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Abstract—Virtual reality (VR) is being increasingly used in
medical education. However, investigations into its effectiveness
in this field have yielded mixed results, indicating that no
general conclusions can be drawn in this regard. Therefore,
the suitability of a system to teach a given task has to be
investigated on a case-by-case basis. In this paper, we focus
on teaching clinically oriented surgical ear anatomy, as it is
important to provide a well-rounded view of ear anatomy as a
foundation for understanding clinical surgery. Although there
are some VR systems that teach basic ear anatomy, for example,
identification of structures and spatial relationships, to our
knowledge, those that deliver a complete clinical understanding
of ear anatomy do not yet exist. As such, we discuss the design
and development of a 3D interactive VR tutor with integrated
haptic capability to teach clinically oriented surgical anatomy
of the ear and establish its effectiveness through a user study.
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I. I NTRODUCTION
Traditionally, cadaveric dissection and didactic lectures
have been the sole pedagogy in anatomy education [1]. However, in recent times, there have been efforts to replace conventional methods of anatomy education with more modern
methods such as model substitutes and technology [2], [3].
Within this context, VR has become popular as a platform
for training anatomy. Compared to didactic training, VR
offers a more engaging and interactive environment akin to
that of serious games, which have been proven to be effective in increasing learning [4]. In comparison to cadaveric
dissection, VR is more accessible, risk and disease free, and
is repeatable. As no material replacement is required, the
long-term cost is low. Rare and complex pathologies that
are not easily found in practice can be included in VR to
offer a more complete learning experience. It also allows the
integration of lecture-like instructions into its environment so
that advantages of both forms of traditional training can be
combined to support independent learning. As such, VR has
been identified as an ideal platform for teaching anatomy.
Solyar et al. [5] investigated the effectiveness of a VR
endoscopic sinus surgery simulator with haptic feedback as
a tool for teaching paranasal sinus anatomy. They showed
that students trained on this VR simulator performed signifi-

cantly better than a textbook group in identifying anatomical
structures and took less time to complete the task. Pahuta
et al. [6] showed that a virtual fracture carving simulator
can be used to teach the anatomy of an associated bothcolumn acetabular fracture. They compared the performance
of 3 groups: control, sawbones, and VR, testing their performance using a fracture line-drawing task evaluated for 19
anatomic relationships. The VR group performed better than
both the control and sawbones groups.
Hariri et al. [7] evaluated the effectiveness of teaching shoulder anatomy using an arthroscopy simulator that
supported haptic feedback. They found that compared to
textbook learning, no significant improvement in anatomy
knowledge was acquired through VR learning. Garg et al.
[8], [9] investigated the effectiveness of teaching wrist-bone
anatomy using 3D VR when compared to a presentation
of a small number of views consistent with the approach
taken by most anatomical atlases. They came to a mixed
conclusion that the potential for dynamic display of multiple
orientations provided by computer-based anatomy software
may offer minimal advantage to some learners and may
disadvantage learners with poorer spatial ability.
As these mixed observations indicate, it is not practical
to draw broad conclusions regarding the effectiveness of VR
in anatomy education. Rather, it is a subjective matter that
has to be investigated on a case-by-case basis. Our focus
in this paper is teaching anatomy of the temporal bone and
middle/inner ear. As Nicholson et al. [10] point out, the
complexity of the middle and inner ear, coupled with the
small size of its anatomical structures, creates many obstacles to teaching ear anatomy with traditional instructional
techniques. As such, it is important to investigate alternate
techniques such as VR. Although there exist many VR
simulators developed and validated to train ear surgery [11],
[12], the use of VR in teaching ear anatomy is not common.
Nicholson et al. [10] constructed an interactive model of
the ear from a magnetic resonance imaging (MRI) scan
of a human cadaver ear. They showed that students who
trained on this interactive model were significantly better
in their knowledge of 3D relationships within the ear when
compared to those who trained on a non-interactive version.

Feng et al. [13] discussed how a haptically enabled VR
surgery simulator can be used to teach ear anatomy. They
showed that students’ comprehension of ear anatomy was
significantly improved after VR training.
However, these existing VR systems only teach the fundamentals of anatomy, such as identification of anatomical
structures and their spatial relationships, but not a clinically
oriented perspective that is crucial in many sub-specialties of
medicine such as radiology and surgery. To overcome this
limitation, we introduce a VR tutor that provides training
on clinically oriented surgical anatomy and establish its
effectiveness through a user study.
II. VR T UTOR FOR T EACHING C LINICALLY O RIENTED
S URGICAL E AR A NATOMY
A. VR environment
For the development of the VR tutor, we used the University of Melbourne VR temporal bone surgery simulator (see
Figure 1). This simulator comprises a computer running a
virtual model of a temporal bone generated using a microCT scan of a human cadaver ear. A haptic device provides
tactile feedback and is reflected in the virtual world as a drill.
The anatomical structures (such as the dura, sigmoid sinus,
and facial nerve), along with the temporal bone, are rendered
with different visual and tactile properties. The impression
of depth (or stereoscopic 3D vision) is achieved through
NVIDIA 3D vision technology. A MIDI controller is used
as a convenient input device to change environment variables
such as magnification level and burr size.

Figure 1: VR temporal bone surgery simulator.

B. Principles behind the design of the VR tutor
In their call for the modernization of anatomy education,
Sugand et. al [1] compiled a set of 5 modalities to be
used when designing optimal learning content for teaching
anatomy. We used these modalities as guidelines in developing our VR tutor.

1. Dissection/prosection: Active observation and participation in cadaveric dissection has been identified to help the
understanding of three-dimensional (3D) structures through
curiosity and self-exploration [14]. Lempp [15] sums up
dissection as an opportunity to reinforce familiarization
and respect for the body and integration of theory into
clinical practice. Thus, Sugand et al. [1] suggest dissection/prosection on cadavers or plastinated cadaveric specimens as important in teaching anatomy. However, they also
recognize the advantages of using modern technology to
supplement this form of teaching. As such, we developed
the VR anatomy tutor to allow self-exploration through
interactive dissection of a virtual temporal bone. Integrated
haptic technology allows the student to experience the tactile
sensation of drilling. Stereoscopic 3D makes it possible to
understand the spatial relationships of anatomical structures
and the surgically relevant regions of the temporal bone.
2. Interactive multimedia: The future of anatomy teaching
must rely more on visual aids outside the dissection room
[16]. The rationale is that students will naturally forget
topics covered in dissection class and resources like webstreamed lectures and instructional videos could prove vital
for revision [1]. The VR tutor presents anatomy knowledge
in a fully-interactive fashion that supplements traditional
learning and supports self-guided exploration. The student
interacts with the system in the form of drilling. Deeper
regions and anatomical structures are uncovered when bone
is drilled. The system provides visual cues in the form of
coloured regions and text, as well as auditory information
explaining the functions and importance of regions and
anatomical structures as the student performs a dissection.
3. Procedural anatomy: Practicing clinical procedures requires thorough knowledge of anatomy on either cadavers
or plastic models [1]. Thus, it is important to teach anatomy
in the context of common procedures. We implemented
the teaching of procedural anatomy in the VR tutor by
defining surgically relevant regions of the temporal bone and
anatomical structures, presenting a list of these regions and
structures with corresponding colours that the student has to
find through dissection, and explaining the clinical/surgical
importance of each while the student interacts with it. The
list of regions and structures to be identified, along with the
explanations, is presented in a way that takes the student
along a step-wise approach to ear surgery. As such, the VR
tutor is designed to teach not only simple ear anatomy, but
also the principles of temporal bone surgery.
4. Surface and clinical anatomy: Surface and clinical
anatomy is applicable to patient care as anatomical landmarks and clinically relevant structural outlines are defined
[1]. Although it was observed that multimedia supplements
cannot substitute the practical experience obtained through
handling patients [17], this is impractical when teaching
anatomy such as that of the ear which requires dissection. In

the VR tutor, surface and clinical anatomy is taught through
visual highlighting of surgically relevant regions, representation of critical anatomical structures, and explanations of
their clinical and surgical relevance.
5. Medical imaging: Radiology education offers in vivo
visualization of anatomy and physiology as well as insight
into pathological processes [18]. Although radiological images or anatomical models cannot substitute the benefits of
conventional dissection, hybrid teaching modalities would
undoubtedly contribute to better understanding and retention
[1]. The VR tutor does not directly offer the capability of
teaching anatomy using radiological images. However, the
virtual model used in the VR tutor is an anatomically correct
model generated from a micro-CT scan of a human cadaver
ear. As such, the student receives an understanding of the
detail and quality of a 3D rendering of a micro-CT image.

repeated when drilling in the same region. However, the
student has the option to override this and play the audio
for the region being drilled by pressing a button.
3. Representation of the 3D spatial relationships of anatomical structures: Each anatomical structure of the ear is
rendered in the VR tutor by a different colour close to its
actual colour. The temporal bone can be made transparent to
view the underlying anatomical structures without dissecting
the bone. This allows for easy access to structures deeper
within the temporal bone. When the student moves the drill
within a pre-defined distance of a structure, the text field at
the top of the screen shows its name (see Figure 3).

C. Design of the VR tutor
The VR tutor has the following features, designed to
support the teaching of clinically oriented ear anatomy.
1. Identification of surgically relevant areas of the temporal
bone: The surgically relevant regions of the temporal bone
are highlighted in the VR tutor in different colours (see
Figure 2). When a highlighted region is being drilled, the text
at the top of the screen identifies what it is. Regions deeper
within the temporal bone can be uncovered by drilling away
the regions on the surface.

Figure 3: Identification of anatomical structures in the transparent mode when the bone has been removed from view.
In the normal mode, where the bone is visible, the
student can uncover the underlying anatomical structures by
dissecting the bone. Similar to the transparent mode, the text
field at the top of the screen identifies the structure when
drilling near it (see Figure 4).

Figure 2: Visual representation of important regions of the
temporal bone in different colours.
2. Explanations of the clinical and surgical relevance of
areas of the temporal bone: To explain the clinical/surgical
relevance of a temporal bone region, when the student drills
that region, the VR tutor plays a pre-recorded audio. No
other audio is played during this time even if the student
moves on to another region. To avoid the audio being
repeatedly played while drilling a region, a time interval is
defined within which time, the audio that was played before
is not replayed. Once this time elapses, the audio will be

Figure 4: Identification of anatomical structures by the VR
tutor in the normal view of the temporal bone.
If the drill is close to more than one anatomical structure,
the names of all of the structures that are close are displayed

in the text. By reducing the size of the burr, the student
can separately identify anatomical structures that are close
together such as the ossicles (incus, malleus, and stapes).
4. Explanations of the clinical relevance and functionality of
anatomical structures: Similar to how the importance of a
surgically relevant region of the temporal bone is taught,
the VR tutor plays a pre-recorded audio to explain the
functionality and relevance of each anatomical structure.
During this time, no other audio is played. Once the audio
for a structure has been played, it is not repeated within a
given period of time. If there are multiple structures close to
the drill, no audio is played, to avoid confusion. The student
has the option of hearing the audio of a structure by bringing
the drill close to it and pressing a button at any time.
III. E VALUATION OF THE VR TUTOR
To evaluate the effectiveness of the VR tutor and identify
any limitations, we conducted a pilot study. Ethics approval
for this study was obtained from the Royal Victorian Eye
and Ear Hospital Human Research Ethics Committee (#171313H). The participants of this pilot study were medical
students and junior doctors. The study conducted was a
randomized trial that compared the effectiveness and usability of the VR tutor against a 2D non-interactive version
that presented the same content. Figure 5 illustrates the
study design. Two questions were addressed in this study:
1) Is the content of the VR tutor effective? and 2) Is the
interactiveness of the VR tutor a significant contributor to
its effectiveness?

Figure 5: Design of the pilot study.
Written consent was obtained from all participants and
a screening test was conducted to determine the knowledge
level of the participants. This test consisted of 3 intermediate
questions on the anatomy of the ear. To ensure that the
knowledge level of the participants was uniformly basic,

participants who answered all questions correctly were excluded from the data analysis, although they were allowed to
participate in the study itself. Twenty one participants were
recruited and one was excluded based on this criteria.
After the screening test, a pre-test survey was conducted
to identify the demographics, relevant experience (for example, gaming experience), confidence in knowledge of
ear anatomy, and study preferences of the participants.
Then, they were assigned to one of 2 groups using block
randomization. The first group (VR) was asked to find a
list of anatomical structures and temporal bone regions by
interacting with the 3D VR tutor. The second group (PPT)
was presented with the same information but in the form
of a PowerPoint presentation of 2D screen shots taken
from the VR tutor along with the same audio explanations.
Participants were not made aware of what the other group
did. No time limits were imposed and the participants were
allowed to learn as they preferred.
After the training, participants answered a post-test survey
which consisted of questions in relation to their level of
confidence in their knowledge of ear anatomy, their perspective of the teaching method, and knowledge of ear
anatomy. The two former types were based on a 5 point
Likert scale with scores ranging from 1: ‘strongly disagree’
through 3:‘neutral/neither’ to 5:‘strongly agree’ and had 7
questions. The latter comprised 50 questions on categories
used in previous studies [13], [10]: general ear anatomy
(32) and spatial relationships (13), as well as an additional
category: clinical anatomy and diagnostics (5). All questions
were approved by an expert otologist.
The collected data was analyzed between groups using
Kruskal-Wallis tests, so as to avoid assumptions of normality. Results were considered to be significant at a confidence
level of 95% (p < 0.05).
The male:female ratio of the 20 participants was 2:3.
Medical student to junior doctor ratio was 7:13. The median
age of the participants was 25 years. The median year for
medical students was year 5 while for junior doctors, it was
postgraduate year (PGY) 2. Only one participant was left
handed. Relevant background information collected in the
pre-test survey was compared between groups. The results
are given in Table I. At the start of the study, the confidence
level of the participants on their knowledge of ear anatomy
was low with no significant difference between groups. The
study style preference of the two groups was similar between
groups except in one respect. The participants in the PPT
group were significantly more open to studying anatomy
alone. No significant difference was observed in any of the
categories of relevant experience.
The results of the post-test survey are shown in Table II.
Both groups scored relatively high in the knowledge tests.
No significant differences between groups were observed
with respect to any of the 3 modalities of anatomy knowledge tested. The confidence level of the participants was

Table I: Results of the pre-test survey. The median and inter-quartile range of the two groups, along with comparison results
are shown. Results that are significantly different between groups are given in bold.
VR: Median (IQR)

PPT: Median (IQR)

Comparison

2(1)
2.5(2)
2(2)

2(0)
3(1)
2(1)

p = 0.676
p = 0.845
p = 0.968

2(1)
4(0)
3(2)
3(0)

4(1)
3(2)
3(1)
3(1)

p
p
p
p

=
=
=
=

0.019
0.325
0.809
0.293

0(0)
0(1)
0(0)
2(1)

0(0)
0(2)
0(0)
1.5(1)

p
p
p
p

=
=
=
=

0.957
0.657
0.317
0.262

Confidence level
I feel confident in my knowledge of temporal bone and inner ear anatomy
I understand the temporal bone and inner ear as a three dimensional structure
Rating of my understanding of temporal bone anatomy
Study style preference
I
I
I
I

prefer to learn anatomy alone
prefer to learn anatomy in a group
find textbooks revision an effective way to learn temporal bone and inner ear anatomy
find didactic lectures an effective way to learn temporal bone and inner ear anatomy

Relevant experience
Previous mastoid surgery experience (as assistant)
Previous mastoid surgery experience (as observer)
Previous virtual reality temporal bones drilled
Gaming experience

seen to be significantly better in the VR group after training.
Perception of the participants on the teaching methods
was high for both groups, with respect to all the tested
categories. However, there was a significantly higher level of
appreciation in the VR group as to the effectiveness of the
tutor in teaching ear anatomy. According to the results, the
VR tutor is also more likely to be used by the participants
again, when compared to its 2D counterpart.

aspects that were tested for in the pre-test survey, there was a
significant difference in the study style, with the PPT group
showing more of a preference for studying alone than the VR
group. This may mean that the PPT group had an advantage
in that they were better at using self-directed teaching similar
to what the VR tutor and its less interactive counterpart
offered. The purely 2D nature of the paper-based post-test
may also have favoured the PPT group.

IV. C ONCLUSION

Furthermore, Garg et al. [8], [9] observed that dynamic
display and multiple orientations may be disadvantageous to
students with poorer spatial ability. As this pilot study did
not test for such physical limitations of students like spatial
ability, it is not possible to say to what extent they may have
played a role in the observed results.

According to the results of the pilot study, students in
both groups scored relatively highly in terms of knowledge
in basic anatomy, spatial relationships, and clinical functionality and diagnosis. Considering that their initial level of
knowledge was basic, as ensured by the screening criteria,
the test results show a notable level of learning after training.
This indicates that the content of the VR tutor (both in its
3D interactive form and when presented via 2D screen shots
in a less interactive presentation) is suitable for teaching
clinically oriented surgical anatomy of the ear.
As there were no significant differences in knowledge
between groups, this may lead us to believe that neither
the 3D nature of the VR tutor nor its interactivity had added
value to the acquisition of knowledge. This is consistent
with the findings of Garg et al. [8], [9] who concluded that
the potential for dynamic display of multiple orientations
provided by computer-based anatomy software may offer
minimal advantage. However, this may be a premature conclusion due to several possible reasons. First, as Nicholson
[10] suggests, the mixed results observed in literature as
to the effectiveness of VR in teaching anatomy may be
due to issues in the study design and not the VR systems
themselves. This is applicable to our situation as well since
some effects may have been present in the data that were
too small to be detected due to limited participant numbers.
Although the two groups were relatively similar in most

Both groups were seen to have highly positive perceptions
of the system. However, the VR group was significantly
more confident in their knowledge after training, thought
the VR tutor was more effective in teaching anatomy, and
were more likely to use the system again. As better user
perception of a teaching system leads to learner motivation
and continued usage, it is an aspect that may be as important
as its effectiveness in teaching the subject matter. As such,
we can infer that the VR tutor is a successful tool for
teaching clinically oriented ear anatomy.
A more comprehensive study that resolves the issues
identified in the pilot study (with higher participant numbers,
tests for detecting spatial ability, stratified randomization, additional post-tests for determining knowledge of 3D anatomy
such as spotter tests on cadavers or 3D models etc.) will have
be conducted in the future so that more concrete conclusions
can be drawn as to the effectiveness of the VR tutor in
teaching ear anatomy. More data including metrics such as
time to learn and detailed participant interviews should be
collected to gain a deeper understanding of the capabilities
of the different aspects of the tutor.

Table II: Results of the post-test survey, showing the median and inter-quartile range of the two groups, along with comparison
results. Results that are significantly different between groups are given in bold.
VR: Median (IQR)

PPT: Median (IQR)

Comparison

15(9)
7(4)
2(2)

18(7)
6.5(4)
3.5(3)

p = 0.677
p = 0.848
p = 0.203

4(1)
4(0)

3(0)
3(1)

p = 0.048
p = 0.008

4(1)
3(2)
4(0)
4.5(1)
4.5(1)

3(2)
3.5(1)
4(1)
4(1)
3.5(2)

Knowledge of ear anatomy
Basic anatomy (out of 32)
Spatial relationships (out of 13)
Clinical anatomy and diagnostics (out of 5)
Confidence level
I feel confident in my knowledge of temporal bone and inner ear anatomy
I understand the temporal bone and inner ear as a three dimensional structure
Perception of usefulness
I
I
I
I
I

prefer to use this teaching method alone
prefer to use this teaching method in a group
found this module easy to use
found this an effective way to learn temporal bone and inner ear anatomy
would use this way of learning anatomy again
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p
p
p
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