
than simulator metrics. Clinical technical surgical performance
was assessed with the help of GEARS in all three studies as it con-
siders depth perception, bimanual dexterity, efficiency, force sen-
sitivity, autonomy, and robotic control35. Mills and co-workers37

focused on the total GEARS score only (excluding autonomy),
whereas Aghazadeh et al.35 and Hung and colleagues36 assessed
each domain of GEARS separately as well as the total GEARS
score.

Findings
Random-effects meta-analysis based on Fisher’s z-transforma-
tion of correlation coefficients revealed a positive pooled correla-
tion (r¼ 0.67, 95 per cent c.i. 0.22 to 0.88) between robotic VR
simulator performance (combined over all tasks assessed) and
intraoperative performance (Fig. 2). There was substantial hetero-
geneity between the studies. Aghazadeh and colleagues35 showed
a good correlation between robotic simulator scores and total
GEARS scores for all tasks (r¼ 0.582–0.784, P< 0.050) except en-
ergy switcher, for which the correlation was not statistically sig-
nificant (r¼ 0.412, P¼ 0.063). Further analysis revealed that
different tasks correlated better with certain GEARS domains. For
example, suturing exercises (suture sponge 3 and tubes) as well
as exercises moving objects in space (ring and rail 2) correlated
best with bimanual dexterity (r¼ 0.716–0.763; P� 0.001), whereas
pick and place tasks (peg board 1 and 2, match board 3) and ring
walk 3 correlated best with depth perception (r¼ 0.675–0.810,
P� 0.003). Overall, autonomy correlated best with most exercises.
Similarly, Hung and co-workers36 reported a high correlation be-
tween the total GEARS scores for the robotic VR simulated task
and the total GEARS score of a robotic-assisted partial nephrec-
tomy in a live porcine model (r¼ 0.8, p< 0.0001), as well as be-
tween all GEARS subdomains (r¼ 0.7–0.9, P< 0.001).

Risk of bias and study quality
Studies assessing the predictability of operative skill by robotic
VR simulator performances had a mean6SD MERSQI score of
13.560.7 (median 14, range 12.5–14). Skill transfer studies
achieved a mean score of 14.561.3 (median 15, range 12–15.5).
The skill transfer studies received a mean NOS-E score of 461.4

Table 5 Summary of results of surgical skill transfer assessment by outcome

Reference Surgical technical performance Time Operative outcome
parameters

Patient-related out-
come parameters

Measure Score Operating time (min) Blood loss (ml) Length of stay (days)

Culligan et al.30

Intervention group
Control group

GOALS �

34.7
31.1 þ

�

21.7(3.3)
30.9 (0.6)*

�

25.4
31.3*

Gerull et al.31

Pretest
Post-test

RO-SCORE �

2.06(0.85)
4.35(0.69)†

Vargas et al.32

Intervention group
Control

GEARS �

15.4(2.5)
15.3(3.4)

�

9.2(2.7)
9.9(2.1)

Wang et al.33

Intervention group
Control group

�

25.1 (7.1)
40.0(12.4)*

�

130.0(55.2)
121.1(40.1)

�

3.6(1.1)
4.2(1.0)

Whitehurst et al.34

Simulator
Real robot

GEARS �

2.83(0.66)
2.96(0.77)†

�

NS†

Values are mean(s.d.). GOALS, Global Operative Assessment of Laparoscopic Skills; RO-SCORE, Robotic Ottawa Surgical Competency Operating Room Evaluation;
GEARS, Global Evaluative Assessment of Robotic Skills. �, Evidence of skill transfer; �, no evidence of skill transfer. *P < 0.050. †No significant difference (NS);
indicates skill transfer in this study design). þ No significant difference; skill transfer is indicated by equal or better performance in this study design.
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(median 4, range 2–6). Only one RCT32 achieved a score of 6. In
general, points were often not given owing to incomplete report-
ing, especially information regarding the representativeness of
the intervention group (Table 1).

Discussion
This review has shown that certain surgical skills acquired on ro-
botic VR simulators can be transferred to the OR and that techni-
cal performance in the OR seems to be predictable by robotic VR
simulator performance. The extent to which this can be applied,
however, remains unclear.

Determining whether surgical skills acquired on a robotic VR
simulator can be transferred to an actual operation is crucial to
strengthen the role of VR robotic simulators in RAS skill acquisi-
tion. Although skill transfer studies need to be distinguished
from studies assessing the predictability of intraoperative perfor-
mance (concurrent or predictive validity), the terminology associ-
ated with validity is often misunderstood and misused. In this
systematic review, five studies were identified that assessed the
transferability of surgical skills. They proved to be heterogeneous
with regards to participants, study design, tasks, and outcome.
Two main issues with the study design became evident that
might have influenced the assessment of surgical skill transfer:
the training periods on the robotic VR simulators were insuffi-
cient to acquire significant technical skill; and operative perfor-
mance assessment did not adequately measure the skill set
acquired by training with the robotic VR simulator. Well planned,
high-quality studies are thus necessary to minimize the risk of
bias in skill transfer studies.

Shortened operating times as demonstrated in this review
could justify the role of robotic VR simulators in RAS training, as
time in the OR is expensive. A current analysis reported a cost of
US $37 (e31; exchange rate 21 February 2021) per minute of OR
time43, although a recent international Delphi survey44 reported
that laparoscopic surgery experts considered time to be the least
important indicator of good surgical performance on VR simula-
tors (compared with safety, dexterity, and efficiency) . Exactly
how best to implement robotic VR simulators in training curric-
ula (such as duration of training, choice of tasks) requires further
investigation45. In addition, to fully understand the benefits and
limitations of robotic VR simulator training, non-technical
aspects of skill should be assessed for skill transfer, such as cog-
nitive training46 and clinical decision-making.

Different concepts of validity are still frequently used to assess
new scoring systems or training modalities, and variation in ter-
minology and practices is common. A currently accepted and
widespread concept of validity is based on Messick’s framework,
which conceptualizes all validity under one overarching frame-
work of construct validity47–49. One aspect of validity evidence
within this framework includes answering the following

questions: how accurately do robotic VR simulator performances
predict current intraoperative performance (concurrent validity),
and how accurately do they predict future intraoperative perfor-
mance (predictive validity)? Answering the first question can
help define the role of robotic VR simulators as an assessment
method for credentialing, whereas the second question might
help with the selection of future robotic surgeons. In the present
review, evidence to answer these questions was rare; not a single
study comprehensively evaluated the predictability of future op-
erative performance. The meta-analysis of studies of predictabil-
ity revealed a positive pooled correlation between robotic VR
simulator performance (combined over all tasks assessed) and
intraoperative performance, but had a broad confidence interval
indicating high degree of uncertainty with regard to the point es-
timate of the summary effect. Because of the limited number of
studies and the known challenges in estimating between-study
heterogeneity in such settings, the width of the confidence inter-
val may have been underestimated.

Assessing skill transfer in relation to clinical operative perfor-
mance is complex. Operative procedures cannot be standardized like
laboratory tasks. Procedural difficulty varies with patient-specific
characteristics, such as anatomy, general condition, previous surgical
and medical history, and co-morbidities. The extent of pretraining,
the types of task in relation to the operative performance assessed,
and the amount of training and assessment tools used to evaluate
surgical skill, are all important variables. As summarized in Tables 3
and 4, study designs, tasks, procedures, and participants of studies in-
cluded in the present review were heterogeneous. Results cannot sim-
ply be attributed to robotic VR simulators alone but must be
considered in context of the study design. Systematic reviews evaluat-
ing skill transfer from laparoscopic VR trainers have identified similar
issues with variability between studies16. Although all studies in-
cluded in this review focused on technical aspects of surgical skill,
only one31 additionally showed a reduction in mental workload as a
result of training on VR simulators, and an improvement in commu-
nication/use of staff, as a subdomain of the RO-SCORE. No study spe-
cifically assessed clinical decision-making or communication with
validated tools; these are crucial skills for expert surgeons. Most stud-
ies were limited by their small sample size. Only two studies31,32

assessed more than 30 participants. Risk-of-bias assessments
revealed that the studies demonstrated good methodological quality.
NOS-E and MERSQI scores were quite homogeneous and generally
high, so it seems unlikely that differences in study quality influenced
the results greatly.

A systematic review in 2016 reported evidence of validity and
skill transfer of robotic VR simulators, based on the historical termi-
nology of validity, although most of the evidence did not come from
assessment of live animal models or human patients50. It was con-
cluded that there was no evidence of skill transfer from simulation
to clinical surgery on patients. A further review51 in 2016 included
only one study on human patients, claiming to assess predictive

–1 –0.5

No correlation with OR performance Correlation with OR performance

0

CorrelationWeight (%)CorrelationNo. of traineesReference

35.621Aghazadeh et al.35

38.028Hung et al.36

26.310Mills et al.37

100.0

[0.57, 0.92]0.80
[0.61, 0.90]0.80

[–0.65, 0.61]–0.03

[0.22; 0.88]0.67Pooled result
Heterogeneity: I2 = 74%, t2 = 0.1916 0.5 1

Fig. 2 Forest plot showing correlation between robotic virtual reality simulator performance and operating room performance

A random-effects model was used for meta-analysis. Correlations are shown with 95 per cent confidence intervals. OR, operating room.
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validity of robotic VR simulators. With a total of eight live animal
and human patient studies, the present systematic review and
meta-analysis provides the collective evidence that surgical skill ac-
quired on robotic VR simulators is transferable to the OR with re-
gard to time and technical surgical performance. Performance on
robotic VR simulators seems to predict current technical RAS per-
formance in the OR. These data suggest that there are potential
benefits that could justify the use of robotic VR simulators in dedi-
cated training curricula, and emphasize the values imulation train-
ing before performance in the real OR to ensure patient safety.
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