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Trial design: This was a randomized controlled trial.

Background: Intraoperative errors correlatewith surgeonskill andskill declineswith intervals

of inactivity. The goals of this researchwere to identify the optimal virtual reality (VR)warm-

up curriculum to prime a surgeon’s technical skill and validate benefit in the operating room.

Materials and methods: Surgeonswere randomized to receive six trial sessions of a designated

set of VRmodules on the da Vinci Skills Simulator to identify optimal VR warm-up curricula

to prime technical skill. After performing their curricula, warm-up effectwas assessed based

on performance on a criterion task. The optimal warm-up curriculum was chosen from the

groupwith the best task time and video reviewebased technical skill. Robot-assisted surgery

eexperienced surgeons were then recruited to either receive or not receive warm-up before

surgery. Skill in thefirst 15minof surgerywas assessedbyblinded surgeonand crowdworker

review as well as tool motionmetrics. The intervention was performing VR warm-up before

human robot-assisted surgery. Warm-up effect was measured using objective performance

metrics and video review using the Global Evaluative Assessment of Robotic Skills tool.

Linear mixed effects models with a random intercept for each surgeon and nonparametric

modified Friedman tests were used for analysis.

Results: The group performing only a Running Suture task on the simulator was on average

31.3 s faster than groups performing other simulation tasks and had the highest Global

Evaluative Assessment of Robotic Skills scores from 41 surgeons who participated. This

was chosen as the optimal curriculum. Thereafter, 34 surgeons completed 347 surgeries

with corresponding video and tool motion data. No statistically significant differences in

skill were observed with the warm-up intervention.

Conclusions: We conclude that a robotic VR warm-up before performing the early stages of

surgery does not impact the technical skill of the surgeon.
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Introduction

Medical errors account for 98,000 deaths each year, atop a
higher number of patient complications.1 An estimated one-
third of these errors are surgical, and the average American
can expect to have seven surgeries in their lifetime.2-4

Although surgical simulation’s role in off-line teaching is
accepted,5 simulation may also have a role in identifying

decrements in surgical performance and offer a system for
mitigating skill decay.6-9 Perez et al. concluded that skill may
decay at different degrees depending on the type of skill and
that training to mitigate decay may require targeted curricula
based on the specific decay signatures.7 These methods were
described for laparoscopic surgery skills, yet no warm-up has
been studied for robot-assisted surgery which has seen
considerable adoption in the United States with the creation
of the da Vinci surgical robot by Intuitive Surgical (Sunnyvale,
CA).8

Although several other checklist-type preparation pro-

cedures exist in the operating room, there is still no metric
which measures how prepared a surgeon is after periods of
inactivity.9 In other professions, after participating in a warm-
up, task performance can be elevated.10 Previous work addi-
tionally shows that a warm-up decrement exists, in which the
effects of warm-up begin decaying approximately 30min after
performing a warm-up task.10-13 These hypotheses have
already found four factors which most affect warm-up
decrement: (1) intervals between practice, (2) complexity and
type of task, (3) strategies used to maintain skills, and (4) in-
dividual differences.14,15 Virtual reality (VR) proficiency-based

warm-up modules have been shown to most effectively
combat skill decay.16-20 This research group identified in a
prior study that VR warm-up primes experienced robotic
surgeons when looking at task time (TT) and errors; thus, we
sought to assess the warm-up benefit among practicing
surgeons.19

The da Vinci Skills Simulator (dVSS) replaces the physical
robotic arms of a da Vinci robot with virtual representations of
the tools to simulate a surgical environment (Fig. 1).21 The
simulator tasks exercise a surgeon’s ability to move objects,
target camera position, dissect tissues, and suture.

Measuring surgical technical skill in an objectivemanner is
difficult, with the gold standard being video review by expert
surgeons. Previous work has shown that video review of
technical skill by nonexpert crowds is accurate. When
compared with expert surgeon review, crowds of nonexperts
were able to predict the pass and fail rate of surgeons with
100% accuracy in retrospective studies.22,23 Tool motion data
captured from the da Vinci have also been associated with
surgical skill. Metrics, such as TT, spectral arc length (SAL),
camera use per minute (CUP), normalized angular displace-
ment (NAD), rate of orientation change (ROC), and mean ve-

locity (MV), have all been found to associate with surgical
skill.24-28 Of these objective metrics, TT has repeatedly been
shown to be the most accurate measure in classifying tech-
nical surgical skill,whencomparedwith the gold standard.23,27

In this study, we sought to find the optimal VR warm-up
curriculum to properly prime surgeons for robot-assisted
surgery and validate the warm-up benefit in the operating

room by measuring objective performance metrics and

obtaining video review of participants.

Materials and methods

Aim 1

Participant recruitment
Surgeons and trainees were recruited after giving informed
consent to an institutional review boardeapproved (#41730)

study. Participating surgeons were from urology, gynecology,
and general surgery at four clinical sites including military,
Veteran’s Administration Hospital, public academic, and pri-
vatemedical centers. The trial was a crossover design with a 1
to 1 allocation ratio. Each of the participants was asked to
complete a standard demographic questionnaire to learn their
experience and any factors impacting responses to warm-up
simulations. The information obtained included typical de-
mographics info such as age, gender, and so forth as well as
handedness, experience in surgery/robotic surgery, musical
experience, and experience playing video games. As the par-

ticipants in this studywere surgeons, this was not a registered
clinical trial.

dVSS curricula
Modules used for surgeon priming needed to be technically
challenging to stimulate the surgeon in a way that most
closely corresponds to movements present in a surgical
environment. The criteria used to select modules were as
follows: (1) prior validation in the literature, and/or 2)
involvement of multiple skills simultaneously, and/or 3)
containing content that closely simulates actual surgery.

Following these criteria, we chose to use the “Ring and Rail 2”

Fig. 1 e The da Vinci Skills Simulator allows surgeons to
practice typical surgical tasks outside of real surgery. (Color
version of the figure is available online.)
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and “Match Board 3” modules from the “EndoWrist Manipu-
lation 2” category (Fig. 2). “Ring and Rail 2” has previously been
found to effectively discriminate surgical skills, and “Match
Board 3” has been found to be the most difficult of the dVSS
modules among experienced surgeons.17,29 From the “Needle
Driving” category, “Suture Sponge 3” was chosen as it has
been found to vary greatly between experienced, intermedi-

ate, and novice performers.29 “Running Suture 2” was the final
module chosen and also used as the criterion module against
which all groups of participants were tested for proficiency, as
it most closely represents the actions in a real surgical su-
turing procedure. Each of these four modules can be
completed in approximately 2-3 min, making them short
enough to be feasibly used as a component of a final
curriculum.

Proficiency testing
To normalize the skills of participants, each underwent pro-

ficiency training before being randomized to one of five cur-
riculum groups (Fig. 3) consisting of modules shown in
literature to improve technical skill. Proficiency testing
included completion of the Intuitive Surgical da Vinci didactic
web-based curriculum. To obtain benchmark performance
goals for the proficiency training, two expert robot-assisted
surgeons completed the four modules used until they made
no errors. The average time from the best TT for each surgeon
was used as the benchmark. Participants were deemed ‘pro-
ficient’ once they met TT benchmarks for three consecutive
trials.

The four dVSS modules were split into five curriculum
groups with different combinations of modules to test which
curriculum was most efficient for priming surgeons. The
modules in each of these five groups are shown in Table 1.
Within each group, half were randomized to perform the tasks
monthly and half performed biweekly. After 8 wk of per-
forming at one frequency, the participants were then crossed
over to the opposing frequency group for a total of six trial
sessions, to allow for certain baselines in statistical models to
control for intervals of inactivity. After performing his/her
respective curriculum, each participant performed the crite-

rion module (Running Suture 2).

Video review
Video was obtained from each criterion VR task session, and
two blinded expert surgeons reviewed videos of the perfor-
mances and rated them using the Global Evaluative Assess-
ment of Robotic Skills (GEARS) tool.30 The ‘Autonomy’ domain

of the tool was removed as it could not be used with a post-
performance video review, leaving a total possible score of 5-
25.

Statistical models
The primary goals of aim 1 were to evaluate (1) the magnitude
of skill decay between the two standardized assessment in-

tervals (monthly and biweekly) and (2) the curriculum which
optimizes the participant’s GEARS scores and results in the
smallest deviation from performer baseline performance.

We used a linear mixed effects model which accounts for
interval assessment period, timing of assessment, and
contrast between the different curricula. This model included
a random intercept to account for clustering of study partici-
pants and a fixed effect to adjust for assessment time between
different trials. To account for the average percentage of skill
decay between groups, the contrast in GEARS scores between
groups performing monthly and groups performing biweekly

was accounted for in the model. The model did not take into
account differences in participant demographics when
computing a result. The module which yielded the highest
average combined GEARS score after accounting for all of
these factors was used as the optimal warm-up curriculum for
aim 2.

Aim 2

Participant recruitment
Aim 1 practicing surgeonswere allowed to participate in aim 2
of the study in addition to newly recruited surgeons. All newly
recruited surgeons consented to participating in this institu-
tional review boardeapproved study.

Randomization and warm-up protocol
Individual scheduled surgeries from each recruited surgeon
were randomized to either receive warm-up or not, with each
surgeon acting as their own control so that intersurgeon

performance variability did not impact the ability to observe
an intervention effect. The random allocation sequence was
generated with random sampling of blocks without replace-
ment and random sampling of surgeries within each block
without replacement. Permuted block randomization was
conducted, with blocks of 2, 4, and 6 participants each. The
random allocation sequence was kept in a REDCap database
and revealed one surgery at a time by study staff. Surgeons
who were randomized to receive the warm-up curriculum did
so on the dVSS for either the da Vinci Si or Xi depending on the

Fig. 2 e Frames from each of the four warm-up modules used during aim 1. From left to right: Ring and Rail, Match Board,
Suture Sponge, and Running Suture. (Color version of the figure is available online.)
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available simulator. Participating surgeons completed be-
tween 1 and 40 procedures.

Operating room data capture
Endoscopic video and robotic instrument position were
captured for each procedure using the Intuitive Surgical
dVLogger system which captures data directly from the
robot’s application programming interface. Capturing these
data synchronized to video allowed for assessing performance
with the GEARS and tool motion.

Data aggregation and manipulation
All video and tooltip data were captured, and performances

were parsed into ‘Si’ or ‘Xi’ labels. Any personally identifiable
information displayed in the videos was censored to create
black boxes over these areas.

Video segmentation
After confirming the timestamps at which the participant
surgeon started operating, we obtained the first 15 min of

surgery performed. The practicing surgeon’s complete video
was then uploaded as “unlisted” to YouTube for blinded video

review.

Objective metric calculation
The kinematic tooltip data were used to obtain summary
metrics based on periods when the surgeon was performing,
including ROC, SAL, NAD, MV, laterality, and CUP; all are
associated with technical skill.

Video review
For expert surgeon review, a web-based platform was created
to distribute the videos accompanied by the GEARS tool to

blinded surgeons and nonexpert crowds. Only a subset of
randomly chosen videos was used for expert surgeon review
as it became unfeasible to have expert surgeons review over
300 videos. Each GEARS score was recorded for each perfor-
mance to analyze the intraclass correlation (ICC) among rat-
ings for the same video. Statistical calculations were
computed using R and Python.31,32 C-SATS Inc. (Seattle, WA)

Fig. 3 e Randomization protocol for selection of warm-up module for surgeons. (Color version of the figure is available
online.)

Table 1 e The five groups of warm-up modules used for curriculum selection.

Simulation module Group 1 Group 2 Group 3 Group 4 Group 5

Running Suture 2 X X X X

Ring and Rail 2 X X X X

Match Board 3 X X

Suture Sponge 3 X
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was used to compile reviews of technical skill for each video,
obtained from crowds of nonexperts, to offset the limited
availability of expert surgeons. The use of crowd-sourced
assessment of technical skills has been validated as a rapid
means of reliably acquiring expert-like quantitative surgical
assessments.33-37

Results

Aim 1

Forty-one participants completed the study in aim 1, with

demographics from these surgeons shown in the supple-
mentary material. As can be seen in Fig. 4, the average TT for
the different groups had a downward trend in which the
surgeons became quicker as they proceeded through sessions.
The “Ring and Rail 2” only module, group 2, was the least
effective at lowering TTwhile also, as seen in Fig. 5, resulted in
the lowest GEARS scores. Groups 1 and 5 resulted in the most
favorable TT and GEARS scores. Group 1 participants only
primed with the “Running Suture 2” module and had a higher
GEARS score (2.1 points higher # 0.86, P ¼ 0.02). Compared
with group 2, group 1 was on average 31.3 s faster (#14.02 s,

P ¼ 0.03). GEARS scores from groups 1 and 5 were not signifi-
cantly different from each other (P ¼ 0.47 and P ¼ 0.70),
although group 1 had the least variation in GEARS scores and
TT of all groups. “Running Suture 2”, which was also the cri-
terion task, thus was chosen as the warm-up curriculum to

use before surgical procedures. It had comparable results as
group 5 and practically could be completed in 2-3 min.

Aim 2

After identifying the optimal VR warm-up curriculum, 40

practicing surgeons were enrolled in aim 2, with 34 surgeons
having performed at least one surgery during the study. De-
mographic questionnaire results are shown in the supple-
mentary material. Videos of 434 robot-assisted surgeries were
performed and recorded. Kinematic data were not captured in
89 cases because of recording equipment technical difficulties,
leaving 347 surgeries with both videos and corresponding
tooltip position kinematic data.

GEARS review outcome

Ratings by seven expert surgeonswere obtained for a subset of
45 videos, with two raters rating all videos and the other five
rating from 7 to 44 videos each. ICC for expert ratings was 0.38

(95% confidence interval (CI) 0.25 to 0.54), indicating poor
agreement. When the two raters with the greatest numbers of
missing observations were removed, ICC was 0.45 (95% CI 0.30
to 0.60), still indicating poor agreement. ICC estimates and
their CIs were based on an individual rating, consistency, two-
way random-effects model for incomplete data sets.38

We assessed the effect of thewarm-up on GEARS score, our
primary outcome, using both a linear mixed model with a
random intercept for each surgeon (P ¼ 0.98) and a nonpara-
metric modified Friedman test (P ¼ 0.34), with both finding no
significant difference between cases receiving or not receiving

the warm-up (Table 2). Robot type (Xi versus Si) was also not

Fig. 4 e Average task time for each of the five warm-up
modules in aim 1. Running Suture 2, group 1, had the
largest decrease in average task time. (Color version of the
figure is available online.)

Fig. 5 e The average GEARS score for each of the five warm-
up modules in aim 1. Running Suture 2, group 1, had the
largest increase in the average GEARS score. (Color version
of the figure is available online.)
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significantly related to the GEARS score (P ¼ 0.24), nor was any
robot by treatment interaction detected (P ¼ 0.67, Fig. 6).

Objective metrics outcome

We also examined the effect of the warm-up on six kinematic
metrics MV, ROC, NAD, SAL, CUP, and laterality using both
linear mixed models and a nonparametric modified Friedman

test, finding no significant differences between treatment
arms. We used the Holm-Sidak procedure to maintain fam-
ilywise alpha at 0.05. Kinematic and event outcomes were not
significantly associated with the GEARS score as quantified by
repeated measures correlation (using R package rmcorr,39 re-
sults shown in Table 3).

A linear mixed model including both a random intercept
and a random slope for the effect of the treatment on each

surgeon was used to quantify the range of effects the warm-
up had on different surgeons. Treatment effects for individ-
ual surgeons on the GEARS score ranged from -0.10 to 0.09
points, which we judged not to be clinically meaningful, thus

precluding the possibility of identifying subgroups of surgeons
who benefitted from the warm-up to any practically signifi-
cant degree (Fig. 7).

Discussion

No statistically significant difference in technical skill was
observed when surgeons performed a VR warm-up and when
they did not. Tests controlling for individual surgeons, robot
type (Si versus Xi), and time since last surgical performance
found no evidence that performing a warm-up curriculum

Table 2 e Results from statistical tests on the kinematic
and event measures recorded, for MV (mean velocity),
NAD (normalized angular displacement), SAL (spectral
arc length), CUP (camera use per minute), LR (laterality),
and ROC (rate of orientation change).

Measure Mixed model Est. b
(P-value)

Modified Friedman test
P-value

MV 0.06 (0.40) 0.35

NAD %0.06 (0.43) 0.29

SAL 0.06 (0.66) 0.31

CUP 0.03 (0.77) 0.68

LR %0.01 (0.79) 0.49

ROC 0.02 (0.89) 0.16

Both tests show poor results.

Fig. 6 e Effect of warm-up for each type of the robot used in the study, Xi and Si da Vinci robots. (Color version of the figure is
available online.)

Table 3 e Correlation of the kinematic and event
measures to GEARS scores by repeated measured
correlation, for MV (mean velocity), NAD (normalized
angular displacement), SAL (spectral arc length), CUP
(camera use per minute), LR (laterality), and ROC (rate of
orientation change).

Measure Correlation (#95% CI) P-value

MV 0.08 (0.11) 0.16

ROC %0.01 (0.11) 0.81

NAD %0.06 (0.11) 0.32

SAL %0.02 (0.11) 0.69

LR %0.01 (0.11) 0.86

CUP 0.08 (0.11) 0.16

These measures were not significantly associated with GEARS
scores.
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before surgery elevated surgical readiness. The null findings
wereunexpectedbecausewehad seenawarm-upbenefit inour

previousdry laboratory study,19 and thevolumeofdataand trial
sessions suggest that the findings from this study are valid.

Sports medicine research concludes that performing a
warm-up through the use of proprioceptive neuromuscular
facilitation techniques provides improvements to athletic
ability and can enhance skill in athletics.40,41 A study
measuring brain function of young athletes performing a
warm-up before cycling training found that warm-ups resul-
ted in a significantly increased amount of oxyhemoglobin
levels in the prefrontal cortex and motor areas of the brain42,
which is also the case for general motor activity and has been

shown to result in shorter reaction times.43,44 Other studies on
motor learning and the brain suggest the prefrontal cortex and
anterior cingulate cortex are in control of the initial phases of
motor skill learning,45,46 as well as a study finding behavioral
modification to lead to activation in these regions.47

These same areas of the brain, related to visual imagery
and motion processing, have been found to be activated dur-
ing surgical performance training tasks,44,48 suggesting that
some form of training or warm-up could potentially aid sur-
geons in preparing for surgery. A study which included sur-
geons of mixed experience levels concluded that for less

experienced surgeons, a larger modification in prefrontal
cortex activation appeared to confer technical performance
adaptation, suggesting this warm-up effect may only be pre-
sent in novice surgeons.49

Past studies have shown differing results from the use of a
warm-up before surgical procedures. A study performed with

residents using laparoscopic procedures found that brief
warm-ups performed before surgery significantly improved

intraoperative performance, regardless of case difficulty.50

Alternatively, some studies have shown no warm-up effect.
A study of nine laparoscopic surgeons performing no warm-
up, laparoscopic trainer box warm-up, or PlayStation 2
warm-up showed that out of 75 recorded cases, warm-up
before surgery was not essential to performance, as
measured by an objective assessment tool.51 A randomized,
controlled study in which surgeons performed VR warm-up
training before laparoscopic cases found that overall per-
forming the warm-up did not increase psychomotor skills
during surgery as measured by global assessment scores and

also did not influence operating time or complication rates.52

We previously have shown that in dry laboratory settings of
robot-assisted procedures in which surgeons performed VR
warm-up before criterion tasks such as suturing, warm-up
yielded a significant reduction in errors. Moreover, the study
found that expert surgeons experienced a significant
improvement from warm-up in their TT and economy of
motion, whereas these findings did not extend to less-
experienced surgeons.19

The several different types of surgeries and surgeons that
were included in this study could have been what led to the

findings, unless there is indeed no warm-up effect for com-
plex human surgeries. Another possibility is that there are so
many actions during the beginning of a surgical case (getting
access, cutting skin, etc.) that these hone the attentional ca-
pacity of the surgeon such that they are already “warmed-up”,
so the VRwarm-up is superfluous. Recording the initial 15min

Fig. 7 e A clear normal curve appears from the analysis of warm-up effect for each individual surgeon. This shows strong
evidence that the VR warm-up module did not affect technical skill proficiency. (Color version of the figure is available
online.)
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of each surgical case could have also contributed to these
findings. Although it is most likely the first 15 min of surgery
was the most likely to derive a warm-up benefit, what hap-
pens during this timemay be relatively simple steps in a case,
which would not tax the performer as much as the steps to
follow. The VR module used may have not primed surgeons
enough to boost arousal or performance to a significant de-

gree. In addition, these modules may stimulate important
centers of the brain that confer good surgical performance but
more so in the domain of surgical decision-making than of
technical skill, and this was not studied.

This research study had limitations. Surgeons performed
different types of procedures which consist of several
different types of movements and skills needed to complete.
Despite all surgeons enrolled being faculty surgeons, varying
degrees of skill existed. This study looked at intraoperative
performance only and was not designed to assess patient
outcomes, thus understanding whether warm-up had an

impact on success of surgery could not be ascertained.
Assessing these factors was beyond the scope of this study.
Warm-up has been shown to have a benefit in conventional
laparoscopy intraoperatively,18,53 and it is possible that robot-
assisted surgery may not be as technically challenging, thus
not requiring a technical skill warm-up. Preoperative warm-
up may take the form of mental visualization, reviewing pa-
tient images beforehand, describing steps of a case to a
trainee, patient positioning, placement of robotic ports, and
initial conventional laparoscopic tissue manipulation. These
are all important and may have a significant positive impact

on a surgeon’s priming such that assessment of technical
skills alone may not have detected the added value of VR
warm-up.

Conclusions

Counter to most existing literature in conventional laparo-
scopic surgery and observations made by this author group in
a robot-assisted surgery dry laboratory setting, performing a
VR warm-up curriculum before robot-assisted human surgery
does not significantly improve the technical skill of a prac-
ticing surgeon. Because surgery is a dynamic process
requiring thoughtful choreography before, during, and after a
case, isolating a specific preoperative surgeon behavior or
effort that may impact the surgeon’s readiness may be

difficult.
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