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A Meta-Analysis of the Training Effectiveness of
Virtual Reality Surgical Simulators
Syed Haque, Member, IEEE, and Shankar Srinivasan

Abstract—The increasing use of virtual reality (VR) simulators
in surgical training makes it imperative that definitive studies be
performed to assess their training effectiveness. Indeed, in this
paper we report the meta-analysis of the efficacy of virtual reality simulators in: 1) the transference of skills from the simulator
training environment to the operating room, and 2) their ability to
discriminate between the experience levels of their users. The task
completion time and the error score were the two study outcomes
collated and analyzed in this meta-analysis. Sixteen studies were
identified from a computer-based literature search (1996–2004).
The meta-analysis of the random effects model (because of the
heterogeneity of the data) revealed that training on virtual reality
simulators did lessen the time taken to complete a given surgical
task as well as clearly differentiate between the experienced and
the novice trainees. Meta-analytic studies such as the one reported
here would be very helpful in the planning and setting up of surgical
training programs and for the establishment of reference ‘learning
curves’ for a specific simulator and surgical task. If any such programs already exist, they can then indicate the improvements to
be made in the simulator used, such as providing for more variety
in their case scenarios based on the state and/or rate of learning of
the trainee.
Index Terms—Meta-analysis, surgical simulators, training performance, virtual reality (VR).

I. INTRODUCTION
URGICAL education, which traditionally depended on the
apprentice-mentor relationship, is slowly changing with the
introduction of virtual reality simulators for residency and student training programs [1]–[4]. Just as training with flight simulators has been shown to reduce costs and improve the expertise
of pilots, so medical training on VR surgical simulators promises
similar results. Using a combination of visual and haptic interfaces, the purported aim of VR surgical simulators is to help train
surgical students and residents in complex surgical procedures
even before they enter the operating room [5], [6]. Such procedures include neurosurgery, orthopedic surgery, plastic surgery,
and even coronary artery bypass surgery. The representation of
information in three dimensions as opposed to two provides
medical students and practitioners with the tools for more accurate diagnosis and planning of surgical procedures. They enable
the trainees to practice complex procedures over and over again,
and allow training for uncommon emergency scenarios that they
would not otherwise encounter for the first time without the experience necessary to guide them.

S

Manuscript received August 17, 2004, May 4, 2005; revised November 24,
2004, May 4, 2005.
The authors are with the Department of Health Informatics, University of
Medicine and Dentistry of New Jersey, Newark, NJ 07107-3001 USA (e-mail:
haque@umdnj.edu; srinivsh@UMDNJ.edu).
Digital Object Identifier 10.1109/TITB.2005.855529

Besides being an ethically suitable alternative to the use of animals and cadavers, the ability to measure technical competence
is another attractive and unique feature of VR training [7]–[9].
In the traditional training technique, the assessment of skill acquisition and actual technical competence is subjective. The surgical educator directly observes the trainee and must then judge
whether he/she is technically competent. There are obvious inefficiencies with this one-on-one evaluation system. Current
VR simulators, on the other hand, allow users to compare their
performance with that of their peers [10], [11]. They provide
objective assessments such as the time taken to complete a task,
the errors made in the process, and also the efficiency with which
the movements were made in the accomplishment of the task.
Despite such advantages, statistically appropriate experiments
testing the efficacy of VR simulators are few and have very
small sample sizes. The limiting factors are mainly the highly
specialized subjects required to be used in such experiments and
also the ethical factors involved in placing novice trainees in the
operating room. Furthermore, the cost of removing specialized
clinical personnel (such as surgeons) from high revenue producing work to undergo experimental tests and training should not
be ignored. But it is still imperative that definitive experiments to
improve our understanding of the effects of training on VR simulators is much needed, as it will allow them to be used more intelligently to improve provider performance, reduce errors, and,
ultimately, promote patient safety. Although, as mentioned previously, few such training performance experiments exist, this
can be obviated with the use of meta-analytic procedures. Metaanalyses purport to statistically combine and validate the results
of individual studies with small sample sizes as is the case in surgical training. Indeed, in this paper we report the meta-analysis
of the efficacy of VR simulators in surgical training. Specifically, the objectives of this study were primarily: 1) to determine the effectiveness of the VR training in the operating room
(patient/animal surgery or examination) as opposed to training
by traditional methods, and 2) to determine whether VR simulators can discriminate between the levels of experience among
its users.

II. METHODOLOGY
A comprehensive literature search (OVID with MEDLINE
data base) under the headings of virtual reality, simulators, and
training was first done electronically and then expanded by manual search of current contents and bibliographies from recent
journals and reports. Abstracts from surgical and endoscopy
society meetings were also screened. The search was augmented
by reports and papers located on the Internet.
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Sixteen studies, published between 1996 and 2004, fulfilled
the minimum criteria of prospective studies of the training performance of surgical residents (experienced and inexperienced)
and students, with virtual reality simulators, reporting the results with statistical data. These were divided into two groups
based on the two objectives of this study. Inclusion into either
of these groups was solely based on whether proper statistically
relevant data were available or not.
For the first study, which was to validate the effectiveness of
transference of skills from the simulation environment to the operating room, the papers or reports chosen were solely those that
had experienced surgeons or physicians operating on real patients or animal subjects. The control group was the one trained
using traditional methods. This criterion of course limited the
number of studies both because very few such experiments exist, and also it was not considered appropriate to include those
which used artificial (such as foam models) or abstract setups
(within the simulator environment) [12], [13]. For the second
study, however, the criterion for inclusion was more relaxed,
since we wanted to see how effective the VR simulator is in differentiating between the experienced (but not in VR simulators)
and the novices based on their training performance. Here the
term “novice” is used for those trainees who have done less than
ten procedures of the tested task and the term “experienced”
for those who have performed more than 50 such procedures.
The ability of differentiation was considered to be better if there
were a large difference between the training results of the two
groups. This will enable the simultaneous testing of the surgical
realism of the simulator and the skill measurement criteria. If
the surgical realism is good and the skill measurement criteria
are adequate, then it would be reasonable to see that the more
experienced trainees (surgeons or final year residents) would
perform much better than the less experienced (students, for
example). If either the realism effects or the criteria were inappropriate or insufficient, then the results would not be clearly
differentiable.
Besides the aforementioned, there were no other exclusions
or exceptions to the inclusion criteria. On the whole, the studies
chosen were sufficiently randomized and especially for the first
objective, both the groups were reported to be equally qualified
and experienced in their surgical skills. Tables I & II below list
the papers chosen for both of the study objectives.
For the purpose of meta-analysis we chose the task completion
time and the error score as the study outcomes to be collated and
analyzed, since they were the only ones consistently reported
across all the studies chosen in this report. Task completion time
is the amount of time (measured in seconds or minutes) taken
by the trainee to complete the task. Within reasonable limits
(such as not causing traumatizing injuries), a lesser time taken
for completion was deemed suitable. The outcome error score
was either reported as the number of “wall strikes” or based
on rating by external “expert” observers and could then be a
subjective evaluation of inefficiency of movements, incurrence
of injuries, and requests for assistance. Accordingly, an error
score, which was less than that scored by the control group, was
deemed desirable. Where the external observer ratings were for
the efficacy of the performance, the error score was imputed

TABLE I
LIST OF THE STUDIES, THE VR SIMULATORS USED AND
THE TASKS EVALUATED

TABLE II
LISTS OF THE STUDIES, THE VR SIMULATORS USED AND
THE TASKS EVALUATED

as the difference between the maximum score possible and the
given efficacy score. In all of the papers chosen, the data on
both of the outcomes was either given in terms of raw means
and standard deviations, or in terms of t-test probabilities. For
both the cases, the effect size d [30] was calculated using the
expressions given as follow:
EffectSize

d=

µex − µctrl
SDpooled

(1)
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where µex is the group mean of the experimental group; i.e., VR
simulator trained for objective 1, or more experienced simulator
trainees for objective 2, and µctrl is the group mean for the
control group; i.e., traditionally trained surgeons for objective
1, or novice trainees for objective 2. SDpooled is the pooled
sample standard deviation, which is calculated as

SDpooled =

(nex − 1)SD2ex + (nctrl − 1)SD2ctrl
nex + nctrl

(2)

where nctrl and nex are the sizes of the control and experimental
group and SDctrl and SDex are their corresponding standard
deviations.
In studies where the probabilities were given, the effect size
was calculated as



(nex + nctrl )
(nex + nctrl )
d=t
(3)
nex nctrl
nex + nctrl − 2
where t is the value of the students’-test statistic for a two-sided
test, obtained from the P values (either the exact value or the
significance level). The sign of the effect size was then assigned
based on whether the difference was in the expected direction
or otherwise. Negative effect sizes indicate that the mean values
for experimental group are smaller than those for control group.
Thus, for the first study objective, a negative effect size indicated
that the VR trained group took less time in completing the task,
or had a lesser error score than the traditionally trained control
group.
Since in our collection of studies the sample sizes are very
unequal, accordingly, we have to take into account that larger
sample size studies will have less sampling error than smaller
size studies, and accordingly their respective effect sizes should
be weighted appropriately to yield a sample weighted mean
value of d, and also its variance, σd2 . This is done as follows:

(Ni ∗ di )

d¯ =
Ni
and


σd2

=

¯2
(Ni ∗ (di − d)

Ni

(4)

where Ni is the sample size for each study, and di is its effect
size.
After calculation of effect sizes for each study, the next decision is the choice of models to estimate overall effect size and
its variability. One model assumes that all effect sizes found
in the trials arise from a single distribution (homogeneous effect sizes), and is known as a fixed effect model. Another model,
known as a random effects model, assumes that the values potentially arise from distributions with different mean values, with
significant variation among these mean values (heterogeneous).
It might very well indicate the presence or absence of moderator or intervening variables affecting the variance observed. To
select the appropriate model, we used a chi-square test (the Q
statistic) to determine if the effect sizes are heterogeneous or

homogeneous. The Q statistic is computed as follows:
 2
σ
Q(k −1) = k ∗ d2 .
σe
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(5)

Where k is the number of studies whose effect size, d has been
calculated, σd2 is the variance of the sample weighted d, and σe2
is the sampling error variance calculated as

    ¯
N̄ − 1
4
d
2
σe =
∗
∗
.
(6)
8
N̄ − 3
N̄
The sampling error variance, once computed, allows us to
determine how much of the variance in the effect sizes we
calculated was attributable to the sampling error alone, and thus
yielding a more accurate estimate of the true variance across
the effect sizes. In this work, all effect sizes were found to
be heterogeneous. Despite close scrutiny for subcategories that
would account for the heterogeneity, none was found in any
of the outcome measures. The effect sizes were then computed
by the random effects model of DerSimonian and Laird [31] to
take into account heterogeneity. This will be further discussed
in Section III.
III. RESULTS
The effect size calculations and the test results on task completion time and performance or error score for both of the study
objectives are illustrated in Figs. 1–4. The corresponding forest
plots for each of the results provide an easy way to visualize the
range of the effect size values and compare their variations. The
variables N1 and N2 are the sample sizes of the experimental
and the control groups, respectively. Also, note that a negative
value of the effect size termed standardized mean difference
(SMD) indicates that the experimental group got a lesser value
than the control group. This translates to either lesser task completion time or a lesser error score. Along with the effect size,
values their ranges are given in terms of the lower and upper
95% confidence interval values. The result of the chi-square test
for heterogeneity is given by the value of Q, and the appropriate
degrees of freedom (DF) as also the significance level.
A. The Task Completion Time
Calculated from the effect sizes, the VR trained group took
much less time than the traditionally trained group. Using the
fixed effect model, a significant effect size was obtained, but
the inadequacy of analysis was indicated by lack of homogeneity (P < 0.0001). Since we could find no covariates to explain
heterogeneity (besides the different simulators employed and
the tasks themselves being different), reanalysis using the random effects model was undertaken, which yielded an effect size
of −2.175(95%CI − 3.865, −0.485), a statistically significant
finding.
B. Error Score
The effect sizes are highly heterogeneous (P < 0.0001), and
hence a reanalysis with a random effects model was done,
yielding an effect size of −1.565(95%CI − 3.445, 0.314). As
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Fig. 1. Effect size values and their confidence interval estimates for the task
completion time (study I).

Fig. 2. Effect size values and their confidence interval estimates for the error
score (study i).

C. Task Completion Time
the confidence interval spans the value of zero, we interpret the
data to show that the errors committed by VR trained users are
comparable to those of the traditionally trained group. It also
indicates the ability of the VR simulators to reveal ahead of time
and in a nonthreatening (to the patient’s health) environment the
required improvements to be made before transference to the
operating room. A similar observation has been made in a recent study of the performance of residents with differing years
of training on a cadaver [32].
A possible explanation for the heterogeneity of the effect
sizes could be the result of the differences of the simulators
employed, and also the differing nature of the tasks to be accomplished. Since the total number of available studies is very
small at this point in time, dividing them into various subgroups
based on the specific simulator used would have resulted in very
small sized (one or two studies) subgroups. Hence, it was considered worthwhile to wait until more studies were available to
make a more detailed study of the simulator-based subgroups.
However, these results still indicate the ability of training under
VR simulators to provide for surgical skills comparable (and
even perhaps better) to those of the well-validated traditional
techniques [33], [34].

Using the fixed effects model, a significant effect size
−1.059(95%CI − 1.331, −0.786), was obtained and the adequacy of analysis was indicated by the homogeneity (P =
0.1305). To confirm this finding, reanalysis using the random
effects model was undertaken which yielded an effect size very
close to that of the fixed effects model. Thus, no new information resulted. Both of the effect size values reveal that there is
a difference between the time taken to complete a task between
the experienced users and the novices. The chi-square test not
being significant indicates that the findings come from the same
population, and that there are no moderator or intervening variables operating on the outcome. The results also reveal that the
simulator’s realism effects are very sufficient and the measurement criteria appropriate, as otherwise the groups would not be
so clearly differentiable.
D. Error Score
The effect sizes are highly heterogeneous (P < 0.0001).
Since no obvious subcategories could be found in the data,
reanalysis with a random effects model yielded an effect size
of −1.325(95%CI − 2.125, −0.525). As the confidence interval is significantly different from zero, we interpret the data to
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Fig. 3. Effect size values and their confidence interval estimates for the task
completion time (study II).
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Fig. 4. Effect size values and their confidence interval estimates for the error
score (study II).

IV. DISCUSSION
show that experienced users did commit far fewer errors than
the novices. It also indicates the discriminative ability of the
VR simulator to separate out the two groups, and also provide
for a quantitative assessment of the learning curve followed by
a trainee during his/her training sessions. A possible explanation for the heterogeneity of the effect sizes in this case, which
was not found with the task completion time, could be the result of the differences between the assignment of error scores,
some being given as wall strikes, and some others such as inefficient movements or requests for assistance. Since dividing the
studies into various subgroups based on their error score assignment techniques would have resulted in very small sized (one
or two studies) subgroups the quest for searching for moderator
variables or subpopulations was accordingly abandoned. When
more studies are forthcoming, then it would be more appropriate to categorize them according to the specific VR simulators
that they employ, and thus subgrouping according to their individual error score measurement techniques would yield a more
uniform effect size values and the heterogeneity (if any) more
easily explained.

Thus far, VR simulators have been mostly explored as a means
of enhancing minimally invasive techniques such as laparoscopic surgery and endoscopy. Currently, there is no evidence
that VR simulation-based training leads to improved patient
outcome because it may be difficult to conduct such patient
outcome studies. For example, it would require large cohorts of
patients to be followed during and after surgery by surgeons and
physicians who were randomized and have undergone different
cumulative amounts of simulation training. Also, there being
a large number of patient-based and system-based factors that
contribute to negative outcomes, any such study would have
to be massive and prolonged. To obviate all this, the surgeon’s
training performance, with its known limitations, has been used
as the best alternative outcome. The benefits in using such a
path is that in training for procedures, simulators have high face
validity because they ease trainees’ transition to actual patients,
which seems inherently beneficial as a means to avoid adverse
events. Further, it is quite reasonable to assume that a successful patient outcome is related to the training and experience of
the surgeon. To that effect, this meta-analytic study has proven
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that VR simulation based training is highly effective in both the
transference of skills from the simulation environment to the operating room, and to help discriminate between the experienced
and the inexperienced trainees. The latter would prove valuable
in the design and implementation of intelligent student models
into the simulation software, both for the training procedure as
well as the assessment. Based on background experience, the
simulation software can accordingly provide for more difficult
tasks or those with intricate maneuvers, thus, in essence, providing a graded training environment. In this regard, establishing
a set of learning curves specific to a VR simulator would be
beneficial to assess the trainee’s state and rate of learning. The
term learning curve as related to surgical training has been aptly
defined by Subramonian and Muir [35] as “the time taken and/or
the number of procedures an average surgeon needs to be able to
perform a procedure independently with a reasonable outcome.”
According to this definition, which is indeed a feasible one, there
need to be studies done with a large sample of experienced surgeons to establish reference levels for the task completion time,
the error scores, and also the rates of improvement over a specific task (such as laparoscopy or ureteroscopy on the simulator).
Gallagher et al. [36] have done one such representative study
with nearly 200 surgeons, and the results of their study and of
other similar ones, once available, could be suitably employed
for the establishment of the reference levels and reference learning curves. One method to establish such characteristics is to
employ the meta-analysis technique that we have employed to
evaluate the sample weighted effect sizes for the task completion time and the error scores over specific training periods (e.g.,
after 15 minutes of training) or trials. Differences between effect sizes over a specified duration could provide an estimate of
the rate of skill acquisition. Trainees or students who embark
on the VR simulation training program can then be assessed
accordingly by determining how far or how slow they differ
either in terms of percentage difference or standard deviations
from the reference levels already established for the mean and
rate of skill acquisition of the experienced surgeons as noted
previously. Although there are some studies, such as Strom
et al. [37], which have correctly noted the learning curves in
terms of the reduction in task completion time and error scores
until they reached saturation levels, most of the other studies
listed in this paper (such as [24] and [9]) have just chosen two
or three trials arbitrarily, and it is not clear as to their choice
of those numbers. Thus, it cannot be determined whether the
trainees’ performance would have improved over time (in terms
of trials) or not. Also, in the context of this study, the small
sample sizes, the disparate assessment procedures, and the nonstandardized case scenarios could have diluted the magnitude of
the effect-size and significantly contributed to the heterogeneity
observed in the findings. It would therefore require a statistically
significant number of studies with the same research design to
establish a meta-analysis based reference learning curve for a
specific VR simulator, and to make comparative assessments of
the trainees’ rate and state of progress in their training. Ideally,
therefore, the experimental studies should be multicenter trials
with a statistically sufficient number of trainees, and the skills
being evaluated part of a standard surgical training course.

Also, once such studies become available, it would be worthwhile considering the incorporation of intelligent tutoring techniques to setup a student model to provide a training schedule
varied in terms of training time and/or case scenarios customized
to the individual user’s background and learning rate. In this regard, the work done by Ota et al. [38] in the use of fuzzy logic
is commendable, and may lead to very sophisticated VR simulators in the near future.
Currently, the limiting factors for the widespread inclusion
of VR simulator based surgical training are in their high cost
outlays for both personnel and setup. As in other simulation
training, the dominant cost in VR simulator training also is
that of instructor time and the indirect costs of removing clinical personnel (such as surgeons) from high revenue producing
work to undergo experimental tests and training. The healthcare
setup currently does not fully embed time or costs of training into the system, but instead often leaves these costs for the
individual clinicians to bear. Furthermore, the costs of VR simulators are quite steep and vary widely. They could range from
$10 000 (“home-made” ones) to $100 000, and establishing a
dedicated simulation center can cost up to $1 000 000 depending on the amount of space, the type of clinical equipment to be
used, the extent of renovations needed, and the sophistication of
the audio-visual equipment. However, such capital costs can be
amortized over a long period of time, since such centers typically are used for a wide variety of training curricula for diverse
target populations. With decreasing costs of computer hardware
and software, this will probably ease up the situation with time.
On the whole, training with virtual reality simulators (especially
in the very near future) may still be cost-effective compared to
current training (resources and human power) costs [39]. Recommendations for their inclusion in the surgical training program are already put forth by the Royal Society of Obstetricians
and Gynecologists in the United Kingdom [40].
Given the high costs of VR simulator training as mentioned
above, it is therefore not surprising that there are very few
studies pertaining to the effects of training with such simulators using surgeons and physicians. Indeed, the largest market
for VR training simulators are the medical and dental schools
and colleges. However, the results of our meta-analysis study
support the growing evidence that the incorporation of virtual
simulation technology will engender a revolution in surgical
procedural training of residents and students. Compared to the
traditional system of developing competence by seeing and doing procedures on real patients or cadavers, the desired skills
can be readily acquired with virtual simulation. Such an environment includes opportunities for repetition, feedback, and
correction of errors, and the ability for customized individual
training, which are the components of any educational process.
At the very least, they will enhance supplemental learning from
an expert instructor on a one-to-one basis. Also, as simulators
become more advanced, especially with appropriate sensory
feedback, they may be reasonable substitutes to improve proficiency of medical students and residents, and also provide for
exercises in dexterity for experienced surgeons and physicians.
This increase in proficiency may have an important impact in
patient outcomes.

HAQUE AND SRINIVASAN: A META-ANALYSIS OF THE TRAINING EFFECTIVENESS OF VIRTUAL REALITY SURGICAL SIMULATORS

Although the results from our meta-analytic study are indeed
very encouraging for the inclusion of VR surgical simulators
into any surgical training program, it should be noted that there
are potential risks in simulation-based training. Where the simulator cannot properly replicate the tasks or task environment
of operating or caring for patients, there is a risk that clinicians might acquire inappropriate behaviors (negative training)
or develop a false sense of security in their skills that could
theoretically lead to harm. Although there are no data to suggest
that this currently happens, such risks will have to be weighed
and evaluated as simulators become more commonly used. In
conclusion, despite the small sample sizes and disparate measures used for the error assessment of the trainees, a more optimistic interpretation of the findings of this meta-analytic study
is that VR simulator training allows for the acceleration of the
training curve as also gives exposure to novel procedures and
technologies.
V. CONCLUSION
In this paper, we have reported the results of the meta-analysis
of the efficacy of surgical virtual reality simulators in the transference of skills to the operating room and also their discriminative abilities. The available observational data provides evidence
that training with virtual reality simulators does lessen the time
and the errors in the performance of a given surgical task, and,
furthermore, it can clearly differentiate between the less experienced and the experienced trainees among its users. However,
many more future studies on the criterion and content validity
of the virtual reality simulators and the link between simulatorbased training and performance on actual patients need to be
performed to better assess the appropriate role of virtual reality
simulators in surgical training and patient healthcare. Also, once
the efficacy of VR simulator training has been firmly established
(using studies such as ours) their cost-benefit analyses need to be
evaluated. With possible incorporation of artificial intelligence
components (currently none or very minimal) and more sensory
feedback, it is our belief that virtual reality simulators will prove
to be very effective tools for training in the skills necessary for
surgery and endoscopies.
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