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Abstract
Disease education is a fundamental component in health science and medicine curricula, as it prepares students for their 
progression into health profession careers. However, this requires an ability to integrate concepts across multiple disciplines. 
Technology-enhanced interventions may bridge this gap, and this study assessed the effectiveness of a textbook-style or a 
three-dimensional mixed reality (MR, a hybrid of augmented and virtual reality) HoloLens resource for student learning and 
knowledge retention using asthma as a model of disease. Sixty-seven first-year undergraduate health science and medical 
students were randomized into two groups to complete a lesson on the physiology, anatomy, pathology, and pharmacology 
of asthma, delivered through either a textbook-style (n = 34) or MR (n = 33) resource. Participants took part in the study 
in small groups and completed the intervention and surveys in separate areas of a large laboratory space. A pre-test prior 
to the lesson included multiple-choice questions, with the post-test having additional multiple-choice questions to assess 
learning. A follow-up test to assess retention was performed two weeks later. Pre- and post-test scores revealed increased 
learning across both the textbook (p = 0.001) and MR (p = 0.05) interventions, although higher test results were obtained by 
those using the textbook-style resource (p < 0.05). There was no difference between groups in knowledge retention scores. 
Although the textbook-style resource was more effective for increasing test results, participants perceived MR as more 
favorable, highlighting the experience as enjoyable and useful. This study presents MR as an option for integration in cases 
where educators wish to enhance student enjoyment of the learning experience. However, the results suggest that traditional 
text-based resources persist as a fundamental delivery mode within a modern curriculum.

Keywords Disease education · HoloLens · Learning · Teaching · Educational technology

Introduction

There is great value in introducing interdisciplinary educa-
tion into a health professions course. This exposes students 
to a range of expert opinions and provides a greater breadth 
of knowledge. This is particularly important when teaching 
about disease, where there is often a multifactorial impact 
on body systems [1]. Learning about diseases presents one 
of the most challenging concepts in medical education, as 
it often requires an integration of many disciplines to fully 
comprehend the underlying mechanisms and treatments [2–4]. 
In addition, for effective learning, teaching should be focused 

on interventions that encourage knowledge retention, as many 
students will be expected to have retained a robust knowledge 
of diseases in their future health professions careers [5–7].

Within a health professions program, across individual 
science disciplines, the most common teaching method sits 
as lecture-based delivery [8, 9]. However, there are great  
benefits in integrating interdisciplinary teaching practices [10,  
1], and this is a requirement when teaching about disease. 
For example, one common disease taught in medical and 
health science programs is asthma. An integrated knowl-
edge of anatomy, physiology, pathology, pharmacology, and 
more is required to fully comprehend the disorder, as well as 
the management and treatment options. While the primary 
method of teaching asthma is through educator-centered 
programs [11], it can be challenging for students to grasp 
overarching interdisciplinary concepts from didactic and 
passive-learning approaches [12].
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Ensuring educational interventions develop long-term 
learning so that students can recall at a later date is paramount 
in health science and medicine. In clinical programs, when  
students partake in ‘cramming sessions’ prior to an assess-
ment, although their results may be sound at the time, this 
practice appears to develop only fleeting knowledge with a sig-
nificant decline in assessment results after three months [13]. 
It is well understood that active learning approaches enhance 
knowledge retention and recall at later dates [14], commonly 
after at least two weeks [15–17]. Technology-enhanced supple- 
mentary tools, such as mixed reality, may be able to bridge 
this gap, encouraging an experiential and hands-on way to 
learn across multiple disciplines [18, 19]. Mixed reality, a 
hybrid of augmented and virtual reality, is an integration and 
interaction of both real-world and digital environments [20]. 
One such example is the Microsoft HoloLens, a mixed real-
ity, head-mounted smart glasses device that produces virtual 
three-dimensional (3D) virtual holograms in the real world 
(Microsoft Corporation, Redmond, WA, USA). The HoloLens 
is a unique teaching device due to its ability to utilize both 
augmented and virtual reality concepts to present organs and 
lesson content in true 3D, an important consideration when 
learning about disease [21, 22].

Theoretical Rationale

The theoretical background informing this study stems from 
the fact that unlike the provision of specific content within a 
set lecture, to fully comprehend a disease, students require 
integrations of a number of different concepts from a range 
of disciplines (e.g., physiology, anatomy, immunology, 
and pharmacology). Mixed reality allows student-directed 
(e.g., pausing the audio, moving the model, removing layers 
when desired) learning [23], which may assist in mitigating 
the intrinsic cognitive load [24]. In addition, the student-
centered mode of experiential learning, and the enhanced 
interactivity provided from mixed reality delivery (e.g., dis-
secting layers, manipulating the 3D model), allows for an  
experiential and constructivist approach to learning [25] that  
may encourage long-term retention of acquired knowledge 
[12, 26–28]. As such, this study was guided by the research 
question: with its multidisciplinary requirements, can dis-
ease education be effectively delivered by mixed reality, 
and does the approach enhance learning and knowledge 
retention?

Materials and Methods

Study Setting and Participants

First-year undergraduate students (n = 160) from the Faculty 
of Health Sciences and Medicine at an Australian University, 

with no prior formal knowledge of asthma, were eligible to 
participate in this randomized controlled trial. Enrolled stu-
dents included those in a biomedical science, health science, 
exercise science, and medical program. Although enrolled in 
different programs, the content taught was the same, and nei-
ther cohort had been exposed to any prior asthma education. 
Participants were recruited through verbal communication 
after lectures and convenience sampling was used based on 
participant availability. Sixty-seven participants volunteered 
to participate, and after signing an informed consent form, 
participants were randomized into two respective groups: a 
textbook-style written resource group (n = 34) and a mixed 
reality group (n = 33) to learn about asthma. Allocation con-
cealment was performed by sorting participants into the two 
groups through the use of an opaque envelope with rand-
omized distributions conducted by a statistician. Following 
randomization, participants completed a paper-based pre-test 
questionnaire, which were anonymously coded to pair with 
the post-test. It was not possible to blind participants from 
the resource group due to the nature of the mixed reality 
device; however, all responses were recorded anonymously. 
Participants recruited provided their email address to con-
tact and send the link for the recall test two weeks after 
the study. Recall data was collected through an anonymous 
Qualtrics XM (Qualtrics XM, USA) survey and paired with 
the respective pre-test and post-test scores. The research-
ers were unaware of the intervention that was related to the 
sets of results until final analysis. Ethics for this study was 
obtained and approved by the University’s Human Research 
Ethics Committee, and all participants received an explana-
tory statement prior to participation.

Development of the Application

A panel of expert medical educators, clinical doctors, and 
asthma specialists took part in a series of meetings to discuss 
which key concepts would be expected within an educational 
resource incorporating the anatomy, physiology, pathology, 
and pharmacology of asthma. The decided content involved 
demonstrating the internal features of the lungs, surrounding 
organs, muscle structures, and the impact of asthma on the 
bronchioles. Concepts surrounding the effective pharmaceu-
ticals and the triggering and management of an asthma attack 
were also included. A 3D model of the lungs and heart was 
created, edited, labeled, and colorized in-house by the cor-
responding author using Cinema 4D v21 (Maxon Computer, 
Friedrichsdorf, Germany). The written text and screenshots 
of the model were developed into a pamphlet, which was 
printed and available to participants as the textbook-style 
resource. For the mixed reality resource, the model was 
transferred into Unity 3D (Unity Technologies, San Fran-
cisco, California, USA), C# coding applied for interactive ele-
ments, and exported through Visual Studio v2019 (Microsoft 
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Corporation, Redmond, WA, USA) as a Universal Windows 
Platform format. All coding, editing, exporting, and digital 
content in this study was developed in its entirety by the cor-
responding author. For educators looking to create similar 
applications on the HoloLens, Microsoft’s “Introduction to 
Mixed Reality Development” (https:// docs. micro soft. com/ 
en- us/ learn/ modul es/ intro- to- mixed- reali ty/) series of online 
documents contains much of the introductory instructions and 
content required to commence development. The written text 
created was read verbatim in the mixed reality lesson (6 min 
long), allowing for identical content to be provided across 
both the mixed reality and printed textbook-style resource. 
Participants could interact with the model using voice (e.g., 
“dissect,” “remove layer,” “undo”) or hand gesture commands 
(Fig. 1). To highlight features, the user would hold their finger 
out and “tap” in the air where the model was displayed. This 
gesture was detected by the HoloLens and the region became 
selected with the name displayed in text on the screen. This 
selected model could then also be dissected by either hand 
gestures or voice commands to view the underlying anatomy.

Research Design

Participants in both groups received a brief 2-min lesson 
on the allocated intervention to ensure an understanding 
prior to the lesson commencing and to avoid disruption. 
The mixed reality group was shown how to turn on and 
off the application and use voice commands and hand 
gestures to interact with the model. The study utilized 
pre- and post-tests to assess knowledge gain, as well as 
an additional post-test administered two weeks after the 

intervention to measure knowledge retention. Initially, all 
participants completed a five-question multiple-choice 
paper-based asthma knowledge pre-test survey to assess 
baseline knowledge, followed by the commencement of 
the learning module. After the conclusion of the lesson in 
the allocated learning module, participants completed a 
15-question multiple-choice paper-based post-test, which 
included five identical questions from the pre-test and 
ten new questions based on content from the lesson to 
assess knowledge gained. Examples of questions assessed 
included “Which part of the respiratory system constricts 
to cause the symptomology of asthma?” and “What inflam-
matory chemical in the body causes asthma?”. Such ques-
tions were incorporated to reflect the typical assessment 
format and health science and medical students within 
their respective degree. Participants also filled out a 
10-item Likert scale questionnaire in the post-test which 
was related to their experience and perceptions of the 
delivery mode. There was no strict time limit allotted for 
participants to complete the session; however, each ses-
sion lasted on average for 15 min. The questions partici-
pants answered correctly in the post-test were reassessed 
two weeks after the learning activity was implemented to 
assess recall via a non-compulsory online Qualtrics XM 
survey emailed to participants. When tracked across both 
health sciences [29] and clinical education [30] programs, 
students were more likely to take advantage of digital 
learning resources within the final two weeks prior to the 
semester’s examination. This timeframe was also commen-
surate with other retention-based studies in the literature 
[16].

Fig. 1  An example of the par-
ticipant experience when learn-
ing through the mixed reality 
device. The 3D model is visible 
in front of the user, with hand 
gestures and voice commands 
allowing interactivity, while the 
lesson plays as an audio stream 
through the headphones

https://docs.microsoft.com/en-us/learn/modules/intro-to-mixed-reality/
https://docs.microsoft.com/en-us/learn/modules/intro-to-mixed-reality/
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Reliability and Validity

To validate the survey questions employed in the study 
questionnaire, a committee of five academics with experi-
ence teaching first-year health science and medical stu-
dents was established. This expert committee evaluated the 
face value of the survey and established the validity of the 
questions. Each item was assessed for clarity, relevance, 
format, simplicity, grammatical construction, and compre-
hensibility. There was no training required for participants 
who completed the survey, which was seen as straightfor-
ward and simple to understand. No participants had any 
queries or questions regarding the survey questions after it  
had commenced. Questions were assessed for reliability 
using SPSS v26 (IBM Corporation, Armonk, NY). From 
this assessment, all questions (25 items) were deemed to 
have good internal consistency based on the Cronbach 
alpha value (α = 0.866).

Data Analysis

After successfully testing for the appropriateness of nor-
mality, homogeneity of regression slopes, homogeneity  
of variance, and linearity, a one-way analysis of covari-
ance (ANCOVA) test was applied to determine whether 
there was a statistical difference between modes of deliv-
ery. The statistical software SPSS v26 was used for all  
analyses. For pre-post testing (five questions) within the 
same group, a Student’s paired one-tailed t test was applied 
to assess the directional hypothesis that learners would 
acquire knowledge after learning from either the textbook 
or mixed reality delivery modes. To analyze statistical sig-
nificance in overall knowledge retention between the two 
groups after the two-week time period, a Mann–Whitney 
U test was applied. Participant perceptions using the allo-
cated learning module were rated on a five-point Likert 
scale (1, strongly disagree, to 5, strongly agree), where 
higher scores signified a positive perception using the 
intervention. A Student’s two-tailed unpaired t test was 
used to analyze participant perceptions. For all statisti-
cal tests, p < 0.05 was considered statistically significant. 
Data was processed into figures using GraphPad Prism v8 
(GraphPad Software, San Diego, CA, USA).

Results

A total of 67 participants were included in the final analysis 
for learning in this study, with 42 participants also being 
reassessed for knowledge retention two weeks later. No 
participants were excluded from final analysis. Participants 
included first-year students from an undergraduate health 

science or medical program, including 22 male (40%) and 
45 female (60%) participants aged ≥ 17 years.

Knowledge Test Scores

All participants completed the pre-test containing five 
multiple-choice questions. There was no significant dif-
ference for pre-test scores between groups (p = NSD, Stu-
dent’s two-tailed unpaired t test), demonstrating a consist-
ent level of background knowledge. Out of the five marks 
attainable in the pre-test, participants achieved scores 
(mean ± SEM) of 3.82 ± 0.92 (n = 34) in the textbook-style 
group and 3.82 ± 1.12 (n = 33) in the mixed reality group. 
These same five questions were again asked immediately 
after the lesson, with participant scores increasing to 4.65 
for the textbook-style group (p = 0.05) and 4.12 for the 
mixed reality group (p = 0.01, Student’s two-tailed paired t 
test). The overall post-test assessment was out of 15 marks. 
Participants recorded post-test scores of 13.06 ± 1.79 in the 
textbook-style group and 11.82 ± 1.85 in the mixed reality 
group (p = 0.011 between the groups, Student’s two-tailed 
unpaired t test).

An ANCOVA was used to examine the post-test scores 
(out of 15) between the textbook-style and  mixed real-
ity groups. As the results for the pre-test (/5) may impact 
the overall score, this was measured and included in the 
analysis as a covariate. Before interpreting the outcome 
of the ANCOVA, the variables were checked for nor-
mality using normal Q-Q plots and the Shapiro–Wilk  
test and assessed to be approximately normal. This was also  
supported by the skewness and kurtosis statistics being close 
to zero and a reasonably bell-shaped histogram. In addition, 
Levene’s test was statistically non-significant, indicating that 
the assumption of homogeneity of variance had not been 
violated, F(1, 63) = 0.09, p = 0.77. The pre-test covariate was 
significantly related to the overall post-test F(1, 62) = 64.67, 
p = 0.035. The ANCOVA indicated that, after accounting for 
the pre-test score covariate, the results for the post-test were 
statistically significant, F(1, 62) = 6.87, p = 0.011, partial 
η2 = 0.10. Post hoc testing revealed that participants in the 
textbook-style group obtained higher post-test scores (/15)  
than the mixed reality group.

Knowledge Retention Scores After Two Weeks

A total of 42 participants returned to complete the volun-
tary retention test two weeks after the initial session using 
the learning modules. This consisted of 22 participants in 
the textbook-style group and 20 participants in the mixed 
reality group. From questions assessed in the post-test, 
after two weeks, overall scores reduced by 1.73 for the text-
book-style group and 0.9 for the mixed reality group. No 
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significant difference was observed from either group after 
two weeks (p = NSD, Mann–Whitney U test).

Participant Perceptions

Participants responded to a five-item Likert scale survey 
regarding their overall perceptions of their allocated learn-
ing intervention. Overall, participants rated their learning 
experience highly, regardless of the delivery mode (Fig. 2), 
with more from the mixed reality group reporting positive 
perceptions of this resource. Participants in the mixed real-
ity group reported this delivery mode to be more enjoyable 
and useful for learning. In addition, it was reported that the 
content prepared them better for future asthma education 
sessions and that they would recommend it for learning to 
friends and family (p < 0.01 for all, Students unpaired two-
tailed t test).

Optional written feedback was also provided from par-
ticipants in both the textbook-style (n = 7) and mixed real-
ity (n = 14) groups after using the allocated intervention. 
Although this was not substantial enough to thematically 
analyze, there was a general focus on the tedious nature of 
the textbook resource and the innovative nature of the mixed 
reality device (Table 1).

Discussion

There was some success obtained from the introduction of 
mixed reality to deliver disease education in an undergradu-
ate health science and medicine course. This is of particular 
interest, as although it is increasingly common for technology-
enhanced resources to be implemented within curricula in 
order to enhance learning [19], it is not always clear which of 

Fig. 2  Likert scale responses 
of participant perceptions 
from the textbook-style group 
(n = 34) and mixed reality 
group (n = 33), reported as 
mean ± SD. Responses marked 
from 1 (strongly disagree) to 
5 (strongly agree).*p < 0.01, 
**p < 0.001

Table 1  Representative written comments from participants in the textbook-style and mixed reality groups

Textbook-style group
“For a person looking at the respiratory system for the first time, it is hard to remember specific things like numbers and names, with textbook 

style learning.”
“Bolded text helped me remember certain words and the pictures helped.”
“I don’t think I’ll be able to remember much. Kind of goes in briefly but after short time it will go out.”
“Very well written and easy to read. Appreciate the diagrams very helpful.”
Mixed reality group
“Really fun, innovative and informative! The visually 3D presentation, in conjunction with the audio, was an enriching experience.”
“I was a little unsure if I was looking at the right areas of the image, but completely loved the experience. It’s amazing way to focus and be 

engrossed in the subject. I would have preferred to be in a room by myself, and given instructions right before starting, with no other interruptions. 
Nonetheless, it was so much fun, thank you.”

“Great experience, however head piece was very uncomfortable.”
“This is an excellent learning tool; the ability to actively dissect and remove layers allows for greater to learn systems and pathology in depth. 

HoloLens did cause some eye- strain as well.”
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the various choices is optimal. The potential for mixed reality 
to stimulate active and experiential learning is a step in the 
right direction when introducing complex, multidisciplinary 
curricula to students [31]. Additionally, any impact on long-
term retention is important when training future health profes-
sionals, as an enhanced understanding of challenging concepts 
leads to improved long-term retrieval of knowledge, which 
is heavily relied on when encountering complex cases [32, 
33]. In our study, both the mixed reality and textbook-style 
resources were effective for knowledge acquisition regarding 
asthma, and both group participants performed well in the 
post-intervention assessment. Nonetheless, it is of interest to 
compare between these two delivery modes to see which is 
optimal in multidisciplinary disease education.

Participant Learning

Although the pre-post test scores significantly increased for 
both groups, commensurate with past research into mixed 
reality education [34], in our study, there was a higher aver-
age increase for the textbook-style group, potentially indi-
cating increased effectiveness for traditional textbook-style 
learning. This suggests that although learning did occur, per-
haps users in the mixed reality group were distracted by the 
technology [35], the novelty of the device, or the additional 
requirements to learn hand gestures, vocal commands, and 
other means to interact with the content [36]. The mixed 
reality HoloLens device has shown promise in prior litera-
ture, where it was helpful towards guiding students through 
the processes involved in catheter placements [37]. In this 
way, mixed reality may have potential for use beyond simply 
learning content, extending into actual skill development.

Participants using the mixed reality resource learnt 
through a three-dimensional representation of the content, 
while the participants using the textbook-style resource 
learnt through two-dimensional (2D) diagrams. This may 
present a confounding limitation, as the literature suggests 
that 3D learning itself can be helpful in the spatial under-
standing of a model’s general anatomy [38]. As the printed 
questionnaire used in this study design was limited to 2D 
illustrations, students who used the mixed reality resource 
may have found their mode of learning not commensurate 
to this assessment format [19].

Participant Retention

This is the first known study assessing the effectiveness of a 
mixed reality device for learning and retention of interdisci-
plinary concepts in health science and medicine. The results 
suggest that both the HoloLens and textbook-style resources 
are equally effective as educational interventions for stimu-
lating knowledge which is retained for at least two weeks. 
This consistent ability to enhance retention may be due to the  

relevance of the topic [39]. As disease education is a highly 
important concept to learn for a health professions career, 
the increased student interest may assist with their overall 
focus and willingness to learn, regardless of the mode of 
delivery [40].

Participant Perceptions

Participants preferred the mixed reality resource over the 
textbook-style resource, aligning with previous literature in 
various health disciplines [34]. The mixed reality resource 
was preferable for enjoyability, usefulness, and the perceived 
preparedness for any future learning surrounding asthma. 
Although in our study this increased enjoyment did not 
translate to the test scores, the finding that students enjoyed 
using mixed reality more may have educational benefits. 
Student enjoyability from interacting with technology can 
further increase self-directed learning [41, 42]. In addition, 
the novelty of mixed reality may be a contributing factor to 
student enjoyability [35].

The mixed reality resource was also more likely to be 
recommended to non-student friends or family for learning 
and instruction, potentially due to the unique visual method 
of learning which is currently favored by students [43]. The 
addition of audio learning, instead of text, may be an appeal-
ing alternative [44], as written resources can be daunting to 
learn and large written sections overwhelming. This, cou-
pled with interactive elements and the self-directed approach 
to the pace of content delivery when using mixed reality, 
appears to enhance the overall learning experience [45]. 
Additional advantages of mixed reality include the ability  
for users to view the surrounding real world, which can min-
imize adverse events commonly reported in virtual reality, 
such as dizziness and disorientation [19]. It also allows the 
use of recalling strategies, such as writing notes or interact-
ing with the educator for further understanding of content, 
which has been identified as a particular disadvantage of 
virtual reality, as the purely virtual environment lacks con-
nection to real-world surroundings.

Limitations and Future Directions

This study incorporated convenience sampling from a sin-
gle Australian institution, and its relevance to a broader 
cohort is not clear. In addition, as a novel technology, most 
participants were unfamiliar with the mixed reality Holo-
Lens device, meaning that there was the potential to be 
distracted and not fully engaged with the asthma learn-
ing module. To accommodate for this, a longer instruc-
tional module could be implemented prior to the lesson’s 
commencement. An additional limitation was that only 
asthma was used as a teaching example on the basis that it 
encapsulated various aspects of disease education and that 
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it is highly interdisciplinary and multifactorial in nature. 
However, it is not clear if this learning would be effective 
across a range of other disorders. This study defined the 
timeframe of two weeks for retention testing. Although 
this is commensurate with previous literature [16], there 
is little overall consensus on what constitutes an appropri-
ate delay before the assessment of retention. It would be 
interesting to investigate different ranges, perhaps beyond 
six months, to genuinely identify if these interventions 
are useful for facilitating long-term recall of learned con-
cepts. Although the focus was to teach interdisciplinary 
approaches, the assessment questions remained specific to 
individual disciplines. In medical programs, this is com-
monplace as examination questions are often “tagged” to 
specific areas, learning objectives, or sessions. Moving 
to short-answer questions or queries where the students 
can engage multiple disciplines to answer questions would 
assist to investigate whether the interdisciplinary approach 
did help with overall comprehension of the content. 
Finally, it should be mentioned that there is a consider-
able cost for procuring a mixed reality device, presenting a 
limitation towards the broad scalability of this technology 
to use in health science and medical programs.

Conclusion

Delivering content through both mixed reality and textbook-
style modes are suitable for learning, although the textbook-
style format resulted in higher test results. However, learning 
with mixed reality was perceived to be an enhanced learn-
ing experience, and more enjoyable for users. The results 
suggest that when learning is paramount, a textbook-style 
resource should still be employed as a fundamental teaching 
tool within health sciences and medical curricula. However, 
mixed reality resources remain a viable option to supplement 
learning, with the added benefit of enhancing user enjoy-
ment, as well as the overall learning experience.

Author contribution Each author (VV, CP, CM) made substantial con-
tributions to the conception, design of the work, and the acquisition, 
analysis, and interpretation of the data.

Funding Open Access funding enabled and organized by CAUL and 
its Member Institutions.

Declarations 

Ethics Approval Ethics for the study was approved by the Bond Uni-
versity Human Research Ethics Committee.

Consent to Participate All participants signed an explanatory statement 
and provided full informed consent prior to participation.

Conflict of Interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Steinel N, Palmer GC, Nowicki E, Lee E, Nelson E, Whiteley 
M, et al. Integration of microbiology, pharmacology, immu-
nology, and infectious disease using active teaching and self-
directed learning. Med Sci Educ. 2019;29(1):315–24. https:// 
doi. org/ 10. 1007/ s40670- 018- 00689-8.

 2. Bulgin D, Tanabe P, Asnani M, Royal CDM. Twelve tips 
for teaching a comprehensive disease-focused course with a 
global perspective: a sickle cell disease example. Med Teach. 
2019;41(3):275–81. https:// doi. org/ 10. 1080/ 01421 59X. 2017. 
14201 51.

 3. Stromberga Z, Phelps C, Smith J, Moro C. Teaching with 
disruptive technology: the use of augmented, virtual, and 
mixed reality (HoloLens) for disease education. Adv Exp 
Med Biol. 2021;1317:147–62. https:// doi. org/ 10. 1007/ 
978-3- 030- 61125-5_8.

 4. Rae G, Cork JR, Karpinski AC, McGoey R, Swartz W. How the 
integration of pathology in the gross anatomy laboratory affects 
medical students. Teach Learn Med. 2017;29(1):101–8. https:// 
doi. org/ 10. 1080/ 10401 334. 2016. 11947 61.

 5. Wu AC, Greenberger PA. Asthma: overdiagnosed, underdiag-
nosed, and ineffectively treated. J Allergy Clin Immunol Pract. 
2018;6(3):801–2. https:// doi. org/ 10. 1016/j. jaip. 2018. 02. 023.

 6. Atmann O, Linde K, Werner C, Dorn U, Schneider A. Participa-
tion factors for asthma education programs - a cross sectional 
survey. BMC Pulm Med. 2019;19(1):256-. https:// doi. org/ 10. 
1186/ s12890- 019- 0979-3.

 7. Canonica G, Baena-Cagnani CE, Blaiss MS, Dahl R, Kaliner 
MA, Valovirta E. Unmet needs in asthma: global asthma physi-
cian and patient (GAPP) survey: global adult findings. Allergy. 
2007;62(6):668–74. https:// doi. org/ 10. 1111/j. 1398- 9995. 2007. 
01352.x.

 8. Islam MA, Khan SA, Talukder RM. Status of physiology educa-
tion in US Doctor of Pharmacy programs. Adv Physiol Educ. 
2016;40(4):501–8. https:// doi. org/ 10. 1152/ advan. 00073. 2016.

 9. Knoer SJ, Eck AR, Lucas AJ. A review of American phar-
macy: education, training, technology, and practice. J 
Pharm Health Care Sci. 2016;2:32. https:// doi. org/ 10. 1186/ 
s40780- 016- 0066-3.

 10. Chouvarda I, Mountford N, Trajkovik V, Loncar-Turukalo T, 
Cusack T. Leveraging interdisciplinary education toward secur-
ing the future of connected health research in Europe: qualita-
tive study. J Med Internet Res. 2019;21(11):e14020. https:// doi. 
org/ 10. 2196/ 14020.

 11. Tawfik MMR, Fayed AA, Dawood AF, Al Mussaed E, Ibrahim 
GH. Simulation-based learning versus didactic lecture in teach-
ing bronchial asthma for undergraduate medical students: a step 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40670-018-00689-8
https://doi.org/10.1007/s40670-018-00689-8
https://doi.org/10.1080/0142159X.2017.1420151
https://doi.org/10.1080/0142159X.2017.1420151
https://doi.org/10.1007/978-3-030-61125-5_8
https://doi.org/10.1007/978-3-030-61125-5_8
https://doi.org/10.1080/10401334.2016.1194761
https://doi.org/10.1080/10401334.2016.1194761
https://doi.org/10.1016/j.jaip.2018.02.023
https://doi.org/10.1186/s12890-019-0979-3
https://doi.org/10.1186/s12890-019-0979-3
https://doi.org/10.1111/j.1398-9995.2007.01352.x
https://doi.org/10.1111/j.1398-9995.2007.01352.x
https://doi.org/10.1152/advan.00073.2016
https://doi.org/10.1186/s40780-016-0066-3
https://doi.org/10.1186/s40780-016-0066-3
https://doi.org/10.2196/14020
https://doi.org/10.2196/14020


 Medical Science Educator

1 3

toward improvement of clinical competencies. Med Sci Educ. 
2020;30(3):1061–8. https:// doi. org/ 10. 1007/ s40670- 020- 01014-y.

 12. Meng X, Yang L, Sun H, Du X, Yang B, Guo H. Using a novel 
student-centered teaching method to improve pharmacy student 
learning. Am J Pharm Educ. 2019;83(2):6505. https:// doi. org/ 
10. 5688/ ajpe6 505.

 13. Sisson JC, Swartz RD, Wolf FM. Learning, retention and recall 
of clinical information. Med Educ. 1992;26(6):454–61. https:// 
doi. org/ 10. 1111/j. 1365- 2923. 1992. tb002 05.x.

 14. Graffam B. Active learning in medical education: strategies 
for beginning implementation. Med Teach. 2007;29(1):38–42. 
https:// doi. org/ 10. 1080/ 01421 59060 11763 98.

 15. Duchastel PC. Retention of prose following testing with differ-
ent types of tests. Contemp Educ Psychol. 1981;6(3):217–26. 
https:// doi. org/ 10. 1016/ 0361- 476X(81) 90002-3.

 16. Ryan E, Poole C. Impact of virtual learning environment on 
students’ satisfaction, engagement, recall, and retention. J Med 
Imaging Radiat Sci. 2019;50(3):408–15. https:// doi. org/ 10. 
1016/j. jmir. 2019. 04. 005.

 17. Nungester RJ, Duchastel PC. Testing versus review: effects on 
retention. J Educ Psychol. 1982;74(1):18–22. https:// doi. org/ 10. 
1037/ 0022- 0663. 74.1. 18.

 18. McMenamin PG, McLachlan J, Wilson A, McBride JM, Pickering J, 
Evans DJR, et al. Do we really need cadavers anymore to learn anat-
omy in undergraduate medicine? Med Teach. 2018;40(10):1020–9. 
https:// doi. org/ 10. 1080/ 01421 59X. 2018. 14858 84.

 19. Moro C, Birt J, Stromberga Z, Phelps C, Clark J, Glasziou P, et al. 
Virtual and augmented reality enhancements to medical and sci-
ence student physiology and anatomy test performance: a system-
atic review and meta-analysis. Anat Sci Educ. 2021;14(3):368–76. 
https:// doi. org/ 10. 1002/ ase. 2049.

 20. Milgram P, Takemura H, Utsumi A, Kishino F, editors. Aug-
mented reality: a class of displays on the reality-virtuality con-
tinuum. SPIE; 1994 21/12. Boston, MA, United States.

 21. Brewer DN, Wilson TD, Eagleson R, de Ribaupierre S. Evaluation 
of neuroanatomical training using a 3D visual reality model. Stud 
Health Technol Inform. 2012;173:85–91. https:// doi. org/ 10. 3233/ 
978-1- 61499- 022-2- 85.

 22. Rasimah CMY, Ahmad A, Zaman HB. Evaluation of user accept-
ance of mixed reality technology. Australas J Educ Technol. 
2011;27(8). https:// doi. org/ 10. 14742/ ajet. 899.

 23. Birt J, Stromberga Z, Cowling M, Moro C. Mobile mixed reality 
for experiential learning and simulation in medical and health 
sciences education. Information. 2018;9(2):31. https:// doi. org/ 10. 
3390/ info9 020031.

 24. Koch LK, Chang OH, Dintzis SM. Medical education in pathol-
ogy: general concepts and strategies for implementation. Arch 
Pathol Lab Med. 2021;145(9):1081–8. https:// doi. org/ 10. 5858/ 
arpa. 2020- 0463- RA.

 25. Dewey J. Exper ience and education. Educ Forum. 
1938;50(3):241–52. https:// doi. org/ 10. 1080/ 00131 72860 93357 64.

 26. Masters K. Edgar Dale’s pyramid of learning in medical edu-
cation: a literature review. Med Teach. 2013;35(11):e1584–93. 
https:// doi. org/ 10. 3109/ 01421 59x. 2013. 800636.

 27. Barmaki R, Yu K, Pearlman R, Shingles R, Bork F, Osgood GM, 
et al. Enhancement of anatomical education using augmented 
reality: an empirical study of body painting. Anat Sci Educ. 
2019;12(6):599–609. https:// doi. org/ 10. 1002/ ase. 1858.

 28. Bergman EM, Prince KJ, Drukker J, van der Vleuten CP, 
Scherpbier AJ. How much anatomy is enough? Anat Sci Educ. 
2008;1(4):184–8. https:// doi. org/ 10. 1002/ ase. 35.

 29. Scott K, Morris A, Marais B. Medical student use of digital learn-
ing resources. Clin Teach. 2018;15(1):29–33. https:// doi. org/ 10. 
1111/ tct. 12630.

 30. Gill P, Kitney L, Kozan D, Lewis M. Online learning in paedi-
atrics: a student-led web-based learning modality. Clin Teach. 

2010;7(1):53–7. https:// doi. org/ 10. 1111/j. 1743- 498X. 2009. 
00337.x.

 31. Moro C, Phelps C, Jones D, Stromberga Z. Using holograms to 
enhance learning in health sciences and medicine. Med Sci Educ. 
2020;30(4):1351–2. https:// doi. org/ 10. 1007/ s40670- 020- 01051-7.

 32. Mylopoulos M. Preparing future adaptive experts: why it matters 
and how it can be done. Med Sci Educ. 2020;30(Suppl 1):11–2. 
https:// doi. org/ 10. 1007/ s40670- 020- 01089-7.

 33. Woods NN, Neville AJ, Levinson AJ, Howey EH, Oczkowski WJ, 
Norman GR. The value of basic science in clinical diagnosis. 
Acad Med. 2006;81(10 Suppl):S124–7. https:// doi. org/ 10. 1097/ 
00001 888- 20061 0001- 00031.

 34. Moro C, Phelps C, Redmond P, Stromberga Z. HoloLens and 
mobile augmented reality in medical and health science education: 
a randomised controlled trial. Br J Educ Technol. 2020;52(2):680–
94. https:// doi. org/ 10. 1111/ bjet. 13049.

 35. Al Janabi HF, Aydin A, Palaneer S, Macchione N, Al-Jabir A, 
Khan MS, et al. Effectiveness of the HoloLens mixed-reality head-
set in minimally invasive surgery: a simulation-based feasibility 
study. Surg Endosc. 2020;34(3):1143–9. https:// doi. org/ 10. 1007/ 
s00464- 019- 06862-3.

 36. Wyss C, Bührer W, Furrer F, Degonda A, Hiss JA. Innovative 
teacher education with the augmented reality device Microsoft 
HoloLens—results of an exploratory study and pedagogical con-
siderations. Multimodal Technol Interact. 2021;5(8):45. https:// 
doi. org/ 10. 3390/ mti50 80045.

 37. Schoeb DS, Schwarz J, Hein S, Schlager D, Pohlmann PF, 
Frankenschmidt A, et al. Mixed reality for teaching catheter 
placement to medical students: a randomized single-blinded, 
prospective trial. BMC Med Educ. 2020;20(1):510. https:// doi. 
org/ 10. 1186/ s12909- 020- 02450-5.

 38. Hoyek N, Collet C, Rastello O, Fargier P, Thiriet P, Guillot A. 
Enhancement of mental rotation abilities and its effect on anatomy 
learning. Teach Learn Med. 2009;21(3):201–6. https:// doi. org/ 10. 
1080/ 10401 33090 30141 78.

 39. Malau-Aduli BS, Lee AYS, Cooling N, Catchpole M, Jose M, 
Turner R. Retention of knowledge and perceived relevance of 
basic sciences in an integrated case-based learning (CBL) cur-
riculum. BMC Med Educ. 2013;13(1):139. https:// doi. org/ 10. 
1186/ 1472- 6920- 13- 139.

 40. Svirko E, Mellanby J. Attitudes to e-learning, learning style 
and achievement in learning neuroanatomy by medical students. 
Med Teach. 2008;30(9–10):e219–27. https:// doi. org/ 10. 1080/ 
01421 59080 23342 75.

 41. Choi-Lundberg DL, Low TF, Patman P, Turner P, Sinha SN. 
Medical student preferences for self-directed study resources in 
gross anatomy. Anat Sci Educ. 2016;9(2):150–60. https:// doi. org/ 
10. 1002/ ase. 1549.

 42. Moro C, Phelps C, Birt J. Improving serious games by crowd-
sourcing feedback from the STEAM online gaming community. 
Internet High Educ. 2022;55:100874. https:// doi. org/ 10. 1016/j. 
iheduc. 2022. 100874.

 43. Moro C, Smith J, Finch E. Improving stroke education with aug-
mented reality: a randomized control trial. Comput Educ Open. 
2021;2:100032. https:// doi. org/ 10. 1016/j. caeo. 2021. 100032.

 44. Edmond M, Neville F, Khalil HS. A comparison of teaching three 
common ear, nose, and throat conditions to medical students 
through video podcasts and written handouts: a pilot study. Adv 
Med Educ Pract. 2016;7:281–6. https:// doi. org/ 10. 2147/ AMEP. 
S1010 99.

 45. Moro C, Phelps C. Smartphone-based augmented reality physi-
ology and anatomy laboratories. Med Educ. 2022;56(5):575–6. 
https:// doi. org/ 10. 1111/ medu. 14756.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40670-020-01014-y
https://doi.org/10.5688/ajpe6505
https://doi.org/10.5688/ajpe6505
https://doi.org/10.1111/j.1365-2923.1992.tb00205.x
https://doi.org/10.1111/j.1365-2923.1992.tb00205.x
https://doi.org/10.1080/01421590601176398
https://doi.org/10.1016/0361-476X(81)90002-3
https://doi.org/10.1016/j.jmir.2019.04.005
https://doi.org/10.1016/j.jmir.2019.04.005
https://doi.org/10.1037/0022-0663.74.1.18
https://doi.org/10.1037/0022-0663.74.1.18
https://doi.org/10.1080/0142159X.2018.1485884
https://doi.org/10.1002/ase.2049
https://doi.org/10.3233/978-1-61499-022-2-85
https://doi.org/10.3233/978-1-61499-022-2-85
https://doi.org/10.14742/ajet.899
https://doi.org/10.3390/info9020031
https://doi.org/10.3390/info9020031
https://doi.org/10.5858/arpa.2020-0463-RA
https://doi.org/10.5858/arpa.2020-0463-RA
https://doi.org/10.1080/00131728609335764
https://doi.org/10.3109/0142159x.2013.800636
https://doi.org/10.1002/ase.1858
https://doi.org/10.1002/ase.35
https://doi.org/10.1111/tct.12630
https://doi.org/10.1111/tct.12630
https://doi.org/10.1111/j.1743-498X.2009.00337.x
https://doi.org/10.1111/j.1743-498X.2009.00337.x
https://doi.org/10.1007/s40670-020-01051-7
https://doi.org/10.1007/s40670-020-01089-7
https://doi.org/10.1097/00001888-200610001-00031
https://doi.org/10.1097/00001888-200610001-00031
https://doi.org/10.1111/bjet.13049
https://doi.org/10.1007/s00464-019-06862-3
https://doi.org/10.1007/s00464-019-06862-3
https://doi.org/10.3390/mti5080045
https://doi.org/10.3390/mti5080045
https://doi.org/10.1186/s12909-020-02450-5
https://doi.org/10.1186/s12909-020-02450-5
https://doi.org/10.1080/10401330903014178
https://doi.org/10.1080/10401330903014178
https://doi.org/10.1186/1472-6920-13-139
https://doi.org/10.1186/1472-6920-13-139
https://doi.org/10.1080/01421590802334275
https://doi.org/10.1080/01421590802334275
https://doi.org/10.1002/ase.1549
https://doi.org/10.1002/ase.1549
https://doi.org/10.1016/j.iheduc.2022.100874
https://doi.org/10.1016/j.iheduc.2022.100874
https://doi.org/10.1016/j.caeo.2021.100032
https://doi.org/10.2147/AMEP.S101099
https://doi.org/10.2147/AMEP.S101099
https://doi.org/10.1111/medu.14756

	Incorporating Mixed Reality for Knowledge Retention in Physiology, Anatomy, Pathology, and Pharmacology Interdisciplinary Education: A Randomized Controlled Trial
	Abstract
	Introduction
	Theoretical Rationale

	Materials and Methods
	Study Setting and Participants
	Development of the Application
	Research Design
	Reliability and Validity
	Data Analysis

	Results
	Knowledge Test Scores
	Knowledge Retention Scores After Two Weeks
	Participant Perceptions

	Discussion
	Participant Learning
	Participant Retention
	Participant Perceptions
	Limitations and Future Directions

	Conclusion
	References


