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Improved Complex Skill Acquisition by Immersive
Virtual Reality Training
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Medicine, University of Calgary, Calgary, Alberta, Canada

Background: There has been limited literature on immersive virtual reality (VR) simulation in orthopaedic education.
The purpose of this multicenter, blinded, randomized controlled trial was to determine the validity and efficacy of im-
mersive VR training in orthopaedic resident education.
Methods: Nineteen senior orthopaedic residents (resident group) and 7 consultant shoulder arthroplasty surgeons
(expert group) participated in the trial comparing immersive VR with traditional learning using a technical journal article
as a control. The examined task focused on achieving optimal glenoid exposure. Participants completed demographic
questionnaires, knowledge tests, and a glenoid exposure on fresh-frozen cadavers while being examined by blinded
shoulder arthroplasty surgeons. Training superiority was determined by the outcome measures of the Objective
Structured Assessment of Technical Skills (OSATS) score, a developed laboratory metric, verbal answers, and time to
task completion.
Results: Immersive VR had greater realism and was superior in teaching glenoid exposure than the control (p =
0.01). The expert group outperformed the resident group on knowledge testing (p = 0.04). The immersive VR group
completed the learning activity and knowledge tests significantly faster (p < 0.001) at a mean time (and standard
deviation) of 11 + 3 minutes than the control group at 20 + 4 minutes, performing 3 to 5 VR repeats for a reduction in
learning time of 570%. The immersive VR group completed the glenoid exposure significantly faster (p = 0.04) at a
mean time of 14 + 7 minutes than the control group at 21 + 6 minutes, with superior OSATS instrument handling
scores (p = 0.03). The immersive VR group scored equivalently in surprise verbal scores (p = 0.85) and written
knowledge scores (p = 1.0).
Conclusions: Immersive VR demonstrated substantially improved translational technical and nontechnical skills
acquisition over traditional learning in senior orthopaedic residents. Additionally, the results demonstrate the face,
content, construct, and transfer validity for immersive VR.
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Clinical Relevance: This adequately powered, randomized controlled trial demonstrated how an immersive VR system
can efficiently (570%) teach a complex surgical procedure and also demonstrate improved translational skill and
knowledge acquisition when compared with a traditional learning method.

The Accreditation Council for Graduate Medical Education
(ACGME) in North America and the European Working Time
Directive (EWTD) promote reduced residency work hours and
competency-based education'. The FIRST (Flexibility In duty
hour Requirements for Surgical Trainees) trial and subsequent
publications, comparing flexible work hours with standard
ACGME duty-hour requirements in surgical and medical edu-
cation, have demonstrated that learners can acquire knowledge
as measured by passing examinations despite more flexible
schedules®. Unfortunately, these trials do not address techni-
cal skill acquisition. Surgical trainees have demonstrated the
lack of perceived confidence in independent practice following
graduation®. Health-care provider expectations are forcing sur-
gical residents to reach competency in the same time as their
predecessors’”. To mitigate this, surgical simulation is en-
dorsed by surgical societies including the American Academy
of Orthopaedic Surgeons (AAOS) and the American College of
Surgeons (ACS)'™".

Studies involving surgical simulators receive the Level-
of-Evidence statements from the modified Oxford Centre for
Evidence-Based Medicine (OCEBM) guidelines”. Based on this
framework, Level-1 evidence of the validity of contemporary
immersive virtual reality (VR) for technical and nontechnical
skill acquisition in surgical procedures has not been conclusively
demonstrated. Immersive VR involves a head-mounted display
with visual and auditory cues and controllers using haptic (sense-
of-touch) feedback in a 3-dimensional environment. Immersive
VR provides realistic operative scenarios with the uninterrupted
availability to practice complex surgical skills, devoid of patient-
related ethical considerations, patient safety factors, or financial
and operative time constraints.

Traditional learning methods include reading educational
materials with exposure to procedures, logging case volumes,
watching technique videos, performing cadaveric dissections,
and receiving feedback from senior colleagues”. We tested our
hypothesis that immersive VR is superior in teaching a multistep
orthopaedic surgical procedure to senior orthopaedic residents
compared with traditional learning methods in the form of a
journal article. Additionally, we sought to determine the validity,
reliability, and transferability of surgical skills obtained in immer-
sive VR training compared with a traditional learning method.

Materials and Methods

Participants

Nineteen orthopaedic surgical residents (resident group) from
postgraduate years (PGYs) 4 and 5, and 7 orthopaedic shoulder
arthroplasty surgeons (expert group), affiliated with academic
institutions from across Canada consented to participate in this
study following institutional ethics review board approval.

Subjects were recruited from the Canadian Shoulder and Elbow
Society (CSES) Annual Resident and Fellow’s Course in Cal-
gary, Alberta, Canada. Expert surgeons were defined as those
who were fellowship-trained in shoulder surgery, regularly per-
forming arthroplasty and having completed a minimum of 40
shoulder arthroplasties as the primary surgeon.

Randomization

Study participants completed a demographic questionnaire to
determine their level of training and experience with simula-
tion. Residents and experts underwent block randomization
into equal immersive VR and control groups. The allocated
intervention was not revealed to subjects. Figures 1-A and
1-B depict CONSORT (Consolidated Standards of Reporting
Trials) flow diagrams for the study.

Intervention

Both resident and expert immersive VR groups performed a
glenoid exposure module on an immersive VR platform. This
technology utilized a head-mounted display and haptic con-
trollers with an immersive, virtual operating room (Glenoid
Exposure Module, version 1.4; PrecisionOS Technologies). The
module illustrated key steps in glenoid exposure, including
subscapularis takedown, humeral head osteotomy, and soft-
tissue releases for difficult glenoid exposure (Figs. 2-A, 2-B,
and 2-C). Proper glenoid retractor placement was emphasized.
A third-party research member was present during the trial
process to mitigate bias. Immersive VR subjects were not lim-
ited with respect to time or repetition of the module.

Control subjects were provided with a comprehensive
technical journal article outlining steps for achieving glenoid
exposure in shoulder arthroplasty similar in educational con-
tent to the immersive VR module'. Control subjects read the
article without time or repetition limitations.

After the learning activity (immersive VR compared with
control), both groups completed an 8-question written knowl-
edge test pertaining to exposure, retractor use, and problem-
solving for glenoid exposure without referencing the intervention
information. All subjects completed a Likert-scale questionnaire
on subjective experience with their intervention.

Cadaveric Dissection

Ten additional fellowship-trained shoulder arthroplasty sur-
geons (evaluators), who were blinded to participant ran-
domization, evaluated residents in a mock operating room
scenario. The resident subjects were brought to a surgical
skills laboratory in 2 groups of 10 subjects and were instruc-
ted to proceed with the necessary surgical steps required to
achieve glenoid exposure; all subjects were unaware of the
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Figs. 1-A and 1-B CONSORT flow diagrams of randomization of resident shoulder surgeons (Fig. 1-A) and consultant shoulder surgeons (Fig. 1-B).
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Fig. 2-B

Figs. 2-A, 2-B, and 2-C Representative photographs of learning

activities and cadaveric dissection. Fig. 2-A A control subject reading
the provided technical journal article. Fig. 2-B An immersive VR subject
performing the virtual glenoid exposure learning activity. Fig. 2-C Once
the learning activity was completed, the resident group performed a
cadaveric dissection and glenoid exposure with an evaluator present.

surgical task being asked of them prior to arrival. The surgical | glenoid exposure, the Objective Structured Assessment of
procedure was performed using fresh-frozen upper-extremity | Technical Skills (OSATS) score, and the completion of a devel-
cadaveric specimens (from the scapula to the hand). Surgeon | oped laboratory metric'®. OSATS scoring is a validated metric
evaluators assessed the subjects on the time to completion of | of open surgery performance'®*. The nonvalidated developed
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TABLE | Subject Demographic Characteristics

Resident (N = 16) Expert (N =7)
Immersive VR Control Immersive VR Control
(N=8) (N=28) P Value (N=4) (N=3) PValue P Value*
Postgraduate training year 4 PYG-4, 4 PGY-5 2 PGY-4, 6 PGY-5 0.63 — — — —
Familiarity with shoulder surgical 222+04 2+0 0.14 3+£0 3+£0 1 <0.001
approachest F
Familiarity with shoulder arthroplastiest ¥ 1.8 £0.6 1.8+0.4 0.46 25+1 0.35 <0.001
Shoulder surgical courses attendedt F 1.1 +0.3 1.2+0.4 0.54 3x0 3+0 1 <0.001
Arthroplasties performed as 1.2+0.4 1.3+0.5 0.61 3.3+1.5 3.7+0.6 0.35 <0.001
primary surgeont §
Arthroplasties performed as first 2.3+0.5 2+0 0.07 3.3+1.5 3.7+06 0.35 <0.001
assistantt §
Yearly shoulder arthroplastiest § — — — 1.4 3.3+0.6 0.46 —
Degree of familiarity with surgical 1+1 1.1+1 0.57 0.5 1.3+£1.2 0.27 0.65
simulatorst F
Use of VR specifically for surgical training# O 0 1 0 0 1 1
Use of VR in any means prior to studyt ** 1.1 + 0.3 1.2 +0.4 0.53 1+0 1.7+0.5 0.053 0.51
*Comparison of resident and expert groups. 1 The values are given as the mean and the standard deviation. FLikert scale 1 to 3. §Likert scale 1 to
4. #The values are given as the number of participants. **Likert scale 1 to 2.

laboratory metric pertains to specific sequences of glenoid
exposure (see Appendix). Surgeon evaluators were instructed
to observe and not provide technical suggestions. The timing
of the cadaver glenoid exposure test began once the subscap-
ularis tendon was exposed and was completed once exposure
was achieved with retractors positioned and verbal questions
answered (Figs. 2-A, 2-B, and 2-C). Two surprise verbal
questions were asked during the glenoid exposure task: (1)
naming available retractors for exposure, and (2) identifying

methods to aid in difficult glenoid exposure. All subjects
completed a questionnaire pertaining to the enjoyment, real-
ism, teaching capacity, and perceived longitudinal benefit in
continued learning with the repeated use of their respective learn-
ing activity.

Outcomes and Statistical Analysis
The primary outcomes were the OSATS score, knowledge
score, and time to completion of the cadaveric task. The

TABLE Il Primary Outcome Variables

Novice (N = 16) Expert (N =7)
Immersive Control* Immersive Control*
Variable VR* (N = 8) (N=28) P Value VR* (N =4) (N=3) P Value P Valuet
Intervention component
Knowledge test composite 13.5+14 135+1.8 1 145+33 16.7+1.2 034 0.04
Time to immersive VR or journal module 11.0+3.0 20.0+x4.0 <0.001 40+0 19.0 £ 5.0 0.002 0.12
completion (min)
Cadaveric glenoid exposure component
OSATS composite 11.8+25 125+4.8 0.70 — — — —
OSATS: respect for tissue¥F 3.0+15 3.75+1.0 0.31 — — — —
OSATS: time and motion¥ 25+09 28 +1.7 0.20 — — — —
OSATS: instrument handling¥ 3.25+0.7 3.0+£1.8 0.03 — — — —
OSATS: flow of operation and forward planning¥ 3.0+1.1 3.0+11 1 — — — —
Laboratory metric composite 46.7 +5.5 46.2+8.2 0.44 — — — —
Time to glenoid exposure (min) 14.0+7.0 21.0+6.0 — — — 0.04 —
*The values are given as the mean and the standard deviation. TComparison of resident and expert groups. ¥Likert scale 1, 3, and 5.
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TABLE Ill Face and Content Validity

Immersive VR* Control*
Resident Expert Resident Expert
(N=28) (N=4) (N =28) (N=23) P Valuet

Face validity¥

Overall realism 3.8(2t05) 4 (4to4) 2.5(11to 4) 3.3(3t04) <0.001

Equipment realism 4.3 (3to5) 4.5 (4 t0 5) — —

Anatomy realism 3.9(31t04) 4.25 (4 to0 B) — —

Interaction with anatomy realism 3.6 (210 4) 4 (4to4) — —

Equipment interaction with anatomy realism 3.8(21t04) 4 (4to4) — —

Control realism 4 (2to 5) 3.5(31t04) — —

Instrument movement realism 3.6(21t04) 3.5(2t05) —

Preparation for operating room activity realism 3.3(2t05) — 2.7 (210 4) 2.6 (1to04) 0.34

Overall similarity to operating room 4.1 (2to 5) 4 (3tob) 3.5(2to4) 3 (1to 4) 0.32
Content validity

Ability to teach glenoid preparation¥ 4.3 (3to5) 4.3 (410 5) 2.8 (110 4) 3.3(21to04) 0.01

Anatomy teaching¥ 3.6 (2to5) 3.5(1to4) 2.7 (210 4) 3.3(2to 4) 0.06

Teaching retractor placement¥ 4.6 (3to D) 4 (3tob) 3.3(2to4) 3.6 (3t04) 0.005

Teaching problem-solving in glenoid exposure¥ 4.1 (3tob) 4 (3tob) 3.7 (1to4) 2.3(1to4) 0.29

Role in surgical education§ 3(3to3) 3(3to03) 2.7 (210 3) 3(3to3) 0.17
*The values are given as the mean, with the range in parentheses. TComparison of immersive VR and control in resident group. fLikert scale 1 to
5. §lLikert scale 1 to 3.

secondary outcome measures included the determination of
face, content, construct, and transfer validity. Face validity
was defined as the realism of the interventions and content
validity was defined as the ability of the interventions to teach the
defined task of glenoid exposure and retractor placement, both
determined through questionnaires. Construct validity was deter-
mined by the comparison of knowledge test scores between expert
and resident groups. Transfer validity was demonstration of tech-
nical and nontechnical skill transfer from the intervention to the
cadaveric dissection, measured as time to completion of the inter-
vention and cadaveric dissection, knowledge, and OSATS scores
during dissection.

To achieve 80% statistical power (beta = 0.02) using a
2-sided test at alpha = 0.05, a minimum of 6 subjects were
required for each group based on a conservative estimate of
25% difference in knowledge outcome scores of resident and
expert groupings. Data were tested for normality prior to statis-
tical analysis. The Student t test was performed for the direct
comparison of means for normally distributed data for summa-
tive scores and Likert scales. Chi-square testing was performed
for normally distributed single Likert-type data. The Cronbach
alpha was utilized to determine the reliability of testing metrics
and Likert scales. Results were considered significant at p < 0.05.
Data were handled as a complete case analysis.

Results

Demographic Characteristics

A total of 26 subjects were enrolled in the study. Nineteen
orthopaedic surgery residents and 7 expert surgeons were

randomized to either the immersive VR group or the control
group. One PGY-4 resident (control) was excluded because of
missing nearly all portions of the experiment. One PGY-4
resident (control) and 1 PGY-5 resident (immersive VR) were
excluded because of an erroneous rating instruction by a single
evaluator. The demographic results are summarized in Table 1.

There was no difference in resident pre-surgical train-
ing between the immersive VR group and the control group
(p = 0.61). Both cohorts were not familiar with surgical sim-
ulation (p = 0.57), and none had used VR simulators in pre-
vious training (p = 1.0) (Table I).

Primary Outcomes

The immersive VR group completed the cadaveric glenoid
exposure task faster (p = 0.04) at a mean time (and standard
deviation) of 14 + 7 minutes than the control group at 21 £ 6
minutes. The immersive VR group demonstrated superior OSATS
instrument handling scores (mean, 3.25 [range, 3 to 5]) compared
with the control group (mean, 3.0 [range, 1 to 5]) (p = 0.03).
There was no difference in the written knowledge scores between
the immersive VR group and the control group (p = 1.0). The
primary outcome results are summarized in Table 1L

Secondary Outcomes

Face Validity

The immersive VR activity overall was gauged as realistic by both
the resident and expert cohorts. The anatomic features and
instrumentation were deemed realistic by both resident and
expert cohorts. The haptic feedback demonstrated the lowest
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TABLE IV Perceived Benefit of Continued Use

Resident Expert
Immersive Control* Immersive Control*
VR* (N = 8) (N=28) P Value VR* (N = 4) (N=3) P Value

Enjoymentt

Enjoyment 4.8 (4to 5) 3.3(3t04) <0.001 4.5 (4 to 5) 3.3 (3to4) 0.04

Ease of use 4.8 (4t05) 4.2 (3tob) 0.08 4 (4 t0 4) 4.3 (4t05) 0.28
Benefit

Perceived benefit of continued uset 4.5 (4to b) 3.2(2to b) 0.009 4.3 (3tob) 2.6 (2to 4) 0.10

Perceived benefit of continued use 3(3to3) 2.6 (210 3) 0.08 2.8 (2t0 3) 2.3(2t0 3) 0.54

for novice surgeons¥

Perceived benefit of continued use 2.1 (2t0 3) 2.2(1t0 3) 0.76 2(1to 3) 2(1to 3) 1

for expert surgeons¥

Perceived benefit to role of immersive 3(3to3) 2.6 (210 3) 0.10 3(3to03) 2.6 (2to 3) 0.29

VR in surgical education¥
*The values are given as the mean, with the range in parentheses. tLikert scale 1 to 5. ¥Likert scale 1 to 3.

ratings of realism from both the novice and expert cohorts.
Questions of realism had good reliability for both the immersive
VR group at 0.82 and the control group at 0.84, as measured by
the Cronbach alpha. Overall, the immersive VR group had
greater realism (mean, 3.8 [range, 3 to 5]) compared with the
control group (mean, 2.5 [range, 1 to 4]) (p < 0.001). The details
of face validity are summarized in Table III.

Content Validity

Both resident and expert cohorts believed that the immersive
VR construct was proficient in teaching. Specifically, resident
and expert cohorts believed that the immersive VR construct was,
in statistical terms, good with respect to teaching anatomy, glenoid
preparation, and glenoid exposure problem-solving and extremely
good with respect to teaching retractor placement.

Teaching ability questions had good reliability for the
immersive VR group at 0.77 and the control group at 0.74.
Immersive VR revealed a greater perceived ability to teach retrac-
tor placement than the control module in the resident cohort (p =
0.005). The expert cohort similarly believed that the immersive
VR module was proficient at teaching glenoid retractor placement
and in glenoid exposure and preparation, although it was not
significantly different from the control module (p = 0.21). The
content validity is summarized in Table III.

Construct Validity

On the knowledge test, the expert cohort (15.4 + 2.7) outper-
formed the resident cohort (13.6 = 1.6) (p = 0.04). The expert
group was able to appropriately name more available retractors
(5.3 £ 1.1) than the resident cohort (4.4 + 0.8) (p = 0.03).

Transfer Validity

Time to completion was significantly faster (p < 0.001) in the
immersive VR group (11 + 3 minutes) compared with the
control group (20 £ 4 minutes). Immersive VR subjects com-

pleted 3 to 5 module repetitions, with 3.5 minutes spent per
module, accounting for a mean immersive VR module time of
11 £ 3 minutes. This demonstrated a reduction in time of
570% for the resident cohort and 475% for the expert cohort.

The immersive VR resident group was significantly more
competent in instrument handling than the control resident
group (p = 0.03). There was no significant difference (p = 0.89)
seen in the overall laboratory metric score between the immer-
sive VR group and the control group. The immersive VR res-
ident cohort was able to complete the cadaveric dissection
significantly faster (p = 0.04) at 14 £ 7 minutes than the control
group at 21 + 6 minutes, a difference of 150%. The immersive
VR group scored equivalently to the control group in surprise
verbal questioning (p = 0.85).

In statistical terms, the OSATS score demonstrated good
reliability (0.78) and the laboratory metric score showed very
good reliability (0.84), as measured by the Cronbach alpha for
both the immersive VR and control groups.

Further Benefit Consideration

The resident immersive VR group enjoyed the learning
activity (mean, 4.8 [range, 4 to 5]) more than the resident
control group (mean, 3.3 [range, 3 to 4]) (p < 0.001). The
resident immersive VR group perceived an educational ben-
efit to continued use, an educational benefit to novice and
expert surgeons, and an overall benefit to surgical education.
The expert immersive VR cohort similarly enjoyed the im-
mersive VR activity (mean, 4.5 [range, 4 to 5]) more than the
control group enjoyed the article reading (mean, 3.3 [range,
3 to 4]) (p = 0.04). Additionally, the expert immersive VR
cohort believed that there was a benefit with repeated use
for novice surgeons and surgical education. Table IV dem-
onstrates Likert responses to the perceived benefit of con-
tinued use.
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Discussion

In 1993, Satava proposed VR surgical simulation as the future
of surgical education”. Numerous surgical simulators have
subsequently been produced to provide technical and non-
technical skills"****. Previously, VR was defined with simula-
tors that were largely single-use, were of varying fidelity,
and had limited validity and reliability despite direct recom-
mendations by the Work Group for Evaluation and Imple-
mentation of Simulators and Skills Training Programmes of
the European Association of Endoscopic Surgeons (EAES)".
The recent Innovation, Design, and Emerging Alliances in
Surgery (IDEAS) Conference identified the production of an
immersive environment with an educational focus on skill
acquisition, adaptive learner performance, and surgical pro-
cedure rehearsal as key parameters to a successful implemen-
tation of a VR training program®. To our knowledge, our
study is the first to achieve these goals and demonstrate
the both technical and nontechnical skill transfer in surgical
trainees by contemporary immersive VR training.

By means of a blinded, randomized controlled trial, an
immersive VR-trained group of senior orthopaedic surgical
residents demonstrated superior instrument handling by the
validated OSATS score. The immersive VR group was able to
perform a complex, multistep surgical task following an in-
structional session faster than a traditionally trained group,
with equivalent retained knowledge scores tested through
written and oral testing. Block randomization produced a
similar level of training between the immersive VR group
and the control group. The improved instrument handling
demonstrated may come from the immersion aspect of the
VR module, which allows users to perform, rather than simply
outline, key surgical steps. Learning through repetition may also
promote the improvement of learning and technical skill acqui-
sition, as the immersive VR group was able to achieve multiple
passes of the module compared with the control group. Kohls-
Gatzoulis et al. highlighted the importance of multifaceted train-
ing for cognitive and technical skill acquisition through junior
resident learning of total knee replacements™. This work elabo-
rates Ericsson’s concept of deliberate practice’. Cognitive capacity
and decision-making can be taught through repetition and are
important skills for any surgeon.

Surgical trainees now have flexible work hours follow-
ing the FIRST trial’. Confidence in learning through this evo-
lution has been questioned, with surgical simulators proposed
as a means to compensate for the heterogeneity of case expe-
riences™. Despite the reduction in work hours, concern about
burnout remains in the forefront of surgical education, with
estimates of 27% to 75% of residents experiencing evidence of
burnout™. A previous study of orthopaedic surgery trainees
showed a clear dependency of overall satisfaction on reduced
working time”. Unspecified in these studies is the amount of
learning time in addition to direct work hours, which can be
overwhelming. With the tasks examined, we have demon-
strated significant improvements of technical and nontechni-
cal skill acquisition at a mean reduction of 570% in learning
time, with the ability to repeat complex multistep tasks while

IMPROVED COMPLEX SKILL ACQUISITION BY IMMERSIVE VIRTUAL
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being substantially more enjoyable than the traditional learn-
ing method.

Surgical simulation has been identified as a means to
improve the quality of care in low and middle-income populations
in general surgery™. Fractures incur 52 million disability-adjusted
life years annually around the world and account for 16% of the
total burden of disease globally”. An inverse relationship exists
between the number of surgical procedures performed in low
and middle-income countries and the rates of morbidity and mor-
tality™. The acquisition of technical and nontechnical skills through
immersive VR could dramatically impact the existing health-care
disparity noted and could have vast socioeconomic impacts on the
working population in these developing countries.

This study has a number of limitations. It had a small
sample size, and convenience sampling precluding the inclusion
of an intermediate cohort (i.e., fellows or junior consultants).
Transfer validity was determined using cadaveric specimens rather
than a real surgical scenario; however, cadavers have been rec-
ommended as an appropriate adjunct in studies of transfer
validity””. Expert surgeons did not complete the cadaveric dis-
section because of inherent bias by colleague evaluators and
limits on further construct validation of technical skill acqui-
sition. There is not a well-established rating scale of open sur-
gery performance for orthopaedic surgery; however, OSATS
scores have been previously validated in the assessment of open
shoulder surgical procedures'®*”*. The establishment of other
validity metrics including face and content validity is very sub-
jective, and there is no well-established questionnaire to address
this. We used a nonvalidated laboratory metric for the additional
assessment of residents during cadaveric dissection; however, it
demonstrated very good reliability in its scoring and association
with OSATS scores. The study design could be improved by using
multiple evaluators per study participant or recording and analysis
by multiple evaluators. Our study exclusively compared immer-
sive VR with a technical journal article; however, several other
modalities of traditional training exist including videos, cadaveric
dissections, instructional courses, or bench-top simulators. The
role of immersive VR in orthopaedic surgery requires further
validation in comparison with these training methods before a
definitive recommendation of equivalency and generalizability in
training can occur. This study exclusively examined 1 modality of
training compared with immersive VR in a select population of
senior learners and thus has limited generalizability to other levels
of training or procedures. VR simulators have previously received
poor sense-of-touch ratings, and our haptics demonstrated room
for improvement, as shown in Table ITI. A further limitation is the
single use of the intervention rather than longitudinal assessment.

In conclusion, immersive VR was effective in teaching a
single complex surgical skill to senior-level residents and was
superior to a traditional method of learning in time to task
completion and instrument handling in this blinded, random-
ized controlled trial. The immersive VR learning task provided
equivalent nontechnical skill to trainees measured via knowledge
tests and was significantly more efficient for resident and expert
surgeons than traditional teaching. In this study, immersive
VR demonstrated the ability to teach a complex surgical skill
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efficiently with face, content, construct, and transfer validity.
However, further comparative validity studies are required for
immersive VR in training orthopaedic surgeons.
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