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Immersive and interactive virtual reality to improve learning
and retention of neuroanatomy in medical students:
a randomized controlled study

Chelsea Ekstrand MA, Ali Jamal BSc, Ron Nguyen, Annalise Kudryk BSc, Jennifer Mann BSc,
Ivar Mendez MD PhD

Background: Spatial 3-dimensional understanding of the brain is essential to learning neuroanatomy, and 3-dimensional learning
techniques have been proposed as tools to enhance neuroanatomy training. The aim of this study was to examine the impact of
immersive virtual-reality neuroanatomy training and compare it to traditional paper-based methods.

Methods: In this randomized controlled study, participants consisted of first- or second-year medical students from the University of
Saskatchewan recruited via email and posters displayed throughout the medical school. Participants were randomly assigned to the
virtual-reality group or the paper-based group and studied the spatial relations between neural structures for 12 minutes after per-
forming a neuroanatomy baseline test, with both test and control questions. A postintervention test was administered immediately
after the study period and 5-9 days later. Satisfaction measures were obtained.

Results: Of the 66 participants randomly assigned to the study groups, 64 were included in the final analysis, 31 in the virtual-reality
group and 33 in the paper-based group. The 2 groups performed comparably on the baseline questions and showed significant per-
formance improvement on the test questions following study. There were no significant differences between groups for the control
questions, the postintervention test questions or the 7-day postintervention test questions. Satisfaction survey results indicated that
neurophobia was decreased.

Interpretation: Results from this study provide evidence that training in neuroanatomy in an immersive and interactive virtual-reality
environment may be an effective neuroanatomy learning tool that warrants further study. They also suggest that integration of virtual-

reality into neuroanatomy training may improve knowledge retention, increase study motivation and decrease neurophobia.

patial understanding of neuroanatomy is essential to

neurologic-based medical and surgical specialties,

including neurology, neurosurgery and psychiatry.! A
comprehensive understanding of neuroanatomy is reliant on
thorough knowledge of the intricate relations among multiple
3-dimensional structures.? Traditionally, methods of learning
neuroanatomy have included extended teaching time and sup-
plementation through anatomic dissection and histological
slides to examine the spatial 3-dimensional relations between
structures.’ Time constraints and desire for cost-effectiveness
have prompted medical schools to reduce anatomy and labo-
ratory teaching time with human cadaveric specimens,**
the main supplementation material being textbooks and
2-dimensional images.>” These restrictions may influence a
person’s ability to translate 2-dimensional to 3-dimensional
spatial relations, as it requires the student to perform complex
cognitive reconstructions,®’ potentially impairing neuroana-
tomical learning. A previous study showed a dramatic
decrease in neuroanatomy recall among graduating medical
students,'* and other studies indicated that medical graduates’
overall anatomic competence did not meet safe practising
level.!"!* One potential factor contributing to this is a phenom-
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enon coined “neurophobia,” a perceived reluctance of medical
students to learn or relearn neuroanatomy.’" In an effort to
diminish neurophobia and improve spatial and 3-dimensional
neuroanatomy learning, 3-dimensional strategies have been
proposed.*?*2? Several studies have shown that 3-dimensional
neuroanatomical learning is an effective strategy for increasing
neuroanatomical knowledge, motivation and retention of neu-
roanatomy material.»?*¢ Furthermore, participants improved
in their knowledge of spatial relations when they were exposed
to both physical'! and virtual®**’ 3-dimensional brain models.
Virtual-reality technology may be a logical next step for
enhanced 3-dimensional and interactive learning. Few studies
have investigated the efficacy of immersive virtual-reality envi-
ronments on neuroanatomy training. Kockro and colleagues?
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found significantly better performance at test for a virtual-
reality study group than for a group that used a 2-dimensional
PowerPoint presentation; however, their study did not include
a pretest or retention test. Armstrong and colleagues®® devel-
oped an immersive, interactive virtual-reality environment and
found that this system was qualitatively effective and user-
friendly, but they did not quantitatively examine participants’
performance. In the current study, we sought to explore the
efficacy and limitations of immersive and interactive virtual
reality on neuroanatomy learning. Furthermore, we aimed to
examine neuroanatomical knowledge retention after virtual-
reality learning. We hypothesized that study in the virtual-
reality environment would lead to learning and knowledge
retention outcomes regarding the spatial relations of neural
structures at least equivalent, or potentially superior, to those
acquired via paper-based study.

Design and participants
Data collection for this study was conducted between Mar. 11
and Mar. 25, 2017. We used a randomized controlled design to
compare virtual-reality learning to traditional paper-based learn-
ing. Using an independent samples 2-tailed ¢ test (5% signifi-
cance level), we calculated a sample size of 64 participants (32 in
either group) to provide a statistical power of 0.90. A 10% (stan-
dard deviation 12%) higher score on the postintervention test for
the virtual-reality group was the primary outcome, which consti-
tutes an increase in learning outcome equivalent to 1 letter grade.
Participants consisted of first- or second-year medical stu-
dents from the University of Saskatchewan. Potential partici-
pants were recruited via emails sent to all first- and second-year
medical students and posters displayed throughout the medical
school inviting interested students to contact an experimenter.

Materials
Both the virtual-reality and paper-based study materials con-
tained the following labelled brain structures: the caudate,
putamen, globus pallidus, thalamus, ventricles, amygdala, hip-
pocampus, lateral corticospinal tract and spinothalamic tract.
For the virtual-reality brain, we created structures from
T,-weighted magnetic resonance images of a healthy person’s
brain using FreeSurfer software (http://surfer.nmr.mgh.
harvard.edu/) and DSI Studio (http://dsi-studio.labsolver.org)
for the white matter tracts and compiled them for the virtual-
reality environment in Blender (https://www.blender.org). In
the virtual-reality environment, visualization of the different
structures and their labels was controlled by the participant,
which allowed him or her to navigate and examine the
3-dimensional relations between the structures (see Appendix 1,
available at www.cmajopen.ca/content/6/1/E103/suppl/DCl,
for an example of the user interface and virtual-reality environ-
ment). We used Vive (HT'C Corporation) as the virtual-reality
system. The virtual-reality neuroanatomy interface was devel-
oped by Sprockety Ventures (https://www.sprockety.comy/).
"The paper-based group was provided with a booklet contain-
ing 15 colour figures adapted to display labels for the relevant
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structures to be studied from various views and orientations from
the second edition of Blumenfeld’s Neuroanatony Through Clinical
Cuses,” a textbook commonly used to teach neuroanatomy.

We developed 22 pretest and 22 posttest multiple-choice
questions designed to assess the participants’ ability to visual-
ize relations of structures in 3 dimensions (Appendix 1). Both
the baseline and postintervention test contained 13 test
questions (i.e., related to the study materials) and 9 control
questions (containing neuroanatomy content not available
from the study materials), resulting in a total of 22 questions.
We included control questions were to ensure that the
2 groups did not differ in prior neuroanatomy knowledge.
Two neuroanatomy experts at the University of Saskatchewan
reviewed the questions before implementation; all were consid-
ered valid, accurate and curriculum relevant.

We also developed a satisfaction survey containing
25 questions to assess participant satisfaction with the learning

experience (Appendix 1).

Procedure

Participants were randomly assigned to the virtual-reality or
paper-based group in blocks of 4 with the use of an online
randomization tool (Figure 1). Both groups were given
10 minutes to complete the baseline test to assess their knowl-
edge of neuroanatomy. Participants in the virtual-reality
group were then given a 5-minute tutorial by the experi-
menter to help them navigate the virtual-reality system. The
tutorial contained a simple, unlabelled model of a human
brain, consisting of an outer shell and 2 inner shells to simu-
late the cortex and putamen. Participants were instructed on
how to turn on and off the brain structures to ensure suffi-
cient proficiency in virtual-reality navigation.

Participants in the virtual-reality group were then pre-
sented with the labelled study brain and given 12 minutes to
memorize the spatial relations between the different struc-
tures. In a separate room, those in the paper-based group
were provided with the booklet of adapted figures and were
also given 12 minutes of study time. Individual study time was
not recorded; however, participants were encouraged by the
experimenter to study for the duration of the study period.

All participants were then given 10 minutes to complete a
postintervention test to assess immediate information retention.

Demographic information was then obtained (age, sex,
neuroanatomy experience), and the satisfaction survey was
administered.

A further postintervention test (7-d postintervention) was
administered 5-9 days after the original intervention for both
the baseline and postintervention questions (44 in total); par-
ticipants had 20 minutes to respond. Participants were asked
to refrain from studying neuroanatomy between the 2 postint-
ervention tests.

Before analysis, a researcher blind to participant responses
assessed the test questions to ensure that each question could
be answered from the study material. Two questions were
identified as problematic and were removed. The resolution
of the T'-weighted magnetic resonance image from which the
virtual-reality structures were developed limited segmentation



of the entire caudate tail, and therefore the question “The
caudate tail is to the thalamus” yielded ambiguous
results. In addition, the label for the subthalamic nucleus in
the virtual-reality environment malfunctioned at test, requir-
ing removal of “In advanced Parkinson’s disease, the subtha-
lamic nucleus can be stimulated by deep brain stimulation;
this structure lies to the putamen.” Thus, 12 questions
were included in both the baseline and postintervention tests.

Statistical analysis
Participants’ scores were converted to percentage correct by a
researcher blind to experimental group. We used IBM SPSS
Statistics version 24 to manage, aggregate and analyze the data.
As this study used both within- and between-subject fac-
tors, the primary analysis conducted was a 4 (Test; Baseline,
Postintervention, Baseline Questions 7 Days Postinterven-
tion, Postintervention Questions 7 Days Postintervention) x 2
(Question type; Test, Control) x 2 (Group; Virtual-reality,
Paper-based) mixed-measures analysis of variance (ANOVA)
on Percent Correct, with Test and Question type as within-
subject factors and Group as a between-subject factor.

Randomization

n =64
Excluded n=2
» Methodological error in
administering tests n =1
* Dropped out of study n =1
4
Virtual-reality group Paper-based group
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Figure 1: Flow chart showing experimental procedure.
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To address our primary research question (i.e., whether
virtual reality would lead to equivalent or superior learning
outcomes compared to paper-based study methods), we con-
ducted two 4 (Test; Baseline, Postintervention, Baseline
Questions 7 Days Postintervention, Postintervention Ques-
tions 7 Days Postintervention) x 2 (Group; Virtual reality,
Paper-based) mixed-measures ANOVAs for the Test and
Control questions. We used independent samples # tests to
further examine these effects.

Ethics approval
This study was approved by the Research Ethics Board at the
University of Saskatchewan.

Thirty-three participants were randomly assigned to either
group. One participant in the virtual-reality group was
excluded from analysis because of a methodological error in
administering the tests, and 1 participant, also in the virtual-
reality group, dropped out of the study, resulting in 64 partic-
ipants in the final analysis, 31 in the virtual-reality group and
33 in the paper-based group.

The demographic characteristics of the participants are
given in Table 1. The 2 groups did not differ significantly in
age or number of semesters of neuroanatomy (independent
t tests) or in medical school year, sex, previous neuroanatomy

Table 1: Demographic characteristics, previous
neuroanatomy experience and study preferences of
participants, by group*
Group; no. (%) of participantst
Virtual reality Paper-based
Characteristic n=31 n =233
Age, mean + SD, yr 244 +27 243+27
No. of semesters of 20 24
neuroanatomy
Medical school year
First 19 (61) 22 (67)
Second 12 (39) 11 (33)
Female sex 18 (58) 18 (54)
Previous neuroanatomy 19 (61) 17 (52)
experience
Study preferences
Textbook 16 (52) 20 (61)
Lectures 22 (71) 21 (64)
Drawing 19 (61) 17 (562)
Flashcards 12 (39) 11 (33)
Models 17 (55) 16 (48)
YouTube 15 (48) 18 (54)
Note: SD = standard deviation.
*No significant differences were found between groups at o. = 0.05.
TExcept where noted otherwise.

CMAJ OPEN, 6(1) E105



OPEN

experience or study strategy (x* tests). The first- and second-
year students did not differ significantly on baseline neuro-
anatomy knowledge (F(1, 62) = 1.095, mean squared error =
257.1,p=0.3).

For the primary analysis, we found significant main effects
of Test and Question type and a significant Test x Question
type interaction (Table 2). The main effect for Group was not
significant, nor were the Test x Group and Question type x
Group or Test x Question type x Group interactions.

The results for the mixed-measures ANOVAs as a function
of question type are as follows. For the Test questions, we
found significant main effects of Test and Group (Table 3).
The Test x Group interaction was not significant. Indepen-
dent samples # tests showed no significant difference between
groups for baseline questions, postintervention questions or
7-day postintervention questions (Table 4). The difference
between groups for baseline questions 7 days postintervention
was significant (see Figure 2 for means and 95% confidence
intervals®®).

For the Control questions, there were no significant main
effects of Test or Group, which suggests that participants in
the 2 groups performed equally well (Table 3). The Test x

Group interaction was not significant. Independent samples
t tests showed no significant differences between groups for
any condition (Table 4, Figure 3).

Satisfaction

Of particular interest, when asked to rate on a scale of 1 to 5
(where 1 = strongly disagree and 5 = strongly agree) the state-
ment “This method should be used in the curriculum,”
29 participants (94%) in the virtual-reality group strongly
agreed or agreed, compared to 11 participants (33%) in the
paper-based group. For “I feel less afraid with the complexity
of neuroanatomy,” the corresponding values were 25 (81%)
and 4 (12%), which suggests decreased neurophobia following
virtual-reality learning.

Our results provide evidence that learning neuroanatomy in
an immersive and interactive virtual-reality environment may
be an effective learning tool that warrants further study. In
contrast to the control questions, for which no significant dif-
ferences were found between the tests or the groups, both
groups showed significant improvement in scores on the test

Table 2: Results of omnibus analysis of variance

x Group

Degrees of Mean squared
Variable F freedom error p value*
Test 18.03 3, 186 246.18 < 0.001
Question type 160.03 1, 62 258.88 < 0.001
Group 2.33 1, 62 568.70 0.1
Test x Group 0.820 3, 186 246.18 0.5
Test x Question type 13.66 3, 186 234.33 < 0.001
Question type x Group 0.469 1, 62 258.88 0.5
Test x Question type 1.81 3, 186 234.33 0.1

*2-tailed t test.

Table 3: Results of mixed-measures analysis of variance as a function of question

type
Degrees of Mean squared
Variable F freedom error p value
Test questions
Test 37.35 3, 186 201.48 < 0.001
Group 4.58 1, 62 245.56 0.04
Test x Group 1.99 3, 186 201.48 0.1
Control questions
Test 0.412 3, 186 279.03 0.7
Group 0.554 1,62 582.02 0.5
Test x Group 0.809 3, 186 279.03 0.5

*2-tailed t test.
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questions after the intervention that persisted at 7 days. This
provides evidence that both methods were successful learning
techniques. The fact that a main effect of group was found for

Table 4: Results of independent samples t tests as a function
of question type comparing the accuracy of the paper-based
and virtual-reality groups for each condition
Degrees
of
Question type t freedom  p value*
Test questions
Baseline -0.344 62 0.7
Postintervention -0.378 62 0.7
Baseline questions 7 d -3.20 62 0.002t
postintervention
Postintervention questions -0.703 62 0.5
7 d postintervention
Control questions
Baseline -1.824 62 0.07
Postintervention 0.272 62 0.8
Baseline questions 7 d —-0.036 62 1.0
postintervention
Postintervention questions —-0.606 62 0.5
7 d postintervention
*2-tailed t test.
tRepresents significance at the Bonferroni-corrected o threshold of 0.00625 to
control for multiple comparisons.

OPEN

the test questions, with the virtual-reality group having signif-
icantly greater accuracy than the paper-based group, suggests
that virtual reality is an effective learning tool for understand-
ing the complex spatial relations between different structures
of the brain. These findings are relevant when evaluating
immersive and interactive 3-dimensional virtual reality as a
learning tool, since the primary goal of neuroanatomy learn-
ing is to obtain and maintain knowledge that is essential to
medical practice.!

Based on both the quantitative results and the satisfaction
survey results, there is evidence that virtual-reality technology
may provide an effective supplemental tool for learning neu-
roanatomy by decreasing neurophobia and increasing knowl-
edge retention. Our results are in concordance with those of
studies using virtual 2- and 3-dimensional models”-*” and
suggest that learning complex, 3-dimensional relations
between neural structures is facilitated by training in a
3-dimensional virtual-reality environment. Our findings cor-
roborate those of Armstrong and colleagues®® showing quali-
tative benefits of immersive and interactive virtual-reality
compared to other methods and extends them into the quanti-
tative domain. Practically, integration of virtual-reality tech-
nology into medical education may be beneficial to “self-
taught” models of learning in that students may experience
increased motivation to study and decreased neurophobia
without learning outcomes’ being compromised. This is sup-
ported by recent evidence from Stepan and colleagues®! that
lecture-style virtual-reality neuroanatomy training increases
motivation without compromising learning outcomes.
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Figure 2: Test question Percent Correct for the paper-based (95% confidence interval [Cl] = 5.112) and virtual-reality (95% CI
+ 4.849) groups at each testing point. Error bars represent Cls. See Appendix 1 for mean scores.
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Figure 3: Control question Percent Correct for the paper-based (95% confidence interval [CI] + 5.314) and virtual-reality
(95% CI + 6.599) groups at each testing point. Error bars represent Cls. See Appendix 1 for mean scores.

Limitations

Our follow-up period was relatively short, and we used a lim-
ited number of questions to investigate knowledge retention.
Future research should examine retention outcomes from
virtual-reality neuroanatomy training over a longer time
course with a greater amount of information to be learned.
Furthermore, there is an inherent learning curve when learn-
ing a new technology, and the relatively short training and
study period on the virtual-reality system may have decreased
study time compared to the paper-based group, even with the
training module. It is also possible that the virtual-reality
group enjoyed a different level of motivation for the study
materials owing to exposure to a novel environment, which
may have contributed to their performance. However, the
novelty and potential for increased motivation to learn is an
asset for virtual-reality technology in the medical curriculum
that may enhance students’ incentive to study. Our results are
generalizable only to a particular population. Future studies
should examine other student populations, including under-
graduate students and neurology and neurosurgery trainees.
Furthermore, it may be interesting to examine how virtual-
reality technology may aid in quantification of the actual spa-
tial distance between structures, rather than just relative posi-
tions. It is also important to expand the number of structures
and to integrate training of functional relations between
structures into the virtual-reality environment, to examine
whether the training benefits of virtual reality extend beyond
an understanding of 3-dimensional relations of structures to
grasping functional aspects of complex neural pathways that
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are difficult to visualize with 2-dimensional methods.*?
Finally, future studies should perform a cost-benefit analysis
of immersive and interactive virtual reality to further justify its
integration into the medical curriculum.

Conclusion

The results of this study suggest that integration of immersive
and interactive virtual reality into neuroanatomy training may
help to improve knowledge attainment and retention, increase
motivation to study and decrease neurophobia. As immersive
virtual-reality technology evolves, the feasibility of integrating
this technology into medical curricula could be vastly
improved. The potential applications and benefits of this
technology may extend beyond undergraduate medical educa-
tion into specialized neurologic-based fields, such as neuro-
surgery, making learners more prepared to navigate the com-
plexities of the human brain in clinical practice. Virtual-reality
technology is in its infancy in terms of its potential applica-
tions as a tool for facilitating medical education and clinical
practice, and this potential and limitations warrant further
evaluation and study.
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