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Abstract

Background: This article provides a detailed summary of virtual reality (VR) and augmented reality (AR) applications in
diabetes. The purpose of this comparative review is to identify application areas, direction and provide foundation for future
virtual reality tools in diabetes.

Method: Features and benefits of each VR diabetes application are compared and discussed, following a thorough review of
literature on virtual reality for diabetes using multiple databases. The weaknesses of existing VR applications are discussed
and their strengths identified so that these can be carried forward. A novel virtual reality diabetes tool prototype is also
developed and presented.

Results: This research identifies three major categories where VR is being used in diabetes: education, prevention and
treatment. Within diabetes education, there are three target groups: clinicians, adults with diabetes and children with
diabetes. Both VR and AR have shown benefits in areas of Type | and Type 2 diabetes.

Conclusions: Virtual reality and augmented reality in diabetes have demonstrated potential to enhance training of
diabetologists and enhance education, prevention and treatment for adults and children with Type | or Type 2 diabetes.
Future research can continually build on virtual and augmented reality diabetes applications by integrating wide stakeholder
inputs and diverse digital platforms. Several areas of VR diabetes are in early stages, with advantages and opportunities.
Further VR diabetes innovations are encouraging to enhance training, management and treatment of diabetes.
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revolution. Digital twins are a 2023 strategic priority for the
Alan Turing Institute (ATT) and an area of research and innova-
tion strength. In 2023, at AI UK, was the launch of Turing
Research and Innovation Cluster in Digital Twins (TRIC-DT).

For diabetes training, VR is particularly suitable, because
the physiological characteristics are especially responsive to
patients’ lifestyle, physical and cognitive change.'> Diabetes
care is being continually digitized as the pace of people get-
ting diabetes is growing faster than the growth in number of
diabetologists,' further highlighting VR training as key to
help people with diabetes improve self-management.

Introduction

Diabetes is becoming increasingly common and affects
approximately 463 million people worldwide (8.8% of the
adult population), according to the International Diabetes
Federation (IDF) Atlas.! Type 1 diabetes (T1D) affects
around 10% of those and Type 2 diabetes (T2D) affects the
other 90%. Diabetes doubles a person’s risk of early death
according to the World Health Organization (WHO)? and
resulted in 4.2 million deaths in 2019."

Virtual reality (VR) is recently rapidly increasing in popu-
larity with the decreasing cost of headsets, VR is now afford-
able for home and health care use. Advantages of VR health

care are increasingly established, as highlighted by the
Medicine Meets Virtual Reality (MMVR) series, including
orthopedics,** anesthetics,”® paramedics,”® resuscitation,’
medical examination scoring®>!° amongst many others. Digital
twin technology is setting a wave of transformations in health
care.!! Digital twin concept is closely linked with VR as a
major platform in which health care aspects can be integrated,'?
with potential for diabetes.'> Smart health care applications
increasingly use Digital Twin—powered artificial intelligence
(Al) with medical devices' as part of the current virtual
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Overall, this research has found that VR and augmented
reality (AR) in diabetes have been associated with three main
areas in which applications of VR have been developed for
diabetes: education, prevention, and treatment. (1) Education
and training in diabetes using VR applies to three target
groups: clinicians, adults with diabetes, and children with
diabetes. (2) Prevention of diabetes complications with VR
is achieved by encouraging exercise, healthy behavior, stress
reduction, and healthy eating choices. (3) Treatment and
management of diabetes with VR includes augmented carbo-
hydrate estimation, tracking and guiding insulin injections,
and virtual clinical consultations. The following sections of
this review have been divided into those three major
categories.

Conventional Training in Diabetes Without VR

For people with T1D aged over 17, in the UK, the NHS pro-
vide conventional diabetes training without VR, through
Dose Adjustment For Normal Eating (DAFNE).!® The
DAFNE training module aims to train people with diabetes
to (1) achieve more glucose checks in target without increas-
ing the risk of severe hypoglycaemia; (2) reduce negative
impacts of diabetes including anxiety, stress, and time spent
at NHS appointments; and (3) get the best results from insu-
lin therapy. The DAFNE training modules have potential to
benefit from being supplemented by VR for improved simu-
lation and immersion.

Search Criteria

All major databases of literature were searched, including
PubMed, IEEE Xplore, Google scholar, ASME Digital
library, Web of Science, EMBASE, EBSCO Host and
Cochrane database of clinical trials. Keywords “Virtual
Reality,” “Diabetes,” and “Training” were used.

The years of search were set to 2019 to 2023. Previous
articles have also been included by tracing references in
related areas in the returned matching result papers.

VR in Diabetes

This section details uses of VR in diabetes, within three
major categories: Education (for clinicians, adults, and chil-
dren), Prevention, and Treatment.

VR Diabetes Education for Clinicians

Within education and training for diabetes, there are various
circumstances in which difficulties emerge where VR can be
of help. Virtual reality can help with training health workers
in rural areas, where there is often a lack of diabetes experts
and the prevalence of diabetes can be almost twice the
national average, such as in Appalachian Ohio."”

Figure 1. Virtual clinical training was found superior to
normative training when used for education of second-year
nursing students (n = 171),'® reproduced with permission of CC-
BY license.

A trial'® evaluated the use of VR for diabetes training,
with 171 second-year nursing students. This found that VR
was significantly (P = .001) better for teaching T2D hypo-
glycemia knowledge than normative methods, due to
increased engagement and immersion.'® The VR training
simulator for this study was created by Daden Ltd., using
Unity 3D software (Figure 1). The clinical scenario involves
areplica of a local hospital room, with nurse and patient ava-
tars. The simulation begins with a handover providing patient
information. Later, the patient deteriorates and experiences
hypoglycaemia and the aim is for students to correctly iden-
tify and treat this condition.

A VR diabetes training system for clinicians was devel-
oped by Oxford Medical Simulation (OMS) with University
Hospital Southampton (UHS) and Portsmouth Hospital'® in
partnership with NHS England Diabetes Team as part of The
NHS VR Diabetes Initiative. The training was initially
planned during the COVID-19 pandemic to be delivered for
free by the OMS team to assist with socially distanced train-
ing. Oxford Medical Simulation collaborated with University
Hospital Southampton?, to develop immersive VR diabetes
scenarios for clinicians. This provides clinicians with safe
practice diabetes emergencies, aiming to improve care for
diabetes patients during hospital admissions. The system uses
Oculus Rift VR headset and gives personalized feedback. The
VR aims to improve clinical decision-making under pressure,
crisis resource management, team interaction, and patient
engagement. This was funded by an educational grant from
Novo Nordisk? and trialed across the south of England in
partnership with Health Education England (HEE), piloted
with 10 doctors. After completing VR diabetes education, a
curriculum mapped certificate for their ePortfolio was sent to
the clinicians who completed the training. The OMS diabetes
VR project, titled “Diabetes Emergencies: Virtual Interactive
Clinical Education (DEVICE)” was evaluated in a trial by?*!
with 39 second-year junior clinicians from two U.K. hospitals
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Figure 2. The virtual reality diabetes training platform for people with diabetes developed by the author at the University of Exeter.
(Left) a VR gymnasium for exercise with diabetes, (Right) a VR kitchen with diabetes nutrition advice.

(University Hospital Southampton and Queen Alexandra
Hospital, Portsmouth) using Kirkpatrick’s training model.
The trial found that after using VR, confidence increased in
diabetes emergency management. Amongst trainees, 100%
found the scenarios were suitable for their level, 72% expected
they would use the knowledge within a week and 28% had
increased confidence in managing Diabetic Ketoacidosis
(DKA) after using VR. This suggests that VR is a useful,
popular educational tool. One weakness was that delivering
the VR experience is a fairly time-consuming exercise as only
one trainee could use the system at a time.

A VR training program for clinicians has been designed
for use in rural areas of Ohio which have nearly double the
national average diabetes prevalence rate. This aims to
improve cultural self-efficacy and diabetes attitudes, by
training the primary care workforce on new emerging thera-
pies for T2D,!7 to meet rising remands due to the lack of
certified diabetes experts in rural areas. Evaluation amongst
clinicians (n = 69) found improvements in all three of the
cultural self-efficacy subscales: Cognitive, Practical, and
Affective, finding that VR for diabetes training is an innova-
tive approach to improve cultural self-efficacy and diabetes
attitudes.

Virtual reality is used for diabetes as part of Simulation-
Based Medical Education (SBME) which supports the devel-
opment of competencies in diabetes technical skills and
human factors (or nontechnical skills) and is an excellent
tool to allow staff prepare for clinical diabetes crises that are
seen every day in health care.?!

Virtual reality medical training has proven useful during
pandemics such as COVID-19 to enable remote health care
training for clinicians while maintaining social distancing.

A VR system has been proposed for training in the diag-
nosis and treatment of Diabetic Foot.?? The system uses a VR
simulator for training students and professionals in primary
health care. The proposed VR system will use Blender 3D,
Unity, and Oculus Quest headset.

VR Education for Adults With Diabetes

In rural areas, VR training for adults and children with diabe-
tes can be particularly useful as rural areas tend to have lower
health literacy, higher chance of delayed diagnosis,'” and
limited availability of diabetologists, despite an above aver-
age prevalence rate of diabetes.

At the University of Exeter, the author has developed a
prototype VR diabetes training platform for people with dia-
betes. This contains various scenarios including training for
people with T1D to exercise safely avoiding hypoglycaemia
in a VR gymnasium, food carbohydrate counting advice in a
VR kitchen (Figure 2), newly diagnosed training for finger
prick and a scenario for glucose monitoring at the workplace.
Input and feedback was received from clinicians at Royal
Devon University Healthcare NHS Foundation Trust in
Exeter, United Kingdom and Taunton Musgrove Park
Hospital. This VR diabetes training platform has been tested
on Android smartphones using Google cardboard and
Windows PC platform with VR head-mounted display
(HMD).

The American Diabetes Association (ADA)’s written
training materials and videos for diabetes have been inte-
grated into a virtual learning center’® to deliver training
within a VR environment built in “Second Life” (SL) virtual
world (VW; Figure 3, upper). This also integrates 3D images
with tips on label reading, virtual avatars of exercise research-
ers, health professionals, and dietitians, to present 10 educa-
tion sessions on physical activity and healthy eating with
diabetes. The VR intervention resulted in a significant
increase in real-life physical activity levels and a decrease in
dietary meat intake.

A VW in SL, was developed by Rosal et al,?* for diabetes
education (Figure 3, lower right). The education is targeted
toward African American women, because this group report
lowest levels of physical activity, and 66% of African
Americans with diabetes have high-fat diets. Evaluation
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Figure 3. (Upper) Education sessions on physical activity and healthy eating with diabetes.” (Lower left) Virtual exercise facilities
for indoor cycling and (Lower right) beach dancing stage for virtual reality diabetes exercise training,2 reproduced with permission of

CC-BY license.

found that self-management education for T2D can be deliv-
ered using virtual exercise facilities and food exhibits. The
VR system was used to deliver the evidence-based behavior-
change curriculum, which seeks to enhance diabetes knowl-
edge. It also aims to optimize attitudes toward diabetes
self-management, develop behavioral self-management
skills including glucose tracking and goal setting, facilitate
changes in dietary intake, physical activity, blood glucose
self-monitoring, and medication adherence.?* The VR diabe-
tes education was compared to in-person format,?* finding
that physical activity increased by 18% in the virtual group,
whereas it decreased by 25% in the face-to-face group.

Sense of presence in VR can lead to greater engagement
and attention, and the use of VWs has been shown to influ-
ence behavior in the real world,>* which can be of benefit to
people with diabetes implementing lifestyle changes.

Educational games for diabetes have been developed on
Nintendo Wii Fit Plus for adults with diabetes and the evalu-
ation found Wii Fit successfully increased physical activity
levels in the intervention group.?

By 2030, the use of VR for diabetes education is expected
to include insulin initiation and diabetes device training.'?

VR Education for Children With Diabetes

Nutrition education for children with diabetes is more effec-
tive when delivered using interactive multimedia methods
such as VR.?® Virtual reality leads to improved levels of

HbAlc in children and improves communication aspects.?
However, VR diabetes training should be conducted at fre-
quent intervals due to transient effect of education.

Children need an engaging method to learn about diabetes
conditions, and VR can provide a way to integrate health
care advice into engaging virtual diabetes game content for
children. Virtual reality is useful for integrating gamification
to support diabetes education,'® and more than 542,000 chil-
dren in the world are living with T1D.

A virtual serious game for young children with T1D? was
developed using an Intelligent Agent with virtual coaching
strategy using a doctor avatar’s knowledge base about diabe-
tes interventions to suggest best actions are correct behav-
iors. Evaluation showed that this allows basic concepts and
skill about diabetes to be acquired, demonstrating learning
effectiveness and the appreciation of young patients and par-
ents. Digital games for teaching about T1D and T2D can
help children, adolescents, and adults with diabetes to better
cope with their lifelong condition.?® This demonstrates the
potential of diabetes VR integrating gamification and social
in-game components, to motivate and educate patients to
positively change behavior and lifestyle.

For carbohydrate content estimation, AR has been used to
train children® using a therapeutic education AR game
where the carbohydrate contents of the food are overlaid
onto the video feed of a real plate of food (Figure 4).
Evaluation confirmed that (1) children acquired new knowl-
edge about carb choices from the AR game, (2) another
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Figure 4. Augmented reality carbohydrate training for children with diabetes,?’

reproduced with permission of CC-BY license.

Figure 5. Balance, a 2D virtual diabetes platform game where the player can run and jump whilst monitoring blood glucose, taking
insulin injections, and choosing foods, created by Fuchslocher et al,?* reproduced with permission from RightsLink Elsevier.

benefit of AR training for diabetes is that it is versatile and
can be performed at any place and time, and (3) the pervasive
educational AR game has great potential for therapeutic edu-
cation in diabetes.

Virtual diabetes care simulations can help to learn and
improve self-management and treatment,*® by performing
virtual diabetes care, partaking in quizzes of diabetes-related
knowledge, using their own treatment data and also include
social media competing with other players.

Virtual worlds and virtual avatars have often been used
within games for diabetes education. A VW game was devel-
oped to benefit children with T1D,?! suggesting that virtual
games should include these three key aspects: (1) identify
oneself with the game’s main character, (2) report/support
the player’s self-care, and (3) provide information about the
underlying biochemical mechanisms that trigger the symp-
toms of the disease and provide the rationale for healthy
behavior.

To improve self-care behavior in children with T1D, the
video game Packy & Marlon was developed by WaveQuest

as an educational platform and published by Raya Systems
for the Super Nintendo Entertainment System (SNES).
Studies found that playing the game helped improve com-
munication about diabetes between children and parents,
improve children’s self-care behaviors and reduce the num-
ber of emergencies.*?

Virtual games for children’s diabetes education include
Balance® (Figure 5) and the Android game Huima Hiilari
(HUS-kuntayhtm, 2017), in which the player can jump and
run whilst monitoring blood glucose, taking insulin injec-
tions, and choosing foods. Other diabetes games include
Jerry the Bear (Sproutel Inc., 2019) and Dex: Your Virtual
Pet (Augusta University, 2016) which enable children to play
whilst learning more about diabetes and how to make healthy
food choices, by feeding and treating the virtual pet with
food or drugs to improve their condition. In the game Diapets
(Giancarlo Cavalcante, 2016) children learn about T1D by
treating the virtual game character and the game synchro-
nizes with Apple HealthKit framework to obtain the player’s
activity data and support self care. The game Commander
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Gage: T-1 Space Rangers (Fletcher/Rosen Interactive, 2016)
requires the player to search and mine for life-saving
insulin.

The Diabetic’s Diner game (iWOO Health, 2016) entails
virtual dietary challenges and selection of healthy food items.
Android games BuildupBlocks and CarboBuster (Mahalo
Health Inc., 2019),** involve quizzes and puzzles to learn
about carbohydrate content of foods. HealthSeeker (Diabetes
hands foundation [DHF]) is a game that encourages diabetes
management and health improvement, connected with social
media allowing Facebook friends to see achievements.
Diabattle (N8 Solucoes Inteligentes, Ltda., 2019), is a game
encouraging children to take care of their own health through
daily diabetes activities (blood glucose measurements, insu-
lin intakes, counting carbohydrates and exercise) and can
also visualize blood glucose results for the last day, week, or
month.

The Nintendo Wii Fit Plus has been found effective
among children with T1D to encourage movement and exer-
cise.? Virtual reality and AR also have been useful to explain
to children the purpose of taking insulin, which makes it
more likely that children will be capable of self-managing
their condition.

VR for preventing diabetes complications. Virtual reality was
used in prevention® of further complications in people with
T2D,’37 by encouraging and motivating exercise and to
combat depression. These VR games aimed to motivate exer-
cise and combat depression to reduce the influence of T2D
on patients’ minds and bodies. These systems showed that
VR gamification was useful in the health care system, help-
ing to prevent further detrimental effects of T2D, by motivat-
ing users to exercise and healthy life choices. This was
evaluated with 30 participants®” and helped prevent some
consequences of T2D.

In other areas outside of diabetes, VR has been used for
the prevention of other diseases, such as by encouraging
exercise, healthy behavior training, and to improve stress,
mental and psychological conditions such as Alzheimer’s
and stroke.’ Some of these VR aspects could potentially be
translated to prevention of diabetes.

VR for treating or managing diabetes. For managing diabetes,
VR can help in various scenarios. Virtual reality has a strong
potential for positive impact on diabetes self-management,'
and it can help facilitate weight loss.*® Virtual reality could
be particularly useful for managing diabetes for insulin-
treated individuals in how to deal with common challenging
situations such as physical activity and exercise,' long air-
line flights or preparing for elective hospital procedures. '’
Virtual reality diabetes education has shown advantages
in improving eating habits'® and to facilitate weight loss.*
By 2030, the use of VR for diabetes management is
expected to expand to include improving eating habits,

facilitating weight loss, increasing physical activity and
other lifestyle changes.'>

When people are considering meals or diet, AR can help
to identify the food’s effect on blood sugar and the glycemic
index of food.*® An AR food volume estimation was devel-
oped,* using the user’s smartphone to create a 3D volume
estimation overlaid onto food, the AR system can provide
nutrition information which is automatically computed
using Al

Augmented reality tools have been used to assess
improvements in the accuracy of carbohydrate counting for
people with T1D.* This AR system has been combined with
using a smartphone to log physical activities, blood glucose,
and insulin. The AR system significantly improved carbohy-
drate counting accuracy. Some disadvantages for AR carb
counting include complexity and time taken to draw foods,
and AR carb counting was less effective for meals containing
multiple mixed foods.

Augmented reality can also help diabetes in areas of
encouraging exercise programs, foot maintenance, and capil-
lary glucose measurement.>

Augmented reality could be used to pinpoint where on the
body insulin should be injected, and to also keep a log of
where insulin was injected in the recent past to help avoid
lipoatrophy.*® These are helpful features for both newly diag-
nosed diabetics and those caring for diabetic loved ones.
Augmented reality could show patients how much insulin to
inject to avoid an accidental overdose that is a common cause
of potentially fatal hypoglycaemia.*

Webcam consultations for diabetes*? have reported suc-
cess, and VR could be a possible tool to further enhance
remote interaction between clinician and patient, including
virtual health sessions with individuals or groups.*®

In other areas of health, VR treatments have been devel-
oped including: rehabilitation for walking gait or after stroke,
physiotherapy for multiple sclerosois, adjuvant therapy such
as pain distraction.®> Some of the features from these could
be translated to benefit diabetes.

The use of augmented and VR to support diabetes self-
management has demonstrated potential as another opportu-
nity, through automation and immersion, however, they are
still in their infancy and individuals should be adequately
trained in the use of these technologies.?

Comparative Assessment

The VR simulators for diabetes generally fit into three cate-
gories: education, prevention, and treatment. There has been
evidence of benefits from VR in each of these categories.
Within the education category, there are subcategories for
clinicians, adults, and children. Table 1 highlights 15 recent
VR diabetes applications in those categories. The majority of
applications, twelve use VR as opposed to three that use AR.
There is a lot of variation between the benefits of each VR
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model, for example, within clinical education, some focus on
training diabetic foot?? whereas others focus on hypoglycae-
mia knowledge.'® The benefits of using VR/AR have been
positively evaluated within the majority of categories.

Conclusion

Overall, this article provides an overview of how VR is cur-
rently being used for diabetes. This includes VR being used
for training (of clinicians, adults and children), prevention,
and treatment. The evaluations suggest that VR has demon-
strated useful benefits in the majority of these categories.

Both VR and AR have shown benefits in areas of diabe-
tes. The recent increase in availability of VR headsets such
as Oculus Quest, Oculus Go, Google Cardboard, Sony
PlayStation VR, and Samsung Gear VR has increased oppor-
tunities for clinicians and patients to be involved with devel-
opment and evaluation of VR systems for training and
management of diabetes.

The VR diabetes training for clinicians are not intended to
replace the conventional training that clinicians receive but
can offer an additional range of features and scenarios with-
out risk to patients to supplement training. Diabetes VR has
been used to train clinicians on diagnosis, prevention, and
treatment.?? Diabetes VR has been useful training for clini-
cians in Diabetic Foot.?? For training clinicians on diabetes,
VR training has outperformed normative training in terms of
second-year nursing students knowledge of T2D hypogly-
caemia knowledge.'® Diabetes VR training has been useful in
rural areas, to meet higher demand due to above-average dia-
betes prevalence but fewer certified diabetes experts.!”
Hospitals in the United Kingdom reported VR diabetes train-
ing led to clinicians having increased level of confidence in
managing diabetes emergencies.”? After using VR, confi-
dence increased in diabetes emergency management.?!
Diabetes AR has also shown benefit for clinicians and
patients, being portable and useable on a wide variety of
smart devices, AR diabetes tools can provide useful informa-
tion for decision-making support related to real-life
scenarios.?

For VR patient education of diabetes, VR simulators pro-
vide the immersive platform on which to deliver real-world
scenarios and information for training patients in self-man-
agement behaviors which can be experienced anywhere,
anytime in a safe training environment without risk to the
patient.? It is important than when diabetes VR scenarios are
being developed for patients such as training, the scenarios
should be as close as possible to the real-life individual’s
lived experience with diabetes.?

Training children with diabetes has been achieved with
VR and AR,? especially by integrating medical information
and advice into games?*3! to enhance learning on an enjoy-
able immersive platform. The VR training for children shows
promise to boost understanding of the disease and self-man-
agement skills.

For treating and managing diabetes, VR applications
include assisting with carb counting, advice and logging of
insulin, encouraging exercise, coaching in lifestyle improve-
ments, and VR telehealth consultations. Although VR has
shown advantages as a new opportunity, through automation
and immersion, with many opportunities for VR and AR in
diabetes management, using these technologies for diabetes
is still in infancy.?

Rule-based simulator models are commonly used to
mathematically model insulin responses, closed loop and
clinical impact of diabetes conditions.*> A leading example is
the U.S. Food and Drug Administration (FDA)-accepted
UVA/Padova metabolic simulator,*® in use for over a decade.
This UVA/Padova simulator model has also been useful to
evaluate new designs of artificial pancreas algorithm, aiming
to improve exercise safety in T1D.*’ These diabetes simula-
tor models are another area which can in future be more
closely linked to VR. This could increase the accuracy of
diabetes simulators within VR. These diabetes metabolism
simulators are outside the main scope of this article, but a
separate review of recent advances is warranted to identify
their potential for VR integration.

Precursors to VR diabetes include online web-app learn-
ing modules with video content for diabetes topics.*
Evaluations have shown high satisfaction with such online
web apps, platforms, and integrated diabetes video learning
modules. Combining this multimedia diabetes content*® with
NHS supported online training modules for adults with dia-
betes,'® and cine-VR 360 video,!” demonstrates potential for
innovative VR modules to integrate diabetes learning.*

When future VR systems are being developed for diabe-
tes, they should include a wide range of stakeholder inputs,
including from people living with diabetes, pharmacists,
practitioners, and diabetes educators. To gather such wide
input, digital platforms could add value such as VR diabetes
common accounts or addresses such as Facebook groups,
Slack accounts or Github accounts for all those interested in
VR diabetes to participate. As the possibilities of using VR in
diabetes are so widespread and promising, this will provide
direction and foundation for future VR tools in diabetes,
which are expected to promise enhanced training of diabe-
tologists and improvement in management and treatment for
adults and children with diabetes.

Abbreviations

ADA, American Diabetes Association, Al, artificial intelligence;
AR, augmented reality; ATI, Alan Turing Institute; DAFNE, dose
adjustment for normal eating; DEVICE, diabetes emergencies: vir-
tual interactive clinical education; DHF, diabetes hands foundation;
DKA, diabetic ketoacidosis; ExCEeD, Exeter Center of Excellence
in Diabetes; HEE, Health Education England; HMD, head-mounted
display; IDF, International Diabetes Federation, MM VR, Medicine
Meets Virtual Reality; NIHR, National Institute for Health and Care
Research; OMS, Oxford Medical Simulation; RAEng, Royal
Academy of Engineering; SBME, Simulation-Based Medical



Vaughan

Education; SL, second life; SNES, Super Nintendo Entertainment
System; T1D, type 1 diabetes; T2D, type 2 diabetes; TRIC-DT,
Turing research and innovation cluster in digital twins; UHS,
University Hospital Southampton; VR, virtual reality; VW, virtual
world; WHO, World Health Organization.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
study/research is funded by the National Institute for Health and
Care Research (NIHR) Exeter Biomedical Research Center (BRC).
The views expressed are those of the author(s) and not necessarily
those of the NIHR or the Department of Health and Social Care.
This research was supported by the Exeter Center of Excellence in
Diabetes (ExCEeD). Funding and support was provided by the
Royal Academy of Engineering (RAEng), London, United
Kingdom through research fellowship on Medical Virtual Reality to
Professor Neil Vaughan.

ORCID iD

Neil Vaughan https://orcid.org/0000-0001-5038-6560

References

1. IDF Diabetes Atlas. Tenth edition. www.diabetesatlas.org.
Published 2020. Accessed January 2, 2024.

2. World Health Organization. Diabetes fact sheet. https://www.
swanwood.com/mf.ashx?ID=649f83ca-4422-47c5-b933-
8f832d94000a. Published 2023. Accessed January 2, 2024.

3. Vaughan N, Dubey VN, Wainwright TW, Middleton RG. A
review of virtual reality based training simulators for orthopae-
dic surgery. Med Eng Phys. 2016;38(2):59-71. doi:10.1016/j.
medengphy.2015.11.021.

4. Vaughan N, Dubey VN, Wainwright TW, Middleton RG.
Can virtual-reality simulators assess experience and skill level
of orthopaedic surgeons? Paper presented at 2015 Science
and Information Conference; July 2015; London, England.
doi:10.1109/SAI.2015.7237133.

5. Vaughan N, Dubey VN, Michael YK, Isaacs R. Virtual real-
ity simulation based assessment objectives for epidural
training. J Med Devices Trans ASME. 2014;8(2):020948.
doi:10.1115/1.4027064.

6. Vaughan N, Dubey VN, Wee MY, Isaacs R. A review of
epidural simulators: where are we today? Med Eng Phys.
2013;35(9):1235-1250. doi:10.1016/j.medengphy.2013.03.003.

7. Vaughan N, John N, Rees N. ParaVR: paramedic virtual real-
ity training simulator. Paper presented at 2019 International
Conference on Cyberworlds; October 2019; Kyoto, Japan.
doi:10.1109/CW.2019.00012.

8. Rees N, Vaughan N, Day TW, Dorrington K, Rees L, John
NW. ParaVR: a virtual reality training simulator for paramedic
skills maintenance. J Paramed Pract. 2020;12(12):478-486.
doi:10.12968/jpar.2020.12.12.478.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Vaughan N, John N, Rees N. CPR virtual reality training

simulator for schools. Paper presented at 2019 International
Conference on Cyberworlds; October 2019; Kyoto, Japan.
doi:10.1109/CW.2019.00013.

Vaughan N, Gabrys B. Scoring and assessment in medical VR
training simulators with dynamic time series classification.
Eng Appl Artif Intell. 2020;94:103760. doi:10.1016/j.engap-
pai.2020.103760.

Sun T, He X, Li Z. Digital twin in healthcare: recent updates
and challenges. Digit Health. 2023;9:20552076221149651.
doi:10.1177/20552076221149651.

Barricelli BR, Casiraghi E, Fogli D. A survey on digital twin:
definitions, characteristics, applications, and design implica-
tions. [EEE Access. 2019;7:167653-167671. doi:10.1109/
access.2019.2953499.

Boulos MN, Gammon S, Dixon MC, et al. Digital games for
type 1 and type 2 diabetes: underpinning theory with three
illustrative examples. JMIR Serious Games. 2015;3(1):¢3930.
Lv Z, Marfia G, Poiesi F, Vaughan N, Shen J. Virtual-reality
and intelligent hardware in digital twins. Virtual Real Intell
Hard. 2022;4(4):ii-iv. doi:10.1016/j.vrih.2022.08.002.

Kerr D, Axelrod C, Hoppe C, Klonoff DC. Diabetes and tech-
nology in 2030: a utopian or dystopian future? Diabet Med.
2018;35(4):498-503.

National Health Service. Dose adjustment for normal eat-
ing (DAFNE) type 1 diabetes training. https://dafne.nhs.uk/.
Published 2020. Accessed January 2, 2024.

Beverly EA, Love C, Love M, Williams E, Bowditch J. Using
virtual reality to improve health care providers’ cultural self-
efficacy and diabetes attitudes: pilot questionnaire study. JMIR
Diabetes. 2021;6(1):¢23708.

Singleton H, James J, Falconer L, et al. Effect of non-immer-
sive virtual reality simulation on type 2 diabetes education for
nursing students: a randomised controlled trial. Clin Simul
Nurs. 2022;66:50-57. doi:10.1016/j.ecns.2022.02.009.
University Hospital Southampton. Clinicians trial virtual real-
ity training to improve care for patients with diabetes. https:/
www.uhs.nhs.uk/whats-new/press-releases/clinicians-trial-
virtual-reality-training-to-improve-care-for-patients-with-dia-
betes. Published 2019. Accessed January 2, 2024.

Mallik R, Patel M, Atkinson B, Kar P. Exploring the role of
virtual reality to support clinical diabetes training—a pilot
study. J Diabetes Sci Technol. 2022;16(4):844-851.

Atkinson B, Patel M, Barnes T. The DEVICE project: diabetes
emergencies: virtual interactive clinical education. BM.J Simul
Technol Enhanc Learn. 2019;5(S2):A92-P74.

Riva G, Dores W, Damasio A, Cacione DG, Jorge J, Zorzal E.
Virtual reality for medical education and training of diabetic
foot. arXiv. 2023.

Ruggiero L, Moadsiri A, Quinn LT, et al. Diabetes island:
preliminary impact of a virtual world self-care educational
intervention for African Americans with type 2 diabetes. JMIR
Serious Games. 2023;2(2):€3260.

Rosal MC, Heyden R, Megjilla R, Rizzo DePaoli M, Veerappa
C, Wiecha JM. Design and methods for a comparative effec-
tiveness pilot study: virtual world vs. face-to-face diabetes self-
management. JMIR Res Protoc. 2012;1(2):e24.

Rollo ME, Aguiar EJ, Williams RL, et al. eHealth technologies
to support nutrition and physical activity behaviors in diabetes


https://orcid.org/0000-0001-5038-6560
www.diabetesatlas.org
https://www.swanwood.com/mf.ashx?ID=649f83ca-4422-47c5-b933-8f832d94000a
https://www.swanwood.com/mf.ashx?ID=649f83ca-4422-47c5-b933-8f832d94000a
https://www.swanwood.com/mf.ashx?ID=649f83ca-4422-47c5-b933-8f832d94000a
https://dafne.nhs.uk/
https://www.uhs.nhs.uk/whats-new/press-releases/clinicians-trial-virtual-reality-training-to-improve-care-for-patients-with-diabetes
https://www.uhs.nhs.uk/whats-new/press-releases/clinicians-trial-virtual-reality-training-to-improve-care-for-patients-with-diabetes
https://www.uhs.nhs.uk/whats-new/press-releases/clinicians-trial-virtual-reality-training-to-improve-care-for-patients-with-diabetes
https://www.uhs.nhs.uk/whats-new/press-releases/clinicians-trial-virtual-reality-training-to-improve-care-for-patients-with-diabetes

Journal of Diabetes Science and Technology 00(0)

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

self-management. Diabetes Metab Syndr Obes. 2016;9:381-
390.

Dhluzniak-Gotaska K, Panczyk M, Szypowska A, Sinska B,
Szostak-Wegierek D. Interactive nutrition education is more
effective in terms of improved levels of glycated hemoglobin
in adolescent patients with poorly controlled type 1 diabetes—a
randomized study. Diabetes Metab Syndr Obes. 2019;12:2619-
2631.

Pesare E, Roselli T, Rossano V. Intelligent agent and virtual
game to support education in e-health. Paper presented at
DMS 2015: The 21st International Conference on Distributed
Multimedia Systems; August 2015; Vancouver, BC, Canada.
http://ksiresearchorg.ipage.com/seke/Proceedings/dms/
DMS2015 Proceedings.pdf. Accessed January 2, 2024.
Boulos MNK, Zhang P. Digital twins: from personalised
medicine to precision public health. J Pers Med. 2021;11:745.
doi:10.3390/jpm11080745.

Calle-Bustos AM, Juan MC, Garcia-Garcia I, Abad F. An aug-
mented reality game to support therapeutic education for chil-
dren with diabetes. PLoS ONE. 2017;12(9):e0184645.
Lauritzen J, Arsand E, Horsch A, et al. Social media and games
as self-management tools for children and adolescents with
type 1 diabetes mellitus. Paper presented at HEALTHINEF:
Proceedings of the International Conference on Health
Informatics; February 2012; Vilamoura, Portugal.

Burkholz J, von Mammen S. Empathy & information: ingredi-
ents for a children’s game on diabetes. Paper presented at 2019
11th International Conference on Virtual Worlds and Games
for Serious Applications (VS-Games); October 2019; Vienna,
Austria.

Brown SJ, Lieberman DA, Germeny BA, Fan YC, Wilson DM,
Pasta DJ. Educational video game for juvenile diabetes: results
of a controlled trial. Med Inform (Lond). 1997;22(1):77-89.
Fuchslocher A, Niesenhaus J, Krdmer N. Serious games for
health: an empirical study of the game “balance” for teenagers
with diabetes mellitus. Entertain Comput. 2011;2(2):97-101.
Lieberman DA. Video games for diabetes self-management:
examples and design strategies. J Diabetes Sci Technol.
2012;6(4):802-806.

Fu Y, Hu Y, Sundstedt V. A systematic literature review of
virtual, augmented, and mixed reality game applications in
healthcare. ACM Trans Comput Healthc. 2022;3(2):1-27.
Neira-Tovar L, Elizondo Elizondo ME. A virtual reality seri-
ous game to prevent type 2 diabetes mellitus. Paper presented at
Smart Technology: First International Conference, MTYMEX
2017; May 2017; Monterrey, Mexico.

Neira-Tovar L, Castilla Rodriguez I. A virtual reality tool
applied to improve the effects on chronic diseases—case: emo-
tional effects on T2DM. Paper presented at Virtual, Augmented
and Mixed Reality; Cham, Switzerland; May 2017.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Coons MJ, Roehrig M, Spring B. The potential of virtual real-
ity technologies to improve adherence to weight loss behav-
iors. J Diabetes Sci Technol. 2011;5:340-344.

ARinMed. Augmented Reality in Medicine. http://arinmed.
com/augmented-reality-and-diabetes-self-management/.
Published 2017. Accessed January 2, 2024.

Stiitz T, Dinic R, Domhardt M, Ginzinger S. Can mobile aug-
mented reality systems assist in portion estimation? a user
study. Paper presented at 2014 IEEE international symposium
on mixed and augmented reality-media, art, social science,
humanities and design (ISMAR-MASH’D); September 2014;
Munich, Germany.

Domhardt M, Tiefengrabner M, Dinic R, et al. Training of
carbohydrate estimation for people with diabetes using mobile
augmented reality. J Diabetes Sci Technol. 2015;9(3):516-524.
Morris J, Campbell-Richards D, Wherton J, et al. Webcam
consultations for diabetes: findings from four years of experi-
ence in Newham. Pract Diabetes. 2017;34(2):45-50.

Gurung S, Neupaney P. Use of information and communica-
tion technology in diabetes management: a descriptive litera-
ture review [BSc thesis], Lahti, Finland: LAB University of
Applied Sciences; 2020.

Ahmadvand A. Augmented reality for information exchange
between pharmacists and patients with diabetes mellitus [doc-
toral dissertation]. Brisbane, QLD: Queensland University
of Technology; 2019. https://eprints.qut.edu.au/134407/1/
Alireza_ Ahmadvand_Thesis.pdf. Accessed January 2, 2024.
Fritzen K, Heinemann L, Schnell O. Modeling of diabetes and
its clinical impact. J Diabetes Sci Technol. 2018;12(5):976-
984. doi:10.1177/1932296818785642.

Man CD, Micheletto F, Lv D, Breton M, Kovatchev B,
Cobelli C. The UVA/PADOVA type 1 diabetes simula-
tor: new features. J Diabetes Sci Technol. 2014;8(1):26-34.
doi:10.1177/1932296813514502.

Garcia-Tirado J, Colmegna P, Corbett JP, Ozaslan B, Breton
MD. In silico analysis of an exercise-safe artificial pancreas
with multistage model predictive control and insulin safety
system. J Diabetes Sci Technol. 2019;13(6):1054-1064.
doi:10.1177/1932296819879084.

Xie LF, Roy-Fleming A, Haag S, Costa DD, Brazeau AS.
Development of the Support self-guided, web application for
adultslivingwithtype 1 diabetesinCanadabyamulti-disciplinary
team using a people-oriented approach based on the Behaviour
Change Wheel. Digit Health. 2023;9:20552076231152760.
doi:10.1177/20552076231152760.

Xie LF, Housni A, Roy-Fleming A, et al. Evaluation of
Support, a self-guided online type 1 diabetes self-man-
agement education and support web application—a mixed
methods study. Digit Health. 2023;9:20552076231204435.
doi:10.1177/20552076231204435.


http://ksiresearchorg.ipage.com/seke/Proceedings/dms/DMS2015_Proceedings.pdf
http://ksiresearchorg.ipage.com/seke/Proceedings/dms/DMS2015_Proceedings.pdf
http://arinmed.com/augmented-reality-and-diabetes-self-management/
http://arinmed.com/augmented-reality-and-diabetes-self-management/
https://eprints.qut.edu.au/134407/1/Alireza_Ahmadvand_Thesis.pdf
https://eprints.qut.edu.au/134407/1/Alireza_Ahmadvand_Thesis.pdf

