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Abstract

Background Artificial reality technologies are currently
being explored as potential options to improve surgical ed-
ucation. Previous studies have primarily examined the effi-
cacy of artificial reality in laparoscopic procedures, but to our
knowledge, none have been performed in orthopaedically
relevant procedures such as intramedullary tibial nailing,
which calls for more versatile large-scale movements.
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Questions/purposes Does a virtual reality simulator with or
without a standard technique guide result in (1) a higher
proportion of participants who completed the insertion of an
intramedullary tibial nail in a synthetic bones model and (2)
greater procedural accuracy than does training with a tech-
nique guide alone?

Methods Twenty-five first- and second-year medical stu-
dents without prior exposure to intramedullary tibial nail
insertion were recruited. Participants were randomly
assigned to the technique guide control group (n = 8), the
virtual reality group (n = 8), or the virtual reality and tech-
nique guide group (n =9). The technique guide was adapted
from a commercially available technique guide, which par-
ticipants in the assigned groups could use to prepare as much
as desired. The virtual reality simulation was based on the
same procedure, and we used a commercially available
virtual reality simulator that we purchased for this task.
Participants in the virtual reality experimental groups com-
pleted the simulation on three separate sessions, at a set
interval of 3 to 4 days apart. After 10 to 14 days of prepa-
ration, all participants attempted to insert an intramedullary
nail into an intact, compact bone-model tibia that lacked
surrounding soft tissue. Participants were given written hints
if requested, but no other assistance was given. A procedure
was considered complete if the nail and screw were properly
placed. Procedural accuracy was defined as the number of
incorrect steps normalized out of the 16 possible performed.
After the procedure, one orthopaedic surgeon assessed a
blinded video of the participant performing it so the assessor
could not recognize the individual or that individual’s gen-
der. Additionally, the assessor was unaware of which
group each participant had been randomized to during the
evaluation.
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Results A higher proportion of participants in the virtual
reality group (6 of 8) and the virtual reality and technique
guide group (7 of 9) completed the intramedullary nail than
did participants in the technique guide group (2 of 8; p =
0.01). There was no difference in completion between the
virtual reality groups (p = 0.89). Participants in the virtual
reality and virtual reality and technique guide had fewer
normalized incorrect steps than did participants in the
technique guide group (3.2 = 0.1 of 16 and 3.1 £ 0.1 of 16
versus 5.7 = 0.2 of 16, respectively; p = 0.02 for compar-
isons of virtual reality groups to technique guide, p = 0.63
between the virtual reality group).

Conclusions Virtual reality increased both procedural
accuracy and the completion proportion compared with a
technique guide in medical students. Based on our findings,
virtual reality may help residents learn the procedural
workflow and movements required to perform surgical
procedures. Future studies should examine how and when
exactly the technology can be applied to residencies and its
impact on residents.

Level of Evidence Level 1, therapeutic study.

Introduction

The most common method of learning new procedures in
surgical residencies involves surgical residents initially
reading technique guides and watching videos of a pro-
cedure, while surgical skills are later learned and applied in a
master-apprentice relationship [24, 30]. One study found
that 96% of residents taught themselves how to prepare for
surgical procedures [15]. Another study found that fewer
than 80% of graduating general surgery residents were rated
as competent to perform more difficult but widely practiced
“core procedures” on patients, highlighting a potential gap in
surgical education and a need to explore supplementary
training methods [8]. To address this deficit in surgical
training, the Accreditation Council for Graduate Medical
Education implemented the Next Accreditation System,
which includes standardized surgical simulation programs
with specific goals [16]. Additionally, there has been a shift
from the “see one, do one, teach one” model to evidence-
based medicine featuring increased simulation laboratories
and team approaches [10, 16, 28].

Augmented reality, mixed reality, and virtual reality are
emerging in surgery. Augmented reality involves overlaying
virtual simulated objects on real surroundings and allows
interactions with the virtual objects; mixed reality also
overlays virtual and real objects but incorporates interactions
with both real and virtual objects; virtual reality immerses the
user in a virtual environment with no use of real surround-
ings. These platforms have shown promising results in the
development of arthroscopic surgical skills, especially in
decreasing the learning curve for junior residents [2, 13, 25].

However, all three platforms have been limited to surgeries
requiring minimal movement, such as laparoscopic and en-
doscopic procedures, in the fields of neurosurgery, plastic
surgery, general surgery and orthopaedic surgery [2, 7, 12,
13, 25]. Because many of the most common procedures in
the United States, such as cesarean sections and joint
arthroplasties, require large-scale movements such as using a
mallet, there is a need to explore the potential integration of
these technologies into this class of surgical procedures [13,
21]. There is a currently a lack of research on these tech-
nologies in procedures needing more versatile movements
that are relevant to the practice of orthopaedic surgery.

We therefore asked: Does a virtual reality simulator
with or without a standard technique guide result in (1) a
higher proportion of participants who completed the in-
sertion of an intramedullary tibial nail in a synthetic bones
model and (2) greater procedural accuracy than does
training with a technique guide alone?

Materials and Methods
Recruitment

Although orthopaedic residents might be ideal participants in a
study like this, they were not used for the study because of the
limited number of inexperienced residents at our institution
and their variable exposure to trauma and intramedullary nails
represented a substantial confounding variable. A review of
virtual reality simulation training across 18 different studies,
on average, had 23 to 24 participants and an effect size 0of 0.80
[12,20]. Additionally, an a priori power analysis estimated 21
participants were needed (effect size = 0.80, power = 0.80,
alpha = 0.05). Based on the study and a priori analysis, we
sought to include 31 medical students to account for projected
attrition due to students’ schedules. After obtaining
Institutional Review Board approval, 31 first- and second-year
medical students from the University of Illinois College of
Medicine at Chicago were recruited from August 14 to August
22 for the study via email. Six students were excluded from the
study; five declined to participate after learning more about the
study, and one student had previous experience with intra-
medullary tibial nail insertions. Twelve women and 13 men
were included. A total of 17 first-year medical students and
eight second-year medical students were included. Of the
remaining 25 students, none had previous experience with
virtual reality. Participants construction and power-tool
background was also documented for later analysis.

This was a randomized control trial in which the assessor
was blinded to students’ group assignments. Students were
randomly assigned to one of three groups using a computer
random number generator: a technique guide group (n=8), a
virtual reality group (n = 8), or a virtual reality and technique
guide group (n = 9) (Fig. 1). Directly after running the
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Fig. 1 This flow diagram shows the virtual reality randomized control trial setup.

number generator program, emails were individually sent
by a different researcher. Evaluators were blinded and par-
ticipants were assigned to groups without knowing who the
other participants were and how others were assigned.

An intention-to-treat model was used, and all individuals
were analyzed in the groups to which they were randomized.
Before starting, all participants took a survey on the pro-
cedural steps of a tibial nail insertion to confirm that none had
previous knowledge of it (see Appendix 1; Supplemental
Digital Content 1, http://links.Iww.com/CORR/A387).

Group Preparation

Participants in the three groups prepared to perform an
intramedullary tibial nail insertion on a Sawbones compact
bone model (Vashon, WA, USA) of a left tibia for 10 to
14 days. Spaced repetition, the learning method used for
structuring virtual reality simulation spacing, has been as-
sociated with beneficial effects at 10 to 14 days [26].

The technique guide group served as the control group
and best represented the current model by which residents
learn surgical procedures before entering the operating room
[24]. Participants in this group were given an online docu-
ment with wording and images directly from the Zimmer
(Warsaw, IN, USA) Natural Nail System Tibial Nail
Technique Guide, which they were allowed to use at their
discretion [17]. The virtual reality simulation was also based
on the Natural Nail system [18]. However, because the vir-
tual reality simulation did not include every step included in
the technique guide, such as picking the appropriate reamer
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size for the patient or reaming up to 0.5 mm if the nail did not
advance with impaction, steps were removed from the
technique guide to match the virtual reality training. Students
recorded how often and for how long the technique guide
was accessed.

The virtual reality group and the virtual reality and tech-
nique guide groups were the experimental groups. The vir-
tual reality platform was from OssoVR (Palo Alto, CA,
USA), an orthopaedic virtual reality company that created a
simulation of intramedullary tibial nail insertion [18]. The
groups were structured to use spaced repetition with testing,
an established learning theory [3, 11, 22, 23]. One study
found that found that the optimal gap of spaced repetition
declines with time from 20% to 40% at a 1-week evaluation
to 5% to 10% at a 1-year evaluation [4]. Given this finding
and the nonlinear nature of recall, participants in the exper-
imental groups participated in the virtual reality simulation in
three separate sessions before the procedure at 10 to 14 days,
requiring a gap of 20% to 31% (3 days to 4 days) between
virtual reality sessions, with their first session being the first
day of the study (Table 1).

During their first virtual reality session, each participant in
an experimental group completed a tutorial on general ori-
entation in the virtual reality space. During the first session,
after completing the tutorial, participants were placed in a
virtual operating room to perform the intramedullary nail
procedure three times. The first time was designated as an
opportunity for further acclimation to the virtual world and an
introduction of how to use the tools correctly. Hints on how
to perform the procedure were provided in the operating
room by the software (Fig. 2). The second time, participants
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Table 1. Examples of experimental participation schedules

Participant Virtual reality session 1 Virtual reality session 2 Virtual reality session 3 Procedure
A Day 1 Day 4 Day 7 Day 10
B Day 1 Day 4 Day 8 Day 11
C Day 1 Day 5 Day 9 Day 12
D Day 1 Day 5 Day 10 Day 13

were told to focus on learning operative steps. During the
third time through the simulation, all hints were turned off
and participants were required to go through the procedure
with at least 85% accuracy (Fig. 3). The participants had to go
through 59 separately specified steps in the simulation to
complete the procedure. Accuracy was the total steps sub-
tracted from the number of hints used over the total number
of steps. If they did not reach 85% accuracy, the participants
had to repeat the procedure without hints until they achieved
this percentage.

When the participants came in for their second and third
virtual reality sessions, there was no tutorial, and they
performed the simulation a minimum twice: once with
hints and once without them. At the second and third ses-
sions, participants were required to meet 90% and 95%
accuracy respectively, or they had to repeat the simulation
until reaching competency. The pass percentages were
determined by an orthopaedic surgeon to reflect sufficient
knowledge to perform the procedure with minimal diffi-
culty. The number of hints used by each participant in the
three sessions was recorded.

All participants in the virtual reality group passed with
the required pass percentage (85%, 90%, and 95% for the
first, second, and third sessions, respectively) on their first
attempt. There was also a decrease in the number of hints
these participants used from their first to second session
(p < 0.001), but no difference from the second to third
session (p = 0.05), with a mean of 5.7 = 2.0 in the first
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Fig. 2 This image shows virtual reality simulation of intra-
medullary tibial nail insertion with hints. These images are
reproduced with permission from OssoVR.

session, 1.6 = 2.0 in the second, and 0.3 = 0.7 hints in the
third session.

There was no difference in the preparation time of the
virtual reality group (59 = 5 minutes), virtual reality and
technique guide (82 = 21 minutes) compared with the
technique guide group (66 = 51 minutes; p = 0.13).

Artificial Compact Bone Model

On the day of compact bone nail insertion, before the
procedure, all participants completed the same baseline
survey they had initially taken. Participants were then
instructed they would have 25 minutes to complete the
procedure on the tibia with all of the necessary equipment
included (Fig. 4). All students used an intact compact bone
left tibia with a plastic cortical shell and an 11-mm canal
without soft tissue. One study found that reaming did not
add substantial time to an intramedullary tibial nail in-
sertion; therefore, a plastic tibia with a canal that required
minimal reaming was chosen [5]. After each procedure was
completed, the canal was filled with wood putty and
smoothed with sandpaper to prevent the next participant
from knowing the entrance point without the proper
knowledge from the technique guide or virtual reality
simulation. Additionally, the wood putty created resistance
in the tibia so the students could not slide the tibial nail in
without using the proper technique.

Fig. 3 This image shows virtual reality simulation of intra-
medullary tibial nail insertion without hints. These images are
reproduced with permission from OssoVR.
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Fig. 4 This photograph shows the initial setup for intramedullary
tibial nail compact bone insertion; all equipment is shown.

During the procedure, participants were not allowed to
ask the researchers questions. Participants were instructed to
complete the procedure as “effectively, efficiently, and in-
dependently” as possible, with no information regarding
how they were being evaluated. Participants were given
written hints if requested, but no other assistance was pro-
vided (see Appendix 2; Supplemental Digital Content 2,
http://links.lww.com/CORR/A388). If the procedure was
not completed in 26 minutes, the participant was told they
were out of time and the nail insertion was stopped (Fig. 5).

Primary and Secondary Study Outcomes

Our primary study outcome was the proportion of partic-
ipants in each of the three study groups who were able to
complete the task. We defined a completed intramedullary
nail as one where both the nail and screw were properly
placed. After the procedure, an orthopaedic surgeon
assessed a blinded video of the participant performing it so
they could not recognize the individual or their gender.
Additionally, they were unaware of which group each par-
ticipant was in while evaluating them.

Secondary study outcomes included the proportion of
incorrect steps in each group (defined as the number of
incorrect steps compared with the number of steps per-
formed), the number of hints requested during the test, and
the mean time to completion of the task.

Statistical Methods

There were eight participants in the control technique guide
group, eight in the virtual reality group, and nine in the
virtual reality technique guide group. There was no differ-
ence in the demographics between the groups including the
following: age, prior power-tool use, gender, and medical
school class (Table 2). This was evaluated using a Kruskal-
Wallis test for age and power tool use and a chi-square test
for gender and medical school class.

{J}‘@Wolters Kluwer

Procedural objective parameters included whether the
procedure was completed, procedure length (minutes), the
number of hints requested, and the number of incorrect
steps normalized out of the 16 possible performed. The
number of hints requested and incorrect steps performed
were normalized to the total steps completed by the par-
ticipant. The completion proportion, mean time of com-
pletion, normalized mean number of hints used, and
normalized mean number of incorrect steps per group were
found (Table 3).

All collected data were blinded and analyzed using
IBM SPSS Statistics, Version 25 (IBM Corp, Armonk,
NY, USA); p values < 0.05 were considered significant.
Kruskal-Wallis, Mann-Whitney U, and chi-square tests
were used as appropriate for nonparametric, ordinal, or
categorical variables.

Fig. 5 Photograph demonstrating assembled drill cannula in
the static hole slot of the insertion assembly.
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Table 2. Results demonstrating no difference in preoperative variables between experimental groups.

Technique Virtual reality Virtual reality plus Difference in experimental
Parameter guide (n = 8) (n=28) technique guide (n =9) groups (p value)
Age (years)® 24 + 2 23+ 1 24 +3 0.85
Power tool use (5 maximum)bc 25(1to4) 1.5(1to 4) 2(1to4) 0.29
% women (n) 50% (4) 63% (5) 33% (3) 0.49
% first-year students (n) 63% (5) 75% (6) 67% (6) 0.86
Preparation time (min)? 66 * 51 59 +5 82 + 21 0.13

“Data are presented as mean = SD or
Pmedian (range).

“Power tool use was based out of a score of 5, where 5 was a self-identification as advanced.

Results
Proportion of Successful Procedures

Overall, participants in the virtual reality and virtual reality
and technique guide experimental groups completed the
tibial nail procedure more than the control technique guide
group. A higher proportion of participants in the virtual re-
ality group (6 of 8) and the virtual reality and technique
guide group (7 of 9) completed the intramedullary nail than
did participants in the technique guide group (2 of 8; p =
0.01). There was no difference in the completion proportion
between the virtual reality-only group and the virtual-reality
and technique-guide groups (Table 3).

Number of Errors and Other Secondary Endpoints

Participants in the virtual reality and virtual reality and
technique guide had fewer normalized incorrect steps than
did participants in the technique guide group (3.2 = 0.1 of
16 and 3.1 = 0.1 of 16 versus 5.7 * 0.2 of 16, respectively;
p = 0.02 for comparisons of virtual reality groups to tech-
nique guide, p = 0.63 between the virtual reality group).
Participants in the virtual reality and virtual reality and
technique guide finished the procedure more quickly than
those in the technique guide group (19 = 7 minutes and 18

Table 3. Experimental group results

* 8 minutes versus 24 * 4, respectively; p = 0.03 for
comparisons of virtual reality groups to technique guide, p =
0.70 between the virtual reality groups).

There was no difference in the normalized number of
hints of the virtual reality and virtual reality technique guide
groups compared with the technique guide group (2.1 = 0.1
hints and 2.2 = 0.2 hints versus 2.6 = 0.1 hints, respectively;
p = 0.30 for comparisons of virtual reality groups to tech-
nique guide; p = 0.92 between the virtual reality groups).
The primary and secondary outcome values and p values
varied (Table 3).

Discussion

Junior surgical residents often prepare themselves for pro-
cedures by reading technique guides and watching videos
ofaprocedure [24]. Virtual reality may offer a useful adjunct
to these conventional training methods. To our knowledge,
no studies have been performed in orthopaedically relevant
procedures such as intramedullary tibial nailing. This study
sought to determine whether virtual reality could improve
inexperienced individuals® surgical completion and accu-
racy of an intramedullary tibial nail procedure, which
requires versatile movements that are relevant to the practice
of orthopaedic surgery. We found that virtual reality in-
creased procedural completion and decreased the number of

Completion Mean normalized Mean completion Mean normalized
proportion errors (16 maximum) time (min) hints (16 maximum)
Technique guide 20of 8 57+ .2 24 £ 4 26 .1
Virtual reality 6 of 8 32+ 1 19+7 21 .1
Virtual reality plus technique guide 7 of 9 311 18+ 8 222
Virtual reality vs. virtual reality 0.89 0.63 0.70 0.92
technique guide (p value)
Technique guide vs. virtual reality 0.01 0.02 0.03 0.30

groups (p value)

All means are = their respective SDs.
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errors when compared with solely using a technique guide.
Virtual reality has the potential to be used in surgical resi-
dencies as a tool to catalyze learning a procedural workflow
and to facilitate practice of required surgical movements.

Limitations

This study had several important limitations. First, while
sufficient based on a priori analysis, only 25 medical students
were included in the study. Thus, results are subject to sta-
tistical fragility; that is, a few more participants completing
(or not completing) the procedure in one group or another
could have changed a main research finding. For that reason,
our conclusions are preliminary. Therefore, future studies
with larger sample sizes are needed to more conclusively
evaluate the ability of virtual reality to increase procedural
completion and accuracy in complex surgical procedures.
Provided programming forced virtual reality groups to
reach 85% to 95% competency before completing a train-
ing session, while equivalent standards were not applied to
students using technique guides, introducing a potential
procedural bias. Though no participants were required to
repeat training at any session, future studies should elimi-
nate this stipulation or attempt to create a similar standard
for the technique guide group. Additionally, although our
study surveyed power-tool use, other demographic con-
trols should be obtained in future works, including a history
of participation in sports or a survey of musical ability.
Medical students were used as participants in this study
because of their naiveté to orthopaedic procedures and
more flexible schedules; away rotations exposure and
completed clinical rotations vary in junior residents
and represented a substantial confounder. Regardless of
variable exposure, there is value in examining junior resi-
dents in future studies and the efficacy of virtual reality
training. Additionally, residents learn in different formats
including videos, technique guides, and other resources and
they often use guided learning before performing a surgery
[24]. This controlled environment will not exist in residency.
Although this study demonstrated virtual reality training
improved procedural accuracy and completion, the simulated
compact bone model procedure does not represent a perfect
representation of a real surgical presentation. Furthermore,
though all important steps were accounted for, it is difficult to
emulate some haptic and technical aspects of the surgical en-
vironment, such as selection of appropriate reaming diameter.

Improved Completion of the Surgical Task and Error
Reduction with Virtual Reality

We found that virtual reality as a training tool, with or
without a technique guide, resulted in a higher proportion
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of participants being able to complete the surgical task we
used to evaluate them compared with participants who used
the technique guide alone. We also found that participants
who trained with virtual reality made fewer errors during
the procedure. This is potentially important because of the
growing evidence that surgical residents are underprepared
for independent practice; a training tool that can decrease
procedural errors while providing extra repetitions to build
competency may improve patient safety [8, 9].

Practical Implications

Virtual reality has a potential use in surgical residency pro-
grams. However, the technology itself has several limitations
that should be addressed before this application. As of now,
the haptics of the system does not accurately emulate many
orthopaedic procedures and is mostly limited to arthroscopy-
based procedures [ 14, 31]. Although there have been varying
results on whether haptics are essential for laparoscopic
procedures, large-scale procedures have yet to be thoroughly
examined [19]. Additionally, the cost of the simulators when
compared with their potential benefit must be further exam-
ined. Finally, given the degree of procedures orthopaedic
surgeons are required to know, research is needed into how
many and which procedures would best be learned using
virtual reality and the degree of work needed from the sim-
ulation platforms to code this.

Application of virtual reality technology allows efficient
surgical learning that can be applied safely at any point in
training and is especially useful before performing an oper-
ation for the first time. Additional research is needed to ex-
amine the benefits of virtual reality training in other complex
procedures and for optimizing its integration into surgical
education. We believe virtual reality training would be most
applicable to junior residents as a way to simulate performing
the steps and movements required for a variety of procedures
before ever stepping foot in the operating room. Developing
technologies integrating real-world, tactile sensations into
virtual reality simulations may advance the role of virtual
reality as a training tool [29].

The American Board of Surgery and the American
College of Surgery [1] endorse preparing medical students
for surgical residency through preparatory courses and
methods that can address quality care and patient safety be-
fore the start of their training. Virtual reality can address both
areas of emphasis by improving a medical student’s prepa-
ration for surgical clerkships and improving their tactile
skills, which are necessary for proper care once in residency.
Courses are beginning to focus on developing surgical skills
before clerkship [27]. The implementation of virtual reality
for clerkship preparation or as a supplement to the surgical
rotation can improve a student’s knowledge and clinical
skills. One study found that medical students desired more
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instruction and feedback during their surgical rotations, and
approximately 50% of students thought they were an in-
convenience to the service [6]. If implemented with surgical
rotations, virtual reality could increase the instruction and
feedback students receive because the virtual reality software
can give hints that can be turmed on for feedback and in-
struction and off for recall purposes [18].

Conclusions

Virtual reality increased both procedural accuracy and the
completion proportion compared with a technique guide in
medical students. Based on our findings, virtual reality may
help residents learn the procedural workflow and movements
required to perform surgical procedures. However, further
research is needed using a larger sample sizes and evaluating
simulations of other orthopaedic procedures before wide-
spread application. Finally, future studies should evaluate the
utility of virtual reality training at different levels of surgical
education and residency training.
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