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abstract

PURPOSEWorldwide, more than 80% of people diagnosed with cancer will require surgery during their disease
course, but only 5% to 20% of low- and middle-income countries have access to safe, affordable, and timely
surgery. Developing surgical oncology skills requires significant time and mentoring. Virtual reality (VR) sim-
ulators can reduce the time required to master surgical procedures but are prohibitively expensive. We sought to
determine whether a VR simulator using low-cost computer gaming equipment could train novice surgeons in
Africa to perform a virtual radical abdominal (open) hysterectomy (RAH).

METHODS Our RAH VR simulator used the Oculus Rift (Oculus VR, Menlo Park, CA), a VR headset with hand
controllers that costs less than $1,500. Surgical novices learned to perform five key steps of a virtual RAH. We
measured and identified predictors of movement and time efficiency for the simulation.

RESULTS Ten novice surgeons in Lusaka, Zambia, enrolled in the study. Movement and time efficiency greatly
improved over time. Independent predictors of movement efficiency were number of simulations, surgical
experience, and time since college graduation. Independent predictors of time efficiency were number of
simulations, surgical experience, days between simulation sessions, age, sex, and an interaction between
number of simulations and surgical experience.

CONCLUSION Low-cost VR may be an effective tool to help surgical novices learn complex surgical oncology
procedures. If learning to perform VR surgical procedures with low-cost hardware leads to faster mastery of
surgical procedures in the operating room, low-cost VR may represent one of the solutions to increasing access
to surgical cancer care globally.
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INTRODUCTION

Cancer is the second leading cause of death in the
world and is projected to increase at a staggering rate.1

Of the 15.2million new patients diagnosed with cancer
each year, more than 80% will require surgery at least
once during the course of their disease.2,3 Less than
5% of low-income countries and only 20% of middle-
income countries are able to provide basic cancer
surgery as a result of human resource deficiencies and
other health care infrastructure weaknesses.3

Radical abdominal hysterectomy (RAH) is a surgical
procedure central to the treatment of early-stage in-
vasive cancer of the cervix, a disease whose burden is
greatest in the world’s poorest countries.2,4 Few sur-
geons in these settings have formal training to perform
this procedure. Two of the major challenges in de-
veloping surgical oncology capacity is the time re-
quired to train surgeons and the availability of mentors.

Virtual reality (VR) simulators hold promise in helping
to ameliorate the shortage of surgeons. Research on

simulator-based training conducted in developed
countries has found that VR simulators can reduce the
time required to develop surgical proficiency in the
operating room.5-8 The VR simulator aims to create
pretrained novices by helping them acquire the psy-
chomotor skills, sensory acuity, and cognitive planning
required to achieve the surgical dexterity necessary
to perform complex surgical tasks.9,10 VR simulations
may accelerate the development of surgical skills.

Surgical trainees randomly assigned to VR training
before performing laparoscopic cholecystectomy
made fewer errors, performed the procedure faster,
and required only half the time to reach the skill level
of intermediately skilled surgeons as those randomly
assigned to standard training.6,11 In addition, some
studies have shown that skills acquired during VR
surgical simulations may successfully transfer to the
operating room.5,12

The adoption of VR to train surgeons in lower-resource
settings is limited as a result of the cost of the
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technology and the availability of surgical simulations
relevant to lower-resource countries. The hardware and
software to run these simulations can cost hundreds
of thousands of dollars and require skilled technicians to
maintain them in working order.10 The high cost makes
these simulations infeasible to support surgical training
in lower-resource settings. In addition, most VR surgical
simulators have been developed and rigorously evalu-
ated to train surgeons on laparoscopic or robotic pro-
cedures rather than on the open surgical producers
commonly performed in lower-resource countries. We
sought to determine whether a VR surgical simulator
using inexpensive computer gaming equipment would
be effective in enhancing the skills of surgical trainees
learning to perform a virtual open RAH.

METHODS

Study Design

The study used an iterative user-centered design process to
develop a virtual RAH simulation. The construct validity of
the simulator was then rigorously evaluated with surgical
trainees in Lusaka, Zambia. All research was performed
after review and approval by the relevant human partici-
pants review boards.

Participants

Participants in the VR design process were gynecologic
oncologists and gynecologic trainees in the United States
and Zambia. Participants in the simulation evaluation were
senior medical students and resident trainees in obstetrics
and gynecology and a fellow in gynecologic oncology at
University Teaching Hospital–Women and Newborn Hos-
pital in Lusaka, Zambia.

VR Platform

We designed the VR platform to work efficiently with
standard, affordable, and commercially available VR
hardware (Oculus Rift; Oculus VR, Menlo Park, CA) and

software (Unreal Engine; Epic Games, Cary, NC) to provide
high-quality visuals and believable surgeon hand in-
teractions. We created near identical VR reproduction of
an operating room using 1:1 scale matching the elements
of an actual surgical theater in a typical large district
hospital in Lusaka, Zambia, including the equipment, in-
struments, supplies, and sounds.

We constructed the human female pelvic internal anatomy
in three dimensions, with particular attention to realism
to simulate organs, peritoneum, connective tissue, and
vascular structures. The artwork contained appropriate
rigging to allow surgeons to manipulate, clamp, cut, and
suture. We designed the scene lighting to simulate visibility
in a standard operating room environment. To make the
simulation as visually realistic as possible as well as effi-
cient, we designed the main surgical field to run at a frame
rate of 120 frames per second and all else at greater than
60 frames per second.12a

Multiple hand positions were simulated using Oculus
Touch hardware. Left and right hands were modeled for the
user to interact within the environment in a realistic way.
Surgical instruments were modeled for each of the in-
struments commonly used in the RAH procedure in
Zambia.

The five sequential steps in the simulated RAH procedure
were as follows: exposing the lateral pelvic retroperitoneal
spaces; mobilizing the uterine artery over the ureter; mo-
bilizing the ureter from the medial leaf of the broad liga-
ment; unroofing the ureter; and dividing the uterosacral,
cardinal, and vesicouterine ligaments. The procedure re-
quired a minimum of 39 actions that required the appro-
priate selection and use of six surgical instruments or
materials and the appropriate use of hands. The simulation
was designed and built by an interdisciplinary team con-
sisting of an instructional designer, gynecologic oncologist,
an artist, an interactions designer, and a health systems
researcher working on the project part time for 9 months.

CONTEXT

Key Objective
Can low-cost virtual reality (VR) simulators help train surgeons in low-resource settings perform cancer surgery?
Knowledge Generated
We created a VR simulator using the Oculus Rift (Oculus VR, Menlo Park, CA), a VR headset with hand controllers that are

commercially available and cost less than $1,500. Surgical trainees in Zambia learning to perform a virtual radical
hysterectomy showed significant improvement in movement and time efficiency over time. The system was robust and
worked effectively under local conditions in a Zambian teaching hospital.

Relevance
Low-cost VR may be an effective tool to help surgical novices learn complex surgical oncology procedures, regardless of

setting. If learning to perform surgical procedures using low-cost VR hardware leads to faster mastery of surgical procedures
in the operating room, low-cost VR may represent one of the solutions to increasing access to surgical cancer care globally.
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Training Intervention

Participants received standard didactic training on the RAH
procedure currently available in the institution, which was
augmented by RAH VR training. Standard RAH didactic
training consisted of a 1-hour lecture by a senior gyne-
cologic oncologist on the RAH surgical procedure. The
lecture covered cervical cancer pathology and staging,
pelvic anatomy, steps in the RAH procedure, and common
intra- and postoperative complications. Participants also
received individualized training on how to use the VR
simulator. Finally, participants received copies of the di-
dactic and VR training material in electronic written and
video formats to refresh their memory as needed.

Within the virtual environment, participants could see and
hear the sounds contained in a standard surgical suite.
On a monitor above the patient in the virtual world, par-
ticipants could read instructions on the step of the pro-
cedure they were to complete. Surgical instruments for
each step of the simulated operation were automatically
populated in random order on a tray within reach. Par-
ticipants were required to know which instrument to select
for each substep of the procedure they were about to
commence because the simulator did not contain another
virtual surgeon or nurse for assistance. If an incorrect
surgical instrument was selected for a surgical step, the
required action could not be performed. To continue,
the participant had to recognize that he or she was using an
incorrect instrument, place the incorrect instrument in an
empty tray, and then select the correct instrument to
proceed. The simulation did not simulate intraoperative
complications caused by surgical errors, variations in
anatomy or disease severity, or bleeding.

Throughout the simulation, participants received feedback
on their progress and performance. At the completion
of each successful substep, participants heard a distinctive
chime, saw the visual field change to the next step, and
received praise (“Yes,” “Good,” “That’s right”) from an
audio file of the voice of the senior surgeon.

Each substep had movement and time targets to enable
participants to gauge their performance and progress to a
gold standard and to identify steps in the procedure they
may wish to focus particular attention on in subsequent
simulations. At the end of each simulation, participants
received a summary screen with step-specific summary
scores of their movements and time as well as a proficiency
score, which was a composite of their movement and time
scores.

The simulator was located in the hospital near the clinical
wards for ease of access and was accessible from 9:00 AM

to 5:00 PM, Monday through Friday. Participants were
encouraged to schedule as many simulation sessions
as their time allowed and to complete up to six simulations
each session. Participants were instructed to continue

training on the simulator until they reached a proficiency
score of 85 or higher five times in a row.

Measures

Demographic characteristics. Before the standard training,
all participants received a baseline interview administered
by a trained research assistant. The baseline interview
collected basic demographic data (age, sex, and educa-
tional history) and previous general surgical, gynecologic,
and gynecologic oncology training received. Also collected
from participants was information on the number of simple
and radical hysterectomies in which they participated over
the past year and over their lifetime, previous experience
with surgical simulations and VR, and level of comfort with
computers in general.

Procedural efficiency. The VR simulator tracked all hand
movements made by the participant during the simulation.
The time of the beginning and end of each movement was
also tracked. Procedural efficiency was evaluated by the
two independent measures (movement and time) and one
composite measure (a measure that incorporated both
movement and time).

Movement efficiency score. Each procedural step had
a minimum number of hand movements with which the
step could effectively be completed. On the basis of
feedback received during beta testing, we adjusted the
procedural accuracy goals to make them achievable over
time by novices. For each step of the simulated procedure,
participants received a movement efficiency score [(Goal
number of hand movements/Actual number of hand
movements) × 100].

Time efficiency score. Time efficiency goals were based on
the minimum amount of time needed to complete the
simulation subsets by the developers who were experts in
video gaming. For each step of the simulated procedure,
participants received a time efficiency score [(Goal time to
complete step/Actual time to complete step) × 100].

Self-assessment. After each session, participants could
view their efficiency subscores and were asked to identify
the areas where improvement was needed and to reflect in
writing on how they could improve in those areas.

Analyses

The data were cleaned andmanaged using R version 3.5.1.
13 All statistical analyses were conducted using SAS version
9.4 (SAS Institute, Cary, NC). Time andmovement values at
each VR step that were extreme outliers (standardized
residuals in the top 0.1%) were adjusted by multiple im-
putation of scores adjusted on the basis of the participant’s
previous simulator performances.

To determine predictors of VR simulation performance, we
considered the following two dependent measures of VR
skill: movement efficiency and time efficiency. We per-
formed generalized estimating equation modeling on each
dependent variable to determine the independent effects of
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level of surgical experience, sex, years of medical training,
previous knowledge, self-efficacy scores, number of pre-
vious VR simulations, and number of days since the last
simulation session. Each participant’s skill scores were
considered as a series of repeated measures. Because of
the limited sample size, we assumed the covariance
structure to be AR(1), in which only one parameter would
be estimated.

RESULTS

Ten participants enrolled in the study, of whom eight were
senior medical students, one was an obstetrics and gy-
necology resident, and one was a gynecologic oncology
fellow. The average age of participants was 35.8 years
(standard deviation, 5.8 years), 60% were men, and 40%
were women. On average, participants had been in medical
training for 6.7 years (standard deviation, 2.7 years). None
of the senior medical students had ever completed or
assisted in a simple or radical hysterectomy. The fellow had
assisted with a radical hysterectomy.

The participants used the simulator 7.7 times on average
and performed an average of 5.15 simulations at each
session. Table 1 lists the simulation activities of participants.

Movement efficiency (Fig 1) and time efficiency (Fig 2) of
the participants increased over successive simulations and
began to plateau at approximately 60 simulations. Fewer
participants completed high numbers of simulations, and
as result, there was greater variability at higher levels of
simulations performed.

Movement efficiency was strongly and independently as-
sociated with the number of simulations performed, level of
experience, and years since graduation (Table 2). Higher
number of simulations completed, being a resident or
fellow as opposed to a senior medical student, and recent
graduation from college were all associated with higher
levels of movement efficiency. Time efficiency showed
a similar pattern; however, more variables were in-
dependently related to time efficiency. The more frequently
the simulation was practiced and the fewer days that
elapsed between sessions, the faster the participants
performed the simulation. In addition, sex, previous sur-
gical experience, and age were independently associated
with greater time efficiency. Women, participants with
a higher level of surgical experience, and younger partic-
ipants were more time efficient than men, participants with
less experience, and older participants, respectively.

Furthermore, there was an interaction between number of
simulations performed and experience level. Participants
with less surgical experience became more time efficient
with successive simulations than those with more surgical
experience.

DISCUSSION

We have shown that a surgical simulator, using simple low-
cost computer gaming equipment, can help surgical
trainees in a lower-resource setting learn to perform
a complex VR surgical oncology procedure. We designed
the simulation to work using commercially available VR
hardware and software that require minimal maintenance
and support. The VR simulation runs offline, so it does not
require high-speed Internet connections other than for
installation and periodic maintenance. The research team
in Zambia became self-sufficient after their initial training
session on the VR equipment and simulations. During the
study, we experienced few technical issues that required
support because of the stability of the VR software and ease
of operability and low maintenance of commercial VR
technology.

TABLE 1. Simulation Activities of Participants
Activity Mean Median Range SD

Total No. of simulations performed 41.4 28 16-100 31.02

Total No. of simulation sessions 7.7 7 3-14 4.00

No. of simulations performed per session 5.15 4.73 3.2-10 2.06

No. of days between sessions 10.33 5 1-63 14.39

Abbreviation: SD, standard deviation.
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FIG 1. Movement efficiency scores by simulation run number.
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FIG 2. Time efficiency scores by simulation run number.
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As expected, movement and time efficiency were strongly
associated with the number of simulations performed and
the level of surgical experience. Time efficiency was also
associated with age. We also found an unexpected in-
teraction between number of simulations performed and
surgical experience, with medical students showing more
rapid improvement with successive simulations than resi-
dents or fellows. At least two interpretations might explain
this finding—exposure to video games and deliberate
practice.

Young people in developing countries, like those in de-
veloped countries, may have significant experience with
video games and new media. Although there was no dif-
ference in reported number of years of experience with
computers between medical students and residents or
fellows, it is possible that the medical students had more
experience with computer games. Such a finding would be
consistent with a previous VR study that found that com-
puter game users made fewer errors than nonusers on a VR
laparoscopic surgery simulator.14 An alternative explana-
tion relates to a modification that was made to the self-
assessment portion of the study after the medical students
had started practicing on the simulator but before the
residents or fellows were recruited. At the end of each
simulation session, participants were asked to complete
a performance self-assessment. In the original self-
assessment, participants were asked to reflect in writing
on their overall performance during the session and to
identify aspects they would like to remember and to

improve upon during the next session. The self-assessment
was revised to be more specific. In the revised self-
assessment, participants were asked to review their per-
formance on each of the five subsets in the procedure, to
identify the specific substep where improvement was most
needed, and to reflect in writing on how they might improve
their performance during subsequent simulations. When
the self-assessment form was changed, participant re-
flections for improvement tended to focus more on their
need to carefully study pelvic anatomy and instrument
placement before their next simulation session.

The self-assessment form modification was designed to
strengthen motivation and engagement and allow partici-
pants to see the direct effect of focused effort on perfor-
mance improvement. By having participants review
objective performance feedback, identify substeps needing
improvement, and finally, develop a performance im-
provement plan, we intended to stimulate deliberate
practice. Deliberate practice techniques have been shown
to reduce errors and the time to mastery for a wide range of
surgical and medical procedures.15-20

The simulation was designed to be run with low-cost
standard computer gaming equipment so that it may
be more easily scaled in surgical training programs in lower-
resource settings. Although a low-cost VR surgical simulation
training platform may strengthen training in lower-resource
settings, it may also have application in higher-resource
settings. In a recent survey of US obstetrics and gynecol-
ogy residency program directors, less than 50% felt that
graduates entering subspecialty training programs had the
surgical skills to independently perform a simple hysterec-
tomy.21 Given the rapid adoption of minimally invasive
surgical procedures (eg, laparoscopy, robotic surgery) in
high-income countries, surgeons in these settings may have
less experience performing open surgical procedures. This
could have unintended adverse outcomes. A recent ran-
domized clinical trial revealed that disease-free survival was
superior for patients with cervical cancer who underwent
open rather than minimally invasive radical hysterectomy.
22,23 Our simulation may provide an efficient way to enhance
learning and relearning of the open approach to this surgical
procedure.

Future versions of the simulation could incorporate varia-
tions in disease severity, complications caused by surgical
errors, and bleeding to strengthen procedural and surgical
skills further. If learning to perform VR surgical procedures
using low-cost hardware reduces time to master actual
cancer surgery procedures, then low-cost VR simulation
could be used to train cancer surgeons, could increase
access to surgical cancer care globally, and could have
wide application in medical and surgical education.

TABLE 2. Variables Predicting Movement and Time Efficiency Scores

Variable

Movement
Efficiency Time Efficiency

Estimate SE Estimate SE

No. of simulations 0.31* 0.14 1.02* 0.08

Days between simulation sessions −0.07 0.04 −0.68† 0.21

Sex

Female 0.18 2.78 23.94* 6.69

Male — — — —

Experience

Medical student −13.67* 2.19 −38.50* 7.97

Resident/fellow — — — —

Age −0.15 0.28 −2.97* 0.86

Years since college −1.64‡ 0.79 0.19 2.45

No. of simulations run × experience

Medical student 0.05 0.07 1.31* 0.37

Resident/fellow — — — —

*P , .001.
†P , .01.
‡P , .05.
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