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Abstract. Virtual reality (VR) is increasingly being used as a training
platform in many fields including surgery. However, practice on VR simulators alone is not sufficient to impart skills. Provision of performance
feedback is essential to enable skill acquisition by ensuring that mistakes
are identified and corrected, strengths are reinforced, and insights into
consequences of actions are provided. As such, for a simulation system
to be an e↵ective training platform and to enable self-directed learning,
it is imperative that automated performance feedback is provided by the
system. Although there has been increased interest in the development
of feedback methodologies in VR-based surgical training in recent years,
their e↵ectiveness in practice has rarely been investigated. In this paper, we investigate the impact of performance feedback in a VR-based
surgical training platform with respect to skill acquisition and retention
through a randomized controlled trial. We show that feedback during
training is essential for both acquisition and retention of surgical skills.
Keywords: Virtual Reality Surgical Training · Automated Performance
Feedback · Temporal Bone Surgery
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Introduction

Virtual reality (VR) has become the go-to technology when developing education
systems in recent years. VR simulators are accepted as ideal for this task, as they
o↵er risk-free, interactive, immersive, repeatable, and easily accessible platforms,
using which standardized training programs can be developed. The e↵ectiveness
of VR-based systems in teaching skills and knowledge has been tested in di↵erent
application domains, but the results have been mixed.
For example, Gamito et al. [13] showed that a VR-based serious games application can be used to significantly improve attention and memory functions
in patients in cognitive rehabilitation. Mao et al. [27] discussed how VR can be
used with a robot to improve the gait of subacute stroke patients. A case study
on the use of VR in American football training [21] showed a 30% average improvement in scores after VR training. Sacks et al. [35] found that, in training
construction safety, VR is better for stone cladding work and for cast-in-situ
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concrete work, but not for general site safety. Wijewickrema et al. [49] showed
that there was no significant di↵erence in knowledge after training on a VR ear
anatomy simulator, when compared to training on the same content in the form
of a presentation. In a comparison between virtual training and physical training
for teaching a bimanual assembly task, Murcia-Lopez and Steed [30] found that
there was no significant di↵erence between groups.
This trend continues in the field of surgery as well, where some studies
showed that VR-based training was better than traditional training, while others found no significant di↵erences. In Hamilton et al. [16], Seymour et al. [40],
and Grantcharov et al. [14] it was found that the skill level of surgical residents
performing laparoscopic cholecystectomy improved with VR training. Ost at al.
[32], Rowe et al. [34], and Blum et al. [5] showed that fellows and residents
performed a bronchoscopy task faster and more skilfully after VR training than
untrained controls. Sedlack et al. [37, 38] observed that residents and fellows performed better in colonoscopy after VR training. Ahlberg et al. [2] observed that
medical student performance with VR training for laparscopic appendectomy
was no better than that of non-trained controls. In Hogle et al. [20] it was seen
that there was no significant di↵erence in performance in surgical residents when
performing cholecystectomy between intervention and control groups.
These mixed results show that it is impractical to form sweeping conclusions
as to the e↵ectiveness of VR in surgical education. As such, we also need to
consider other factors such as the task being trained, the skill level of the student,
the level of instruction, and even the design of the evaluation study that may
a↵ect evaluation results. In this paper, we explore one of these factors, namely,
the e↵ect of performance guidance/feedback in VR-based surgical simulation.
It has become evident that the sole availability of a surgical simulator is
not sufficient for a meaningful educational experience and an appropriate curriculum should be available to utilize its full potential [44, 12]. One important
aspect when designing an e↵ective surgical curriculum is the provision of performance feedback [44, 45]. Feedback is essential for e↵ective skill acquisition,
and must be both timely and contextually relevant [10, 28]. Its purpose is to
reinforce strengths, address weaknesses, and foster improvements in the learner
by providing insights into the consequences of their actions and by highlighting
the di↵erences between intended and actual results [44]. It was shown in Hattie
& Timperley [19] that the most e↵ective forms of feedback provide cues or reinforcement to learners; are in the form of video-, audio-, or computer-assisted
instructional feedback; and/or relate to goals.
In recent years, research in developing automated feedback systems for VR
simulation has grown. In temporal bone surgery, most simulators today provide
some form of guidance/feedback to students during and/or after training. Bhutta
[4] in a recent review of simulation platforms in temporal bone surgery identified
several VR simulators that have in-built guidance systems. For example, the
VR temporal bone surgery simulator developed by Stanford University [29, 41]
provides interactive feedback on maintaining proper technique in the form of
coloured dots [39]. The VOXEL-MAN TempoSurg simulator [24, 33] provides
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step-by-step procedural guidance for performing an operation by showing the
desired end product of each step and a textual explanation in a separate panel.
The virtual temporal bone simulator developed by Ohio State University [48,
47] has an integrated intelligent tutor which provides functions such as structure
identification and an expert demo mode (replaying of a pre-recorded expert
procedure with customizable viewing parameters). The Visible Ear simulator [42,
43] supports an integrated tutor function which provides step-by-step procedural
guidance through the green-lighting of steps on the temporal bone and a separate
panel with information about the current step and the end-product view.
The University of Melbourne VR Temporal Bone Surgery Simulator [31]
provides both technical and procedural guidance during training. For example,
step-by-step guidance on how to perform a cortical mastoidectomy is presented
as highlighted areas on a temporal bone [54]. Copson et al. [7] discuss a similar
implementation of procedural guidance, based on the same simulator, where
visual cues are presented one step at a time along with verbal explanations of
each step. Methods of providing (verbal, auditory) feedback on surgical technique
for this platform are discussed in Zhou et al. [58, 57] and Ma et al. [25, 26].
In most validation studies, the simulation system as a whole, inclusive of the
automated guidance system, has been evaluated, usually with respect to a control group [56, 47] or in a pre-post comparison [11, 7]. A few studies exist that test
the e↵ect of feedback. For example, Wijewickrema et al. [53, 50] evaluated how
feedback on technique and procedure respectively a↵ected the performance of
medical students performing a cortical mastoidectomy. Here, the control groups
received no feedback while the intervention groups did. No post-tests were conducted and performance was measured during training. As such, whether surgical
skills were properly acquired and retained were not tested. In another study, Wijewickrema et al [52] compared the e↵ect of two di↵erent feedback generation
methods. However, it has not been clearly shown what improvements can be
expected with respect to surgical skill acquisition and retention, by providing
automated guidance/feedback.
Here, we aim to bridge this gap through a user study comparing the performance of students trained on a VR simulator with and without automated guidance/feedback. To this end, we use the previously developed guidance/feedback
system of the University of Melbourne temporal bone surgery simulator [52],
which provides guidance/feedback on di↵erent forms of surgical skill.

2

Background

The VR platform used in this research is the University of Melbourne temporal
bone surgery simulator (see Fig. 1). The virtual operating space consists of a
model of a temporal bone and a surgical drill. The virtual model is generated
using a segmented micro-CT scan of a human cadaveric temporal bone. The
virtual drill reflects the movements of a haptic device which also provides tactile feedback to the user. The impression of depth is achieved through NVIDIA
3D vision technology. A MIDI controller is used as a convenient input device
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to change environment variables such as magnification level and burr size. Using the VR simulator, surgeons can perform ear operations to remove disease
and improve hearing. This often involves removing parts of the temporal bone
or operating on the middle or inner ears and requires safe navigation around
anatomical structures such as the facial nerve, sigmoid sinus, and dura.

Fig. 1: The University of Melbourne VR temporal bone surgery simulator.

As surgical skills are multi-faceted, when expert surgeons teach trainees, they
provide guidance/feedback on di↵erent aspects of the same. To emulate this, the
simulation system considers four main aspects of skill that need to be acquired:
procedural knowledge, knowledge of landmarks/surgical limits, manipulation of
environmental variables, and drill handling/technical skills. The following sections discuss how guidance/feedback is provided in order to teach these skills.
Procedural guidance: Procedural guidance is provided using the step-by-step
guidance method of Wijewickrema et al. [54]. Each step of the surgery is highlighted on the temporal bone and the next step is only provided once the current
step is completed. Fig. 2 illustrates how the second step of a cortical mastoidectomy is highlighted (in green) after the first step has been drilled.
Advice on landmarks/surgical limits: There are inherent cues (for example,
changes in colour and smoothness of the bone) that inform surgeons when they
are nearing an anatomical structure. However, these cues may be too subtle for a
novice to detect. Therefore, it is necessary to provide more obvious warnings to
this e↵ect. Following the work of Wijewickrema et al. [51], the system currently
provides verbal warnings when a trainee is drilling within a specified distance of a
structure. Further, to enable learning of the anatomical structures, functionality
to make the temporal bone transparent, so that the underlying structures can
be viewed, is also available.
Feedback on environmental settings: The ideal values for environmental
settings such as magnification level and burr size di↵er according to which area
of the temporal bone is currently being drilled. For example, at the start of the
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Fig. 2: Presentation of step-by-step procedural guidance.

procedure, in the central area, an overall view of the surgical space is required,
and therefore, a lower magnification level is used. In contrast, when drilling
deeper insider the mastoid, for example, near the facial nerve, more magnification
will be required to get a better view. We use the method of generating regions in
a temporal bone using morphological operations such as dilation and erosion as
discussed in Wijewickrema et al. [51]. Once the regions are defined, to identify
the valid ranges for each region, pre-collected expert data is used. Then, in realtime, if an environment setting is outside the pre-defined range of the relevant
region, verbal auditory feedback is provided to inform the student of this. Fig.
3 illustrates how these regions are defined for the ourpose of providing feedback
on environmental settings.

Fig. 3: Definition of regions where surgical technique is considered to be uniform.

Feedback on drill handling/technical/motor skills: Typically, surgical
technique adopted at one stage of a surgery is di↵erent to that of another. For
example, long strokes with a higher force can be used when drilling in an open
area. However, more caution is warranted when drilling near a critical anatomi-
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cal structure such as the facial nerve, and to avoid damage, less force should be
used. Wijewickrema et al. [51] identified that the stages of a procedure is related
to the regions being drilled. As such, in our system, di↵erent behaviour models
are developed to identify poor technical skills per region in the following process. The same regions that were defined to provide feedback on environmental
settings (as shown in Fig. 3) are used for this purpose.
The method based on random forests (RFs) discussed in Zhou et al. [57] is
used here to generate feedback on drill handling. First, strokes are identified
from the surgical trajectory using the method introduced in Hall et al. [15]. This
enables the extraction of meaningful segments of the trajectory that can be used
to define the quality of drill handling.
Once strokes are extracted, the values of metrics that define the quality of a
stroke (such as speed and force) can be calculated for each stroke. We used such
stroke metrics calculated for pre-collected expert and trainee data as features
to train behaviour models that identified expert and trainee skill. Note that we
made some modifications to the methods discussed in the original paper [57],
when integrating them into our simulator. First, only the motion-based metrics
(stroke length, duration, speed, acceleration, straightness, and force) were used
as features when training the RF classifier. In contrast, in Zhou et al.’s work,
they used motion-based metrics as well as environmental settings (simulator
parameters) and proximity metrics (distance to structures). We separate the environmental settings from this and use a simple rule-based method of providing
feedback on these, as discussed above. The distance measures are not required,
once the regions around anatomical structures are defined. Second, in the original paper, the procedure was divided into stages, which were predicted using
a pre-trained classifier, and behaviour models were trained for each stage. The
prediction errors introduced by the stage detection was avoided here by using
pre-defined regions instead, as discussed above.
If a stroke is classified as a trainee stroke, advice has to be provided on how
to improve it so that expert-level behaviour can be learned. For this, we used the
voting-based scheme used in Zhou et al. [57]. First, the expert stroke closest to
the current trainee stroke was selected (from the pre-collected expert data) using
a nearest neighbour strategy. In order to choose the specific feedback feature, the
current trainee stroke and the closest expert stroke were classified by each tree
in the RF. In a given tree, provided both strokes have been classified correctly,
we computed the first feature (and direction: increase or decrease) on which
the strokes were split into di↵erent branches and this feature received one vote.
The feedback was then considered to be the feature and direction that received
the most votes (for example, increase stroke length, decrease force etc.). This
feedback is presented by the system to the user as verbal auditory instructions.

3

Methodology

We conducted a randomized controlled trial of 40 medical students, with no prior
surgical experience, to evaluate the importance of providing automated guid-
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ance/feedback in VR-based temporal bone surgery. This study was approved by
the University of Melbourne Human Ethics Committee (#1135497.3). On the
first day, they were first shown a video tutorial on how to perform a simple
temporal bone surgery (cortical mastoidectomy) on our VR simulator. Then,
they performed this surgery on the VR simulator with no automated guidance
(pre-test). The pre-test was performed in order to gauge their initial skill level,
to account for individual variations in skill acquisition and retention. Next, they
were randomly allocated to one of two groups: control or feedback. Then, they
underwent a training session, performing the same procedure on the simulator.
The feedback group received automated guidance/feedback during this procedure, while the control group did not. On the second day, they underwent another
training session similar to the previous day. After this, on the same day, the participants performed a post-test: the same procedure without guidance/feedback.
They came back a week later (on the ninth day), and performed a cortical mastoidectomy without guidance/feedback as a retention test. We recorded all the
procedures conducted by participants using screen capture software. The study
design in illustrated in Fig. 4.

Fig. 4: Design of the evaluation study.

A blinded expert surgeon evaluated videos of the pre-, post- and retention
tests based on a validated assessment scale [23]. This assessment scale was designed specifically for cortical mastoidectomy. It has been validated to be a feasible tool with high inter-rater agreement. This scale comprises two parts: checklist
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and global instruments, and assesses competency of the surgeon in performing
the surgery as a whole. This takes into consideration all aspects of surgical skill,
for example, knowledge of landmarks and procedure as well as technical skills.
The checklist instrument consists of 22 items (in 7 categories: initial bone
cuts, defining anatomic limits, open antrum, digastric dissection, thin posterior
EAC cortex (translucent), open facial recess, and posterior atticotomy). Each
item is scored on a Likert scale ranging from 1 (unable to perform), through
3 (performs with minimal prompting), to 5 (performs easily with good flow).
As such the minimum and maximum scores for this instrument are 22 and 110
respectively. However, as our study participants were medical students with no
prior surgical experience, we did not teach them how to perform the 2 latter
parts of the surgery (open facial recess and posterior atticotomy). As such only
13 items were relevant for this study, with minimum and maximum scores of 13
and 65 respectively. The global instrument comprises 10 items: understanding
of objectives of surgery, interpretation of preoperative tests, use of otologic drill,
knowledge of instruments, use of microscope, respect for surgical limits, time and
motion, knowledge of specific procedure, Flow of operation, and overall surgical
performance. The scoring is based on a 5-point Likert scale similar to that of
the checklist instrument. As such, the minimum score is 10 and the maximum
possible score is 50.

4

Results

First, we tested if the initial skill levels of the two groups were significantly
di↵erent, using analysis of variance (ANOVA). We found that although the initial
skill level of the feedback group was higher than that of the control group, these
di↵erences were not significant for either scores: checklist or global. Therefore,
we can infer that the randomization procedure was successful.
To compare the level of surgical skill acquired after training by the two
groups (post-test scores), taking into consideration the initial skill level of participants (pre-test scores) to account for individual aptitude, we performed an
analysis of covariance (ANCOVA). A similar analysis was conducted to test for
skill retention. Significant di↵erences were observed between groups for both
skill acquisition and retention, with the feedback group showing larger improvements in performance. The comparison results are shown in Table 1. In these
ANCOVA analyses it was also tested what the e↵ect of initial skill level was on
skill acquisition and retention. It was seen that initial skill level was a significant
factor in skill acquisition (p = 0.026 and p = 0.007 for checklist and global scores
respectively), but not in skill retention.
To test if there were skill improvements within groups before and after training, we used paired t-tests to compare the post- and retention test scores with
pre-test scores. Cohen’s d was used to calculate the e↵ect sizes. Significant improvements with large e↵ect sizes were observed in the feedback group with
respect to both skill acquisition and retention, while the improvements in the
control group were not significant with low e↵ect sizes. Table 2 shows the results.
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Table 1: Between-group analysis of skill acquisition and retention, taking initial
skill level as a covariate. Statistically significant results are shown in bold.
Score

Group

Adjusted Mean F(1,37) p > F

Skill Acquisition
Checklist

Global

Feedback

37.08

Control

20.37

Feedback

33.13

Control

16.57

27.73

< 0.001

24.84

< 0.001

13.73

< 0.001

13.24

< 0.001

Skill Retention
Checklist

Global

5

Feedback

28.46

Control

18.84

Feedback

25.17

Control

14.83

Discussion

From the results of the between group analyses in Table 1, we observe that the
group that received automated feedback during training performed significantly
better than the control group with respect to both skill acquisition and retention.
The within group analysis (Table 2) shows that the learning and retention rates
of the control group was not significant with low e↵ect sizes. In contrast, the
feedback group had significant levels of skill acquisition and retention with high
e↵ect sizes. These results imply that, at the level of the participants (complete
novices with no prior experience in surgery), task demonstration is not sufficient

Table 2: Within-group analysis of performance with respect to skill acquisition
and retention. Statistically significant results are shown in bold.
Group

Score

P-Value E↵ect Size (d)

Skill acquisition
Feedback

Checklist < 0.001
Global
< 0.001

1.74
1.56

Control

Checklist
Global

0.239
0.306

0.35
0.28

Feedback

Checklist
Global

0.004
0.006

0.90
0.85

Control

Checklist
Global

0.386
0.552

0.27
0.19

Skill retention
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to teach surgical skills, and performance feedback on di↵erent aspects of surgical
skill is essential during training to ensure that skills are acquired and retained.
These findings are in accordance with the principle of deliberate practice [10]
which states that practice and relevant feedback are both important in gaining
expertise. They also support other studies suggesting the benefit of real-time
automated feedback in training [6, 8, 18, 55].
The significantly better performance after training with automated feedback
further indicates that it was presented in such a way that it could be easily
understood, thus retaining the cognitive load (burden placed on the human cognitive processing system [46]) at a manageable level to enable greater learning
and performance [18]. That these results contradicts the guidance hypothesis
which states that concurrent (real-time) feedback may lead to over-reliance and
diminished performance [36], also indicates that the right amount of feedback
was provided that supported learning, but discouraged over-reliance. However,
as the students gain more experience in surgical procedures, it may be necessary
to reduce the level of instruction, to avoid over-reliance [9, 22].
From the between group test results, we see that in addition to the presence
or absence of feedback, the individual aptitude (as measured in the pre-test) also
plays a significant role in the acquisition of surgical skills, but not in their retention. That individual di↵erences a↵ect complex skill acquisition seems obvious,
but to what extent this is true is dependent on other factors as well. For example,
Ackerman [1] discussed the ability-performance relationship as a function of task
complexity, degree of task practice, and consistency of information-processing demands. This seems to indicate that with more practice, perhaps the significance
of individual aptitude may lessen.
In this study, the training and evaluation of performance were both conducted
on our VR simulation environment. As such, the results are not indicative of how
participants would perform in a real-world scenario. However, there is evidence
to suggests that skills learned in VR are transferable to real-world applications
[17, 3]. This should be explored in future studies.

6

Conclusion

Here, we evaluated the e↵ect of performance feedback on skill acquisition and retention in a VR-based surgical training platform. We observed that task demonstration and repeated practice to emulate the task on a VR simulator is not
sufficient to acquire and retain surgical skills. Real-time feedback is not only
helpful, but essential in the acquisition and retention of skills. Although in this
paper, we established this for the test case of temporal bone surgery, the findings
are in line with educational principles such as that of deliberate practice. This
raises an important point which is often overlooked in VR education system design and development: the importance of appropriate feedback during training
to ensure that the right skills are acquired and retained.
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