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Abstract

Background: Pulmonary rehabilitation is a vital component of comprehensive care for patients with respiratory conditions,
such as lung cancer, chronic obstructive pulmonary disease, and asthma, and those recovering from respiratory diseases like
COVID-19. It aims to enhance patients functional ability and quality of life, and reduce symptoms, such as stress, anxiety, and
chronic pain. Virtua reality is anovel technology that offers new opportunities for customized implementation and self-control
of pulmonary rehabilitation through patient engagement.

Objective: Thisreview focused onall typesof virtual reality technologies (nonimmersive, semi-immersive, and fully immersive)
that witnessed significant development and were released in the field of pulmonary rehabilitation, including breathing exercises,
biofeedback systems, virtual environments for exercise, and educational models.

Methods: The review screened 7 electronic libraries from 2010 to 2023. The libraries were ACM Digital Library, Google
Scholar, |IEEE Xplore, MEDLINE, PubMed, Sage, and ScienceDirect. Thematic analysis was used as an additional methodology
to classify our findings based on themes. The themes were virtual reality training, interaction, types of virtua environments,
effectiveness, feasibility, design strategies, limitations, and future directions.

Results: A total of 2319 articles were identified, and after a detailed screening process, 32 studies were reviewed. Based on the
findings of all the studies that were reviewed (29 with apositive label and 3 with aneutral label), virtual reality can be an effective
solution for pulmonary rehabilitation in patients with lung cancer, chronic obstructive pulmonary disease, and asthma, and in
individuals and children who are dealing with mental health—related disorders, such as anxiety. The outcomes indicated that
virtual reality is areliable and feasible solution for pulmonary rehabilitation. Interventions can provide immersive experiences
to patients and offer tailored and engaging rehabilitation that promotesimproved functional outcomes of pulmonary rehabilitation,
breathing body awareness, and relaxation breathing techniques.

Conclusions: Theidentified studieson virtua reality in pulmonary rehabilitation showed that virtual reality holds great promise
for improving the outcomes and experiences of patients. The immersive and interactive nature of virtual reality interventions
offers anew dimension to traditional rehabilitation approaches, providing personalized exercises and addressing psychological
well-being. However, additional research is needed to establish standardized protocols, identify the most effective strategies, and
evaluate long-term benefits. As virtua reality technology continues to advance, it has the potential to revolutionize pulmonary
rehabilitation and significantly improve the lives of patients with chronic lung diseases.

(JMIR Rehabil Assist Technol 2023;10:e47114) doi: 10.2196/47114
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Introduction

Background

Pulmonary rehabilitation focuses on breathing exercises that
can help people with chronic lung diseases improve lung
function and reduce symptoms of chest tightness, chronic cough,
and wheezing. Apart from lung diseases, pulmonary
rehabilitation is commonly used for treatments related to
hypertension, chronic pain, and cardiovascular disorders, such
ascoronary artery issues, arrhythmia, and myocardial infarction
[1,2]. Breathing exercises may aso offer effective and simple
solutionsfor depressive and anxiety episodes, and other mental
health—related disorders[3,4].

In recent years, virtua reality (VR) technology has been used
in a wide variety of medical applications, including but not
limited to areas involving the delivery of treatments for
pulmonary diseases, such as asthma [5,6], chronic obstructive
pulmonary disease (COPD), [ 7], and lung cancer [ 7], and mental
health conditions, such as anxiety and stress-related disorders
[5,8]. Thisis because exploration around physiological signals
collected in VR can offer holistic breathing guidance options
to users and provide them with breathing benefits [8-10].
Nowadays, individuals may explore and seek the assistance of
professional coaches or use advanced devicesthat are specially
designed for the purpose of breathing; however, these means
often have a high cost and are time-consuming [5,7]. VR
technology, on the other hand, is becoming one of the most
accessible and low-cost solutionsin the health care domain for
breathing interventions[8,11]. Further, VR alowsusersto have
full control over the environment they are exposed to. In
combination with the use of biosensing technology, which
provides acoustic, visual, and biofeedback guidance, VR users
are offered the ability to conscioudy and self-effectively control
and monitor their respiratory rate (RR) [2,5,12].

COVID-19 and Pulmonary Rehabilitation

Thenovel coronavirus SARS-CoV-2 wasidentified in late 2019.
A couple of months later, the World Health Organization
(WHO) declared COVID-19 as a pandemic, as it affected
412,351,279 people (5,821,004 deaths) worldwide (February
13, 2022) [13].The clinical symptoms in patients with
COVID-19included high fever, sore throat, cough, exhaustion,
and dyspnea[13,14)].

During the COVID-19 pandemic, patients medical care,
including admission to clinics and use of emergency services,
was affected owing to the danger of contamination and the
limitations of medical service resources [14]. In this situation,
clinical visits, nonurgent treatments, and nonearnest clinical
issues, especially among vulnerable populations like people
with pulmonary diseases, were initially interrupted and later
resumed with a diminished scope [15].

Doctors had to confront the quandary of who could be treated
at clinical centersor at home, or who could be allocated to the
set number of beds in intensive care units [16]. New
technologies helped support vulnerable popul ations during the
pandemic, and VR helped overcome a variety of clinical
challenges. Thistechnology isquickly changing clinical training,
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patient therapies, and rehabilitation [14,15,17]. The pandemic
has changed the clinical framework and placed standard methods
with virtual telemedicine and software systems to provide
clinical benefits for aleviating the effects of COVID-19 [18].
A dgnificant part of the clinical framework involves
rehabilitation, and it is significant owing to the pandemic period
[19]. This might be driven by telehealth stages, as with the use
of VR.

The fundamental objective of pulmonary rehabilitation isto
further develop the patient's psychophysical state [19].
Regardless of restricted admittance to hospitalsfor rehabilitation
owing to COVID-19, VR technology can be applied to this
group of patients. It can provide extensive help in various areas,
including patient management and clinical treatment, monitoring
of patient progression in rehabilitation or assessment of changes,
and evaluation and advancement of body function, exercise,
and consecutive participation [16,19]. Pulmonary rehabilitation
is also beneficial after COVID-19 infection, even in patients
who are recovering, who need assisted ventilation or oxygen
therapy [20]. Additionally, COVID-19 survivors experience
stress, depression, and low quality of life, and the symptoms of
dyspneaand fatigue can last more than 3 months after infection.
Recent evidence has shown that pulmonary rehabilitation can
alleviate these symptomsand can improve exercise performance,
lung function, and quality of life in COVID-19 patients and
survivors [21-23].

However, scientific studies examining and evaluating the
opportunitiesand challenges of VR for breathing remain limited.
In this literature review, we introduce state-of-the-art VR
technol ogiesrelevant to pulmonary rehabilitation and breathing
exercises by analyzing recent related articles on the subject.
Owing to the lack of studies related to breathing gaming
exercises, for this review, we only examined and evaluated 32
available studies from thelast decade [5-8,10,24-50]. Evidence
from related empirical and experimental studiesthat comprised
several types of breathing exercises and patterns was
systematically reviewed to address the following research
guestions:

« IsVR an effective solution for breathing exercises?

«  Whicharethemost common VR contentsused for breathing
exercisesin gaming?

- How feasible is gamified biofeedback breathing VR for
real-world deployment?

- What are the current barriers to biofeedback VR
technologies?

- What are the future directions of biofeedback VR
technologies?

Methods

Design
This review was conducted according to Bargas-Avila and

Hornbak [51] and the Cochrane methodology [52,53], which
involved 5 phases. The phases are described below.
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Procedure

Phase 1: Detailed Assessment of Publications

Electronic libraries: The research was conducted with the use
of 7 electronic libraries, which cover a balanced choice of
multidisciplinary sources. The libraries were as follows: (1)
ACM Digital Library (ACM), (2) Google Scholar, (3) IEEE
Xplore (IEEE), (4) MEDLINE, (5) PubMed, (6) Sage, and (7)
ScienceDirect (SD). The search was delimited to a timeframe
of 13 years (2010 to 2023).

Table 1. Search results (N=2319).

Pittaraet d

Search terms: The following 3 queries were used in all the
libraries since the aim was to cover any type of VR technology
for breathing:

1. Virtual Reality AND Breath
2. Virtual Reality AND Pulmonary Rehabilitation
3. Virtual Reality AND Breathing games

Search procedure: The search terms were used to examine the
publication’s title, abstract, and keywords.

Search results: The search results in Phase 1 can be seen in
Table 1.

Search terms ACM?@ Google Scholar  IEEE MEDLINE PubMed  Sage spP
(N=524) (n=678) (n=13) (n=293) (n=67) (n=362) (n=382)
Virtual Reality AND Breath 133 293 11 224 58 162 220
Virtual Reality AND Pulmonary Rehabilitation 220 237 0 32 8 96 7
Virtual Reality AND Breathing games 171 148 2 37 1 104 85

8ACM: ACM Digital Library.
b3SD: ScienceDirect.

Phase 2: Publications Retrieved for Detailed Evaluation

First exclusion: All search results from Phase 1 were imported
into Mendeley electronic library. Possible entries with wrong
years were excluded (625 wrong-year entries were removed).
This elimination decreased the number of papers to 1694.

Second exclusion: Duplicate papers, either extracted from one
or morelibraries, which either produced or concluded the same
outcome, were removed from this review. Moreover, duplicate
papers, extracted from one or more similar terms, which either
produced or concluded the same outcome, were also removed.
A total of 375 duplicate publications were removed, leaving
1319 different papers.

Third exclusion: The entries were narrowed down to original
full papers that were written in English. We excluded papers
that did not have the full text available (ie, we did not have
access to the full text) and papers that were not original full
papers, such asworkshops, posters, speeches, reviews, magazine
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articles, and generaly grey literature without formal peer review.
Asaresult, 312 papers were excluded, leaving 1007 papers.

Phase 3: Final Exclusion

Since this review was focused on VR technologies related to
breath and breathing exercise gaming, we excluded papers that
examined and used other types of technologies that were not
related to VR or to breathing exercise gaming. Moreover,
research that was only related to breathing without the use of
VR was excluded. In this phase and based on these conditions,
any irrelevant studies that appeared in Phase 1 and were not
removed in Phase 2 were excluded. However, these studies may
appear in our findings since relevant words were contained in
our research but did not match the specific technical content.
Based on these conditions, we removed 376 studies unrelated
to VR, 215 studies unrelated to breathing, and 284 studies
unrelated to breathing exercise gaming. We ended up with 32
relevant papers (24 journal articles and 8 conference papers,
there were no book chapters). The flowchart is presented in
Figure 1. All relevant studieswere downloaded for examination.
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Figure 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart of the literature review. ACM: ACM Digital

Library; SD: ScienceDirect; VR: virtual redlity.
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Phase 4: Data Gathering

All related information from the studies was extracted for
examination. An Excel file was created, and the following data
were extracted from each paper: sample size of the population
studied, methodol ogy, instruments, apparatus, VR content, VR
interventions, types of biofeedback sensors, types of biosignals,
VR feasihility, key findings, current VR limitations, and VR
future directions. Moreover, we categorized each study based
on the results as positive (+), negative (=), or neutral.

Phase 5: Data Analysis

The data gathered in Phase 4 were analyzed using descriptive
statistics. Consequently, the literature was reviewed to support
and enhance the additional knowledge provided by the study.
Thematic analysis was used as an additional methodology to
classify our findings based on themes. The following themes
were considered: VR training, VR interaction, types of virtual
environments (VES), VR effectiveness, VR feasibility, VR
design strategies, VR limitations, and VR future directions.
Intercoder reliability was assessed between the researcher and
research assistant. The Cohen kappa formula was used to
calculate the similarity between the researcher and research
assistant, and the similarity value was 0.89.

Results

Objectives, Study Design, and I nterventions

The search identified 32 studies related to the effective use of
VR for breathing exercises. The sample, study design, objective,
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and intervention of each study are presented in Table 2. Of the
32 studies, 24 involved healthy individuals
[6,8,10,24,26,28-38,40,41,43-48], Linvolved individuasat high
risk of developing anxiety disorders [39], 1 involved patients
with lung cancer [7], 1 involved patients with pneumonia[49],
2 involved patients with COPD [27,42], 2 involved patients
with COVID-19 [49,50], and 1 involved patients with asthma
[5]. The breathing exercises were mostly related to breathing
therapy (9/32) [5,6,10,25,27,33,48,49,54] and anxiety
management (13/32) [8,28,29,32,34,36,37,39-41,43-45]. Most
of the reviewed papers based their research on pilot (16/32) or
control studies (11/32), while some of the papers (4/32) only
described the design and development processes of their
systems. Most of the systems (24/32) were designed based on
breathing patterns and techniques related to the needs of the
populations. For example, for participantswho had lung cancer,
the VR environments were created for them to perform normal
breathing exercises (ie, 10-20 breaths per min) [7], as opposed
to the environmentsfor those who had pneumoniaor COVID-19
[49], and the VR environments were created to navigate the
participants’ breathing into a positive expiratory pressure
technique (ie, involving breathing with an expiratory resistance
that allows air to flow freely when inhaling but harder due to
resistancewhen exhaling) [8]. A different example was provided
in a study that included participants who had COPD, and the
VR system offered them an avatar assistant, who presented
educational content and physical exercises[27].
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Table 2. Virtual reality breathing studies: sample, study design, objective, and intervention.
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Study Sample Study design Objective Intervention
Abushakraet a [7], 125 malesand females; N/A2 Develop breathing therapy Normal breathing with visual feed-
2014 age not reported back
Betkaet a [49], 19malesand 7 females;,  cgb (mixed study), Investigate the effect of VRC on Normal breathing with audiovisual
2022 age: 18-55 years randomized, single  COVID-19 patients rehabilitation ~feedback

blind cross over
Blum et a [25], 29 malesand 31 femaes, CS(VR, non-VR) Investigate the effect of VR and Slow breathing with visual feedback
2019 average age: 33.5 years slow-paced breathing on HRVY
Blum et a [10], 16 malesand 56 females; CS Develop VR biofeedback sys- Slow diaphragmatic breathing with
2020 age: 18-49 years tem—based respiratory treatment visual feedback
Brammer et d [41], 9maesandfemales age pge Develop VR biofeedback scenarios  Slow breathing with visual feedback

2021

Charoensook et al
[31], 2019

van Delden et al [5],
2020

Feinberg et a [47],
2022

Gummidelaet a
[45], 2022

Heng et a [43],
2020

Hu et al [35], 2021

Jung et al [27], 2020

Klugeet a [36],
2021

Ladakiset al [37],
2021

Mevlevioglu et al
[38], 2021

Michelaet al [44],
2022

Patibanda et al [34],
2017

Prpaet a [26], 2018

Quintero et al [32],
2019

Rockstroh et al [39],
2021

Rodrigueset al [50],
2022

van Rooij et a [40],
2016

Rutkowski et dl [42],
2021

not reported

21 malesand females; age:
20-24 years

8 males and 4 females;
age: 6-8 years

21 malesand females, age:
18-34 years

16 males and 14 females;
age: 18-35 years

9 participants; gender and
age not reported

3 maesand 3 females,
age: 5-8 years

6 males and 4 females;
age: 63-75 years

13 males and 17 females;
age: 22-39 years

2 malesand 2 females;
age: 23-59 years

7 males and 4 females;
age: 18-30 years

9 males; age: 26-55 years

16 males and 16 females;
age not reported

4 malesand 7 females;
age: 24-44 years

5 males and 6 females;
age: 23-32 years

16 males and 29 females;
age: 19-52 years

22 males and 22 females;
age: 18-80 years

52 males and 34 females;
age: 8-12 years

9 malesand 41 females;
age: 45-85 years

CS(VR, non-VR)

PS
Mixed methods
CS (game, nongame)

PS

PS

PS

PS

CS(VR, non-VR)

PS

PS

PS

PS

PS
DD

CS

PS

CS(VR, non-VR)

for stress-exposure training

Investigate how VR systems affect
HR' and RRY

Develop VR systems based on
spirometry for children with asthma

Design a VR system for meditation

Develop aVR system for breathing
training
Integrate a breathing sensor with a

VR system for pulmonary rehabili-
tation

Examine the effectiveness of com-
bining breathing exerciseswith mu-
sic rhythm through VR

Pulmonary rehabilitation among
participants with copp"

Develop aVR system for stress
management training

Examine stress reduction in work
environments through VR

Develop aVR system for height
exposure therapy (acrophobia)

Develop aVR system for police of -
ficers' breathing performance

Develop aVR system for PLB'
training

Investigate breathing patterns accord-
ing to VR to enhance breath aware-
ness

Develop aVR application for HRV
analysis

Develop amobile VR-based respira-
tory biofeedback system

Investigate a VR system for the
sensation of dyspneain COVID-19
patients

Develop a VR breathing system for
anxiety in children

Examinethe effectiveness of VR for
depression and anxiety in partici-
pants with COPD

Normal breathing with visual feed-
back

Spirometry test with visual feedback

Normal, slow, and diaphragmatic
breathing with visual feedback

Deep breathing with visua feedback

Several breathing techniques with
visual feedback

Several breathing techniques with
visua feedback and musical guid-
ance

Educational videos and physical
exerciseswith audiovisual feedback

Several breathing techniques with
visual feedback

Deep breathing exerciseswith visual
feedback

Natural breathing with visual respi-
ratory feedback

Deep and slow diaphragmatic
breathing with visual feedback

PLB with visual feedback

Slow breathing with visual feedback

Normal and slow breathing with vi-
sual feedback

Diaphragmatic breathing with visual
feedback

Not reported

Diaphragmatic breathing with visual
feedback

Pulmonary rehabilitation exercises
with visual feedback
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Study Sample Study design Objective Intervention
Shihetal [24],2019 12 malesand 31 femaes, PS Develop amobile app for detecting  Normal and slow-paced breathing
average age: 25.9 years breathing phases
Soykaet al [28], 11 malesand 10 females; CS Develop aVR application for stress  Paced breathing techniqueswith vi-
2016 age: 20-45 years management sual feedback
Desnoyers-Stewart  Not reported DD Develop aVR application for Paced breathing with visual feed-
et al [33], 2019 breathing synchronization between  back
participants
Tabor et a [8],2020 N/A DD Develop aVR breathing exercise  Positive expiratory pressure with
system to support pneumoniareha-  visual feedback
bilitation
Tao et a [46], 2020 3 participants; gender and PS Examine the latent breath input for  Normal breathing with visual and
age not reported music instrument performancein  audio feedback
VR
Tatzgern et al [48], 10 maesand 2 females, DD Develop aVR system for resistance  Several breathing techniques with
2022 age not reported breathing training visual feedback
Tingaet a [29], 23 maesand 37 females;, CS Examine the effectiveness of respi- Audio-guided meditation through
2018 age: 18-31 years ratory biofeedback through VR visual feedback
meditation
Tu et al [6], 2020 10 malesand females, age PS Develop aVR system for breathing  psaK with visual feedback
not reported training at home
Zafar et a [30], 100 males; averageage: 23 CS Develop aVR system for breathing  Paced breathing with visual feed-
2018 years training back

8N/A: not applicable.

bCs: control study.

SVR: virtual redlity.

9HVR: heart rate variability.

€pS: pilot study.

HR: heart rate.

9RR: respiratory rate.

RCOPD: chronic obstructive pulmonary disease.
iPLB: pursed-lip breathing.

IDD: desi gn and development studly.
KrsA: respiratory sinus arrhythmia.

Various studies involving the treatment of anxiety disorders
decided to choose healthy participants for the needs of the
experimentations. In particular, among 15 studies, healthy
individuals tried several VEsto perform slow (ie, 4-10 breaths
per min) [8,10,25,26,41,44,45], norma [7,8,31,32,48], and
diaphragmatic breathing exercises (ie, inhale through the nose
moving the air toward the lower belly and exhale through the
mouth) [39,40,46]. Moreover, healthy individuals participated
in studies where VEs were created to guide them on breathing
patterns like respiratory sinus arrhythmia (ie, synchronization
between heart rate variability [HRV] and RR) [6] and pursed-lip
breathing (ie, inhale through the nose with the mouth closed
and exhalethrough tightly pressed lips) [38]. Findly, few studies
examined the effectiveness of VR in children for treating asthma

https://rehab.jmir.org/2023/1/e47114

by practicing breathing exercises with the use of spirometry [5]
and anxiety by practicing diaphragmatic breathing [40].

Instruments
Self-Reported Data

As mentioned above, most of the studies enhanced conventional
breathing training through VR interventions. To evaluate the
effectiveness of the VR system, studies used several measures,
which are presented in Table 3. All thereviewed studies (32/32)
collected participants demographic information (eg, age, sex,
ethnicity, educational level, etc). Half of the reviewed studies
(14/32) examined the effect of VR breathing training on mental
health (ie, anxiety) [6,25,26,28-30,32,34,36,37,39-41].
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Table 3. Virtual reality breathing studies: measures, training, and study duration.
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Study Mesasures Training Study duration
Abushakraeta [7],2014 « Physiological data: Lung size, lung capacity, and total lung capacity No Not applicable
Betkaet al [49], 2022 *  Quantitative data: GAD-72 No VREY: 5 min; FES®: 16
*  Physiological data: RRP, respiratory rate variability, HRS, and SpO2 min
Blumetd [25], 2019«  Quantitative data: VAS', STAIY, Cognitive Interference Questionnaire, ~ Y&S VRE: not reported; FES:
State Mindfulness Scale, relaxation self-efficacy, mind wandering, and 10 min
respiration exercise experience
. Physiological data: HR
Blum et al [10], 2020 o  Quantitative data: User Experience Questionnaire No VRE: 7 min; FES: not re-
« Physiological data: HR and respiratory sinus arrhythmia ported
Brammeretal [41],2021 « Physiologica data: RR Yes VRE: 15min; FES: 15 min
x 10 sessions, 3 weeks
Charoensook et [31], «  Quantitativedata: Self-perceived fitness|evel, gaming experience, and VR NO VRE: 15 min; FES: 2h
2019 experience
« Physiological data HR and RR
van Delden et al [5], « Qualitative data: Questionnaire about what happened in the game, what No VRE: not reported; FES:
2020 was liked the most, and what was liked the least 30 min x 4 sessions
e Quantitative data: VAS
« Physiological data: Lung function
Feinberg et a [47],2022 « Quadlitative data: Expert meditator interview and qualitativelearning assesss  No VRE: 5-15 min; FES: 10
ment (quality of experience) sessions x 25 min
»  Quantitative data: Quantitative learning assessment
Gummidelaet al [45], o Quantitative data: Stroop Color and World Test Yes VRE: 5 min; FES: 20 min
2022 « Physiological data: RR X 6 sessions
Heng et al [43], 2020 «  Quantitative data: Game experience No VRE: not reported; FES:
« Physiological data: Strong breathing, long breathing, and breathing strength not reported
control
Hu et a [35], 2021 «  Quantitative data: Game experience Yes VRE: 6 min; FES: 23 min
« Physiological data: Breathing strength
Jung et a [27], 2020 «  Quantitative data: Patient Activation Measure, GAD-7, Patient Health No VRE: 20 min per day x 8
Questionnaire-9, Short Physical Performance Battery, and Edmonton Frail weeks; FES: 75 min
Scale.
« Physiological data: HR and oxygen saturation
Klugeet a [36], 2021 «  Quantitative data: Nijmegen questionnaire Yes VRE: 9 min; FES: 90 min
« Physiological data: RR
Ladakiset a [37],2021 «  Quantitative data: Self-reports and User Experience Questionnaire No VRE: 2.5 min; FES: 27
« Physiological data: HR and electrodermal signal min
Mevleviogluet a [38], «  Quantitativedata: Igroup Presence Questionnaireand visual heightintoler- No VRE: 5 min; FES: not re-
2021 ance scale ported
« Physiological data: HR, brain electrical activity, electrodermal signal, and
RR
Michelaet a [44], 2022 .«  Quantitative data: Dutch STAI, prior gaming experience, short self-con-  Yes VRE: 15 min; FES: 10
structed questionnaire before and after the intervention, and IM1' sessions x 15 min, 4 weeks
*  Physiological data: HRV!
Petibandaet a [34],2017 «  Quadlitative data: Formal Analysis of Gameplay Yes VRE: 3 min; FES: not re-

Physiological data: RR

ported
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Study Messures Training Study duration

Prpaet a [26], 2018 «  Qualitative data: Interviews Yes VRE: 6 min; FES: 45 min
o Quantitative data: Music emotion recognition
. Physiological data: RR

Quinteroet al [32],2019 «  Quantitative data: Customized questionnaire No VRE: not reported; FES:
« Physiological data HRV 30 min

Rockstroh et a [39], *  Quantitative data: Breath awareness scale, PSS-10%, and Copenhagen Yes VRE: 8 min; FES: 46 min

2021 Burnout Inventory

« Physiological data: RR, inhalation duration, and exhalation duration

Rodrigueseta [S0],  «  Quantitative data: Edmonton Symptom Rating Scale, Borg Scale, HADS, NO VRE: 10min; FES: 40min
2022 and Mini-Mental State Examination
« Physiological data: HR, RR, blood pressure, and SpO2

vanRooij eta [40],2016 «  Qualitative data: Qualitative observations of participants’ behavior No VRE: 7 min; FES: not re-
o  Quantitative data: STAI, 7-point Likert scale on the experience of playing, ported
self-reported positive and negative affect, and IMI
« Physiological data: diaphragm expansion and RR

Rutkowski et al [42], «  Quantitative data: Perception of Stress Questionnaire and HADS No VRE: 20 minutes x 5

2021 « Physiological data: Lung function and expiratory volume times, 2 weeks; FES: 30
min

Shih et a [24], 2019 o Quantitative data: Self-reports based on 7-point Likert scales Yes VRE: 6 min; FES: 50 min

« Physiological data: Acoustic signal of respiration, inhalation duration, ex-
halation duration, breathing cycles, and HRV

Soykaet a [28], 2016 o Quantitative data: PSS-10 No VRE: 10 min; FES: 25 min
« Physiological data: RR, HR, HRV, and blood pressure

Desnoyers-Stewartetal  «  Physiologica data: RR No VRE: 5 min; FES: not re-
[33], 2019 ported
Tabor et a [8], 2020 « Physiological data: RR, inhalation duration, and exhalation duration No VRE: not reported; FES:
not reported
Tao et a [46], 2020 «  Quantitative data: Questionnaire for VR experience and Just Noticeable  Yes VRE: 5 min; FES: not re-
Difference ported

« Physiological data: Exhalation detection

Tatzgern et al [48], 2022 «  Quantitative data: Igroup presence questionnaire, Borg CR10 scale, Paas  No VRE: not reported; FES:
rating scale, Single Ease Question, and VR questionnaire 75min
o Physiological data: Inhalation and exhalation

Tingaet a [29], 2018 o Quantitative data: VAS for calmness No VRE: 6 min; FES: not re-
« Physiological data: RR, HR, HRV, and el ectroencephal ography data ported
Tu et al [6], 2020 »  Quantitative data: Questionnaire for training effectiveness and user experi- Yes VRE: not reported; FES:
ence 45 min
« Physiological data: Breathing duration, movement of the chest, HR, and
HRV
Zafar et a [30], 2018 . Physiological data: RR No VRE: 6 min; FES: not re-
ported

8GAD-7: Generalized Anxiety Disorder-7.
bRR: respiratory rate.

°HR: heart rate.

dV/RE: virtual reality exposure.

EFES: full experimental session.

fVAS: visual analog scale.

9STAI: State-Trait Anxiety Inventory.
VR virtual reality.
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iIMI: Intrinsic Motivation Inventory.

JHRV: heart rate variability.

KPSS-10: 10-item Perceived Stress Scale.
'HADS: Hospital Anxiety and Depression Scale.

To assess the level of anxiety, the following protocols were
used: State-Trait Anxiety Inventory (STAI; 3/32 studies)
[25,40,44], Generalized Anxiety Disorder-7 (GAD-7; 2/32
studies) [27,49], Hospital Anxiety and Depression Scae (HADS;
2/32 studies) [42,50], Perceived Stress Scale (PSS; 2/32 studies)
[28,39], and Edmonton symptom rating scale (1/32 studies)
[50]. The STAI is a 4-point Likert scale form, which contains
40 questions measuring pressure, worry, and anxiety [55,56].
GAD-7 is a 7-question screener that assesses participants
psychological well-being status[27,57]. TheHADS isal4-item
scalethat scores 0 to 3 for each item. Thefirst 7 itemsrelate to
anxiety, and theremaining 7 relate to depression. A higher score
is associated with greater anxiety and symptoms of depression
[42]. The PSSisal4-item scale with 7 positive and 7 negative
items rated on a 5-point Likert scale [58]. The Edmonton
symptom rating scaleisaquestionnaire used to rate theintensity
of 9 common symptoms experienced by cancer patients,
including pain, tiredness, nausea, depression, anxiety,
drowsiness, appetite, well-being, and shortness of breath [59].
Moreover, the Cognitive Interference Questionnaire (Cl1Q) was
used to measure the performance, task-oriented worries, and
off-task thoughts of participantsthrough a22-item questionnaire
based on a 5-point scale [5,60]. The Mini-Mental State
Examination (MM SE; 2/32 studies) is a set of 11 questions to
check if participants have cognitive impairments such as
problems with thinking, communication, understanding, and
memory [61]. Lastly, thevisual analog scae (VAS; 2/32 studies)
[5,25] was used to eval uate participants' calmnessand rel axation
self-efficacy. The VAS is usually used for measuring pain on
a 10-point Likert scale, but since the scale is easy to reflect,
studies also useit to measure other emotional reflectionsaswell
[62].

Some studies (9/32) examined the VR experience
[6,10,31,33,38,42,44-46] through self-reported questionnaires.
The questionnairesincluded questionsrelated to the participants
positive and negative emotions, game flow, engagement, ability,
capacity, pressure that the said user was experiencing, and
challenges that the user perceived [62,63]. Two studies (2/32)
also evaluated the motivation of the participants, using a
multidimensional self-reported 7-point scalewith a Likert-type
format called the Intrinsic Motivation Inventory (IMI) [40,44].
The IMI consists of 7 subscales that measure participants’
experiences related to a target activity, such as
interest/enjoyment, perceived competence, effort,
value/usefulness, pressure/tension, perceived choice, and
relatedness [64]. The Just Noticeable Difference (JND) was
used in a study (1/32) to stimulate the perception level of the
user on system latency [46]. Another study (1/32) used the
Igroup Presence Questionnaire (IPQ) to assess the sense of
presencein different VEs[48]. Lastly, an instrument named the
State Mindfulness Scale (SMS; 1/32) [25] was designed for
mindfulness assessment with 21 questions self-reported on a
7-point Likert scale. In particular, the SMS counts the level of
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present-moment attention to and awareness of activity (mindful
or mental) [65].

Biosignals and Physiological Data

Biosignals are physical signalsthat describe the state of human
living. A wide variety of biosignals are regularly used in
hospitalsand in home monitoring. The most well-known include
electrocardiography (ECG), electroencephaography (EEG),
and photoplethysmography (PPG). Alternatively, physiological
data consist of heart rate (HR), blood pressure, RR, etc.

The studies analyzed the above signals and physiological data
indetail. In particular, several studies extracted ECG signalsto
collect HR data to calculate the average beats per minute
[10,25,28,31,37,38,49,50] and HRV to measure the specific
changes in time between heart beats [6,29,31,44]. Moreover, a
few studies preferred the use of the PPG signal to collect HR
[27], blood pressure [50], and oxygen saturation [28,49,50].
Respiration signals were collected by most of the reviewed
studies, and they assessed data like lung function [5,36,42],
lung volume [8,28], expansion [6,40], and breathing force [48].
Further, respiration signal swere used to cal culate physiological
data, such as RR [8,27,28,30,32,33,35,38-40,45,49,50], and
exhal ation and inhal ation durations[8,39], while accel erometer
data were used to identify participants chest movements [40].
Moreover, EEG data were collected by researchers to reflect
participants’ brain activity [29,38]. Lastly, electrodermal signals
were used by afew studiesto record the electric characteristics
of the skin and allow researchers to assess participants’ stress
levels[37,38].

Apparatus

VR Technology

VR allows its users to have full control over the environment
they areexposed to. VR technology can provide acoustic, visud,
tactile, or olfactory interactions between the user and the system.
Based on the above ahilities, VR systems can be categorized as
nonimmersive, semi-immersive, and fully immersive [66]. Our
review found that 21 of the 32 evaluated studies
[6,10,25-29,31-33,36,37,39,41,43,45-49] used fully immersive
equipment, where the participant’s vision is fully enveloped
with ahead-mounted display (HM D) system and theinteractions
with the system are based on natural gesture recognition
processes. However, 5 of the 32 studies used nonimmersive VR
equipment, such as a smartphone [29,44], tablet [5], or laptop
[8,34], and these 3D graphical systemsallowed usersto navigate
VEs. Lastly, 6 of the 32 studies did not report the type of VR
equipment used [7,8,24,33,39,40].

Biofeedback Equipment

All the reviewed studies used biosignal responses to assess the
accuracy of the delivered solutions. In particular, the reviewed
biosignals were measurements of the physiological changesin
respiration, PPG, ECG, EEG, and electrodermal activity. Most
of the studies (27/32) used already existing systems to record
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biosignals [5-8,10,24-34,36-41,44,45,47,49,50]. The search
results for biofeedback equipment are presented in Table 4.
Impressively, only 4 of the 32 studies developed their own
systems [35,43,46,48]. Heng et a [43] developed a breathing
input sensor consisting of Arduino Uno, aRev C. Wind Sensor
chip, and an ESP8266 ESP-01S Wi-Fi module. The Arduino
Uno board acts as the main processor for the breathing input
sensor and the power supplier for the whole system. The wind
sensor chip picks up the wind signal from human breath and
translates it into raw reading data. After that, the Arduino Uno
board trandlates the raw reading data into wind speed. Finally,
ESP-01S communicates with the system software through a
WebSocket protocol. Moreover, Hu et a [35] used the same
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Arduino Uno board as mentioned above but with a different
sensor. A gas pressure sensor (XGZP6857A) was applied for
respiratory measurements. Tao et a [46] established their own
system hardware based on an Adafruit Feather MO Bluefruit
LE board. This board has 2 main features: processing of audio
signals with an ATSAMD21G18 ARM Cortex MO processor
and Bluetooth Low Energy communication with an nRF51822
chipset. A MEMS wired microphone was used for the board
analog input to read the signal (Figure 2). The system could
take breath asinput for instrument playing inthe VR game. The
microphone detected exhalation, which was mapped to the
instrument audio in the VR game.
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Table4. Virtual reality breathing studies: biofeedback sensors and interactive devices.

Study Biofeedback sensors VR? apparatus
Abushakraet a [7], 2014 Unspecified microphone and smartphone Unspecified apparatus
Betkaet al [49], 2022 Go Direct chest strap [67] ZeissVR ONEPLUS [68]
Blum et al [25], 2019 Polar H7 chest strap [69] Oculus Rift CV1[70]
Blum et a [10], 2020 Polar H10 chest strap [71] Oculus Rift CV1[70]
Brammer et a [41], 2021 Unspecified chest strap Unspecified apparatus
Charoensook et a [31], 2019 Zephyr BioHarness Physiology Monitoring System [72] HTC Vive[73]
van Delden et a [5], 2020 Air Next (NuvoAir) spirometer [74] Unspecified apparatus
Feinberg et al [47], 2022 Not reported Oculus Quest [75]
Gummidelaet a [45], 2022 Zephyr BioHarness chest strap [72] Nexus 6P smartphone [76]
Heng et al [43], 2020 Arduino Uno [77], Rev C. Wind Sensor chip ESP8266 [78], Unspecified apparatus
and ESP-01S Wi-F module [79]
Hu et al [35], 2021 Arduino Uno [77], gas pressure sensor (XGZP6857A) [80],and  Unspecified apparatus
voltage conversion module [81]
Jung et a [27], 2020 Nonin 3150 probe [82] VR headset by Pico Interactive Goblin [83]
Klugeet a [36], 2021 EquiVital biosensor [84] Oculus Rift [85]
Ladakis et al [37], 2021 Scosche Rhythm+ [86] and Moodmetric Ring [87] Oculus Go [88]
Mevlevioglu et a [38], 2021 Shimmer device [89] and MyndPlay BrainBand [90] HTC Vive[73], GeForce GTX Titan X [91]
graphicscard, and Intel i 7-5820k processor
[92]
Michelaet al [44], 2022 Inductance plethysmography (RIP) belt Plux S.A [93] and Polar  HTC Vive [73]
H10 chest strap [71]
Patibanda et al [34], 2017 Breathing+ system sensor [94] Unspecified apparatus
Prpaet a [26], 2018 Two Thought Technology respiration sensors [95] Oculus Rift SDK2 [85]
Quintero et a [32], 2019 Samsung smartwatch Gear Sport [96] Samsung Galaxy S9[97] and Samsung Gear
VR[98]
Rockstroh et al [39], 2021 VR controllers [99] Oculus Quest VR [75]
Rodrigues et al [50], 2022 Unspecified oximeter and sphygmomanometer equi pment Oculus Realidade Virtual 3D Gamer War-
rior JS080 [100]
van Rooij et a [40], 2016 Unspecified stretch sensor Unspecified apparatus
Rutkowski et al [42], 2021 Unspecified sensor VR TierOne device [101]
Shih et a [24], 2019 Mindmedia's NeXus respiration sensor [102] Unspecified apparatus
Soykaet al [28], 2016 g.RESPsensor Piezo-electric crystal respiration effort sensor ~ Oculus Rift DK 1 [85]
[103]
Desnoyers-Stewart et a [33], 2019 Biosignalplux breathing sensor [93] HTC Vive [73] and a projection (6.5x3.66
m)
Tabor et al [8], 2020 Blue Yeti microphone [104] Unspecified apparatus
Tao et al [46], 2020 Adafruit Feather MO Bluefruit LE [80], ATSAMD21G18 ARM  Oculus VR [75]
Cortex MO processor [105], and MEM S microphone [106]
Tatzgern et al [48], 2022 Sensirion SFM 3300 mass flow sensor [107], 3M 6000 series  Oculus Quest 2 head-mounted display [75]
respirator mask [108], and Motor SG-90 servomotor [109]
Tingaet a [29], 2018 Respiratory effort transducer SS5LB [110] and BIOPAC System  Oculus Rift DK2 [85]
Inc wireless B-Alert X10 system (ABM) [111]
Tu et a [6], 2020 Empatica E4 emp [112] and Hexoskin t-shirt [113] Google cardboard GGC [114]
Zafar et a [30], 2018 Zephyr BioHarness 3.0 chest strap [71] LG Nexus 4 smartphone [115]

3/R: virtual redlity.
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Figure 2. Images of assembled input devices for breathing. (A) The device used a microphone to detect exhalation, which was mapped to the virtual
reality (VR) game. (B) The device mapped breathing techniques to the VR game.
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Tatzgern et a [48] created the AirRes mask to measure
participants’ breathing according to VVE interactions (Figure 3).
The system depends on a Sensirion SFM 3300 mass flow sensor
2. This sensor allows the assessment of a participant’s airflow
with high-precision measurements from both directions
(exhalation and inhalation). A protective gear 3M mask frame
was used, and the custom-made equipment (electronic circuit)

and breathing sensor were added on the frame. Moreover, adisk
was applied to the mask to change the amount of air. A Servo
Motor SG-90 device was used to rotate and control this disk.
A custom circuit board was connected to the airflow sensor and
servomotor. The above custom-made system controlled
resistance wirelessly in the VR game through an ESP32
Bluetooth module.

Figure 3. Developed system. (A) Thefirst iteration used a common medical oxygen mask, which did not seal the airflow paths sufficiently to be able
to experience breathing resistance. Thus, a safety respirator mask was used. (B) Early design of the disk controlling resistance.

()

.
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+
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VEsand Interventions

As mentioned above, one of the most important advantages of
VR isits ability to provide the feeling of being immersed in a
simulated environment [66]. Even though the participants of
VR technology acknowledge and recogni ze that the environment
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provided by VR is not real, they act as they would in a red
environment. The reviewed studies focused on specific types
of VEs for mental and anxiety rehabilitation and pulmonary
rehabilitation. The study resultsfor VEs are presented in Table
5.
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Table5. Virtual reality breathing studies: virtual environments.

Study

Virtual environments

Abushakraet al [7], 2014

Betkaet al [49], 2022

Blum et al [25], 2019

Blum et al [10], 2020

Brammer et a [41], 2021
Charoensook et al [31], 2019
van Delden et al [5], 2020
Feinberg et a [47], 2022

Gummidela et al [45], 2022
Heng et a [43], 2020

Hu et al [35], 2021
Jung et a [27], 2020
Klugeet a [36], 2021

Ladekiset al [37], 2021

Mevlevioglu et a [38], 2021

Michelaet al [44], 2022
Patibanda et al [34], 2017
Prpacet a [26], 2018
Quintero et a [32], 2019

Rockstroh et al [39], 2021
Rodrigues et al [50], 2022

van Rooij et a [40], 2016
Rutkowski et a [42], 2021

Shihet al [24], 2019

Soykaet al [28], 2016
Desnoyers-Stewart et a [33], 2019
Tabor et al [8], 2020

Tao et al [46], 2020

Tatzgern et al [48], 2022

Tingaet a [29], 2018
Tu et a [6], 2020

Zafar et al [30], 2018

Tissuelayersand cells are presented to the participant. Through different types of breathing, the participant
diminishes the cancerous lung cells.

A room with amatched-gender virtual body lying on acouch. Thevirtual body isilluminated synchronously
or asynchronously according to the patient’s chest movements.

The natural environment of a beach scenery at sunset with palms, rocks, several light sources, and a
campfire.

Natural environment with alandscape having hills, flowers, parts of trees, and rocks that change their color
according to breathing.

The trainees must shoot hostile zombies while they leave the benign zombies unharmed.
There were 4 games: (1) Beat Saber, (2) Space Pirate Trainer, (3) Gorn, and (4) Final Approach.
There were 3 games: (1) Popping balloons, (2) Car, and (3) Diving.

A dedicated space for meditation with peers and a virtual instructor with an hourglass to track time. There
isabonsai tree that grows to signify progress. The environment changes every few sessions, including
wesather (sunset or rainstorm).

A square arenain which a ball bounces with arandomly initialized direction and location.

There were 8 mini-games: (1) Bubble Gum, (2) Candle Blower, (3) Windmill, (4) Pest Control, (5) Wind
Arrow, (6) Table Cleaner, (7) Winter Window, and (8) Steak Gourmet.

There were 2 games: (1) pond scene and (2) ocean scene.
Not reported

There were 8 discrete modules: (1) emotions, thoughts, and actions; (2) controlled breathing; (3) progressive
muscle relaxation; (4) grounding; (5) values and redlities; (6) stress reappraisal; (7) managing
thoughts/cognitive defusion; and (8) acceptance and avoidance.

Fantasy Forest Environment: the participant walksin nature and relaxation sceneriesthat facilitate recovery
from job stress.

There were 2 scenes:. (1) nature scene with trees, grass, and flowers moving based on the user’s breathing;
and (2) elevator scene with a glass elevator outside of alarge building in a city, with a height of 6 levels.

A parking garage with friendly and hostile human targets to shoot or not.
Life Tree: atree starts growing through inhalation and exhalation.
Pulse Breath Water: ocean waves that change their movement according to breathing pace.

Calm Place: climate sequence that goes from dusk to noon with the appearance of a blue object in the
middle of the virtual scene to guide the breathing exercise.

Two types of virtual environments of nature, with elements such as trees, grass, flowers, and rocks.

A relaxed environment.

An underwater world in which children can move around freely and explore at their leisure.

Virtual therapeutic garden.

A sailing boat moving backward and forward with the participant’s breathing.

A jellyfish moving up and down in an underwater environment.

An underwater world with 2 jellyfish and a growing glass sponge.

There were 2 games: (1) Bubble Float and (2) Bubble Paint.

A music studio scene, where the participant was asked to practice avirtual reality harmonica instrument.

There were 6 scenarios: (1) blowing all candles on a cake, (2) blowing projectiles through a blow tube, (3)
shooting atoy gun, (4) blowing ships, (5) inflating balloons, and (6) playing the harmonica.

A white cloud moving toward and away in the direction of the participant’s mouth.

There were 2 games: (1) Balloon, where the participant could control the movement of a balloon through
respiration and (2) Pilot, where the participant’s breathing could control aflight’s course.

There were 3 video games: (1) Chill Out, (2) Dodging Stress, and (3) Pacman Zen.
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Types of VEsfor Mental and Anxiety Rehabilitation

Numerous studies (12/32) used nature scenes, such as scenes
of beaches, forests, oceans, and mountains
[10,25,26,28,29,33,34,36-40]. Below, we present 4 of the most
impressive natural VEs. The first environment was a beach
scenery at sunset with several dynamic parameters like lights
and clouds, which shifted according to breathing to provide
feedback to the participant (Figure 4) [25]. If the participant’s

Pittaraet d

breathing was below the threshold, which was preset by the
system, the breathing pace was considered to be correct. As a
result of correct breathing, the sky turned clear, and the
participant could enjoy a star-spangled sky. A campfire was
also included in the said scenario as a dynamic object to make
the participant feel more relaxed and to provide the participant
with an indication of whether breathing was at the appropriate
pace.

Figure 4. Screenshot of the beach virtual environment in its default state (A) and while exhaling (B).

(A)

The second environment was a dynamic scenario with a tree
submerged in the middle of water (Figure 5) [34]. The goa of
thisintervention wasto hel p the participant to practice pursed-lip
breathing. The participant wastold to wear an unidentified HMD
and sit in a comfortable position with the legs crossed. Before
the start of the intervention, the participant was advised to go
through a breathing exercise introduction. After that, the
participant had to follow rhythmic breathing by inhaling and

exhaling until the tree started to expand on inhalation and
contract on exhalation. If the participant continued to breathe
rhythmically, the tree started to bloom. If the breathing of the
participant was nonrhythmic, the view of the participant started
to blur in the monitor until the right rhythm was found. L eaves
were also used to provide feedback to the participant on the
breathing rhythm. More colorful leaves indicated that the
participant was following the correct breathing rhythm.

Figure5. A participant playing the tree game while wearing a breathing headset and a virtual reality head-mounted display.

NN :
Microphone to sense players exhalation time / -

in front of their mouth

Thethird environment wasthe ZenV R environment, which was
a dedicated VE that included an open room in a mountain
environment with plants, where the participant could train on
different meditation techniques (Figure 6) [47]. The VE
contained several objects related to meditation like meditation
cushions and candles. Several dynamic parameters, such asthe
weather and abonsai tree, changed according to thelevel of the
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breath training. During the duration of the training, the bonsai
tree grew to indicate the participant’s progress. An hourglass
was present as a marker of time for the participant and to
indicate that the program continued during the silent meditation.
Additionally, numbers appeared with different sizestoillustrate
the breathing exercises.
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Figure 6. ZenVR learning environment that includes a virtual teacher, an hourglass, abonsai tree, and numbers to count inhalation and exhalation.

The last environment was an underwater experience for
diaphragmatic breathing practiced with children with anxiety
issues (Figure 7) [40]. The participant was instantaneously
informed of the state of breathing by a dynamic circle in the
VE that expanded according to breathing. The system applied
gravity to the participant’s avatar if the lung capacity was more
than half. The participant’s breathing pace was able to determine

Figure 7. Underwater environment. Screenshots showing the virtual underwater world (left), and pictures of children playing (right).

Types of VEsfor Pulmonary Rehabilitation

Several studies (10/32) developed different VEs for breathing
exercises to improve respiration [5,6,8,29,31,32,34,41,47,49].
In particular, Prpaet a [26] generated a 3D element of a body
of water (an ocean) (Figure 8). This minimal environment
displayed the ocean and the sky through a variety of grayscale
shades. A continuous breathing pattern allowed the participant
to control the ocean environment. It started with a light grey
sky and astationary participant position above the ocean surface.
When the participant found the breathing flow, the game
continued with movements of ocean waves, which were based
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the direction and magnitude of the force. When the participant
inhaled, an upward force was applied, and when the participant
exhaled, an extra forward force was applied so that the
participant was able to dive into the deep ocean. The
combination of slow and deep breathing all owed the participant
to swim better and have more control in the game. The type of
VR equipment was not reported in the study.

on the participant’s breathing pace. The right breathing pattern
was mapped to wave movement and musical rhythm. The sky
changed from grey to black until the ocean was stationary again,
aswas seen by the participant at the beginning of the procedure,
with the only difference being the color of the sky.

Another study developed a VR intervention for aleviating
dyspnea in patients recovering from COVID-19 pneumonia
(Figure 9) [49]. Specifically, it created a room with a matched
gender body lying on a couch. The goa was to illuminate the
virtual body synchronously or asynchronously according to the
patient’s chest movements.
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Figure8. Developed virtua environment. Phase 1 startswith alight grey sky at a stationary participant position above the ocean surface. The participant's
breath activates the water element in the virtual environment in phases 2 and 3.
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Figure9. Thevirtua reality system developed for alleviating dyspnea. (A) Scheme showing the real posture of the patient and the biosignal devices.

(B) Representation of the virtual body and how the body’s luminosity changes according to the patient’s chest movements.

A particularly interesting study used multi-user VR to
simultaneously immerse two or more participants into an
underwater world with jellyfish and a growing glass sponge
(Figure 10) [33]. The aim was to synchronize the breathing
between the participants, and enhance the breathing awareness,
breathing pace, and relation between the participants. In this
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environment, each participant’s breath was represented by a
jellyfish, which moved and glowed in such away asto provide
clear breathing feedback. Asthe participants synchronized their
breathing, the glass sponge was structured to begin to grow and
emit light.
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Figure 10. The multi-user virtual reality JeL system. (A) Two jellyfish agents and a growing glass sponge. The jellyfish respond directly to each user’'s
breathing, while the sponge reflects the synchronization of their breath. HDM: head-mounted display; VR: virtua reality.

Interestingly, 2 of the reviewed studies used existing
predeveloped systems for pulmonary rehabilitation [42,43].
Rutkowski et al [42] used the virtual therapeutic garden game,
released by the European Association of Psychotherapy (Figure
11). Initially, the garden appears grey (untidy and unkept), and
the watering pot is on its side. Diaphragmatic exercises with
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resistance, prolonged exhal ation exercises, and chest percussion
activate the watering pot to water the garden. With each
rehabilitation session and the correct conduct of fitness
exercises, the garden becomes increasingly colorful and alive,
symbolizing the process of gaining health through the
rehabilitation sessions.
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Figure 11. Thevirtual therapeutic garden game. (A) Initial stage of the game in grayscale. (B) Final stage of the game with the garden full of color.

O

Bubble Tower [43] investigated the development of mapping
breathing techniques in VR gameplay mechanics (Figure 12).
Thewhole platform offered aset of 8 mini-games, where Bubble
Tower was designed to train the participant in the fundamentals
of breathing techniques. The mini-games teach the participant

basic breathing skills like long and strong breathing, and
breathing strength control. These mini-games include stages
wherethe participant isrequired to pop the bubble with astrong
breath, blow candlesin aroom with along breath, build up the
momentum for awindmill to spin fast with along breath, etc.

Figure 12. The gamesin Bubble Tower. (A) Four games are presented. (B) Game users.

m

An interesting study presented a V E based on the escape room
game philosophy (Figure 13) [48]. In the escape room scenario,
the participant used different breathing pattern interactions to
answer a sequence of tasks to escape from the room. The room
had all the objects that the participant needed to escape. During
the training, the participant interacted with different individual
objects. The first task was to blow out candles on a cake, and

4\ LA
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then, the participant had to blow bullets through a blow tube
toward atarget. The third task included the movement of ships
based on breathing force. The participant continued with
inflating balloons and sorting them by resistance. After that,
the participant had to reveal numberson amirror with the breath.
The last task involved shooting with a toy gun by holding the
breath.
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Figure 13. Thevirtual environment based on the escape room game philosophy. The large image shows the play area of all objects. The other images

show some tasks from the game.

Discussion

Principal Findings

Based on all the studies that were reviewed (29 studies had a
positive label and 3 had aneutral label), it is suggested that VR
can be an effective solution for pulmonary rehabilitation among
patients with lung cancer, patients with COPD, patients with
asthma, and individuals and children who are dealing with
mental health-related disorders such as anxiety. Overal, the
resultsindicated that VR can enhance the functional outcomes
of pulmonary rehabilitation, increase breathing body awareness,
and improve relaxation techniques. In the COVID-19 crisis,
evidence showed the need for VR technology adoption. VR
pulmonary rehabilitation presents an opportunity for the safe
and effective recovery of COVID-19 patients and survivors at
home. This technology could be adopted on a large scale to
further develop the well-being of individual s during pandemics
like COVID-19 and could similarly advance autonomous
medical care. In the reviewed studies, most of the VR systems
included features of natura environments, like a beach, sky,
and forest. Further, it is highly recommended for future studies
to incorporate water elements (eg, bubbles) and undersea
sceneries (eg, seabed, jellyfish, and sea plants) to enhance
relaxation. Some systemsinvolved the use of music and vibrant
colors. Astechnology continues to advance and progress, it is
expected that biofeedback in VR systemswill have avital role
in the practice of breathing in both the medical setting and the
real world. The reviewed studies proved the feasibility of
implementing a VR system for pulmonary rehabilitation
enhanced with biofeedback. Such a system can be a reliable
solution to enhance participant training. An assortment of
minimal-cost sensors and biofeedback frameworks can
incorporate VR and provide exact and significant information
from tasksin gamified biofeedback interventionsfor breathing.
Regarding the adeguacy of pulmonary rehabilitation,
biofeedback VR innovations must bridge explicit obstacleslike
equipment assembly, participant popul ation, experiment length,
and breathing patterns. The boundless breathing direction in
VR frameworks can cause issues in the | egitimate decisions of
breath-detection equipment. Accordingly, many specialists
battle with eguipment assembly, equipment incorporation, and
its compatibility with VR systems. There have been hindrances
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in adopting accepted procedures of biofeedback VR in various
populations requiring breathing training for different purposes,
including overcoming mental health issues and stress pressure,
and achieving overall health benefits. The restricted length of
examinations can prevent the assessment of the longer-term
impacts of pulmonary rehabilitation.

Most of the studies (14/32) examined the effectiveness of
breathing through VR based on physiologica data
[6-8,24,25,29,35,36,43-45,47-49]. Overall, thereview suggests
that VR is a reliable and feasible solution for pulmonary
rehabilitation. Specifically, one of the reviewed studies [8]
revealed that VR rehabilitation can be areliable solution to treat
pneumonia. Moreover, it was found that participants who
performed pulmonary rehabilitation through VR felt more
confident compared to those who performed the training with
face-to-face supervision from health care professionals[25]. It
was explained that embodied interactions through VR and
biofeedback responses made the participants more aware of
their inhalation and exhalation rhythm [28]. Additionally, the
reviewed studies about pulmonary rehabilitation in COVID-19
patients reported significant improvements in tiredness,
shortness and comfort of breath, and vital signs, such as HR,
RR, blood pressure, and SpO2 [48,49]. A study comparing
patients with COPD undergoing VR pulmonary rehabilitation
and those not undergoing this rehabilitation found that VR
rehabilitation was associated with high stressrel ease and asharp
reduction in depressive episodes [41]. The positive impact of
VR on the enhancement of rehabilitation with different breathing
patterns in emotional well-being has been documented by
several studies (13/32), with most of these studies being focused
on anxiety and stress monitoring
[5,8,10,27,28,31,33,34,36,37,39-41,43,49]. Thelevel of anxiety
of participants was found to decrease within few minutes after
using VR with biofeedback for controlling breathing. In
particular, a study comparing induced anxiety between
participants who used VR and those who did not use VR
reported a reduction in the level of anxiety in those who used
VR [39]. In addition, a study documented that apart from the
positive effect VR has on anxiety, it can also increase
concentration and positively motivate participants [54]. In
particular, it was found that participants who performed
pulmonary rehabilitation via VR were less reluctant to
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participate in the training activities. Anxiety levels have also
been studied in young popul ations[39] and COVID-19 patients
[49]. VR was suggested to be an effective solution for children
at risk for anxiety disorders[39] and was reported to be effective
at improving anxiety and increasing the feeling of well-being
in patients with COVID-19 [49].

A study reported that participants were able to perform paced
breathing techniques without distraction [27]. It suggested the
use of vibrant, rich, and multi-dimensional VEs to deliver an
effective and enjoyable VR experience. Ancther study
mentioned that water manifestation isakey element to decrease
anxiety. More specifically, it was reported that having water
features can enhance stress management techniques and
significantly expand HRV based on paced breathing [27,54].
Two studies suggested that participants were able to more
accurately control the pace of their breathing on adding

https://rehab.jmir.org/2023/1/e47114
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biofeedback [28,30]. Zafar et a [30] noticed that participants
who were exposed to biofeedback systemswere ableto control
their breathing more precisely as opposed to the traditional type
of training. Correspondingly, participants of VR biofeedback
systems scored higher in their subsequent stress test compared
with the pretest. Furthermore, a study that examined the
effectiveness of respiratory biofeedback during VR meditation
by measuring EEG and ECG signalsin arespiratory biofeedback
state, control feedback stress state, and control no feedback
state, proved that VR meditation is effective for relaxation and
breathing exercises. The study findings suggest that if VR is
used for meditation, no biofeedback egquipment is needed to
reduce arousal, providing a more affordable and less intrusive
option to apply VR to relaxation exercises [28]. In summary,
biofeedback is recommended for the effective deployment of
VR systems for pulmonary rehabilitation. The feasibility and
findings of the studies are presented in Table 6.
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Table 6. Virtual reality breathing studies: feasibility and findings.
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Study Feasibility Findings Label

Abushakraet al [7], 2014 VR2breathing therapy in real time 85% accuracy Positive

Betkaet al [49], 2022 VR respiratory rehabilitation for COVID-19  Improvement in breathing comfort and enhance-  Positive

patients ment of dyspnea recover.

Blum et a [25], 2019 VR breath gaming for stress monitoring Increase in relaxation self-efficacy and reduc-  Positive
tion in mind wandering.

Blum et a [10], 2020 VR for breathing exercise Satisfactory user experience, breath awareness, Positive
and greater focus on slow diaphragmatic
breathing.

Brammer et al [41], 2021 VR for breathing-based stress training for po- Illustrated the feasibility of stress exposure Positive

lice officers biof eedback with examplesof training in police
officers.

Charoensook et a [31], 2019 VR system for physical fitnessimprovement  Significant differencein the average heart rate  Neutral
between traditiona systems and the VR sys-
tem.

van Delden et al [5], 2020 VR for lung function tracking in children with  100% of the estimated volume goal (full exha- Positive

asthma lation).

Feinberg et a [47], 2022 VR for breathing training through meditation ~Quantitative and qualitativeindicatorsshowed Positive
anincrease in meditation ability after complet-
ing the sessions.

Heng et al [43], 2020 VR for pulmonary rehabilitation Minor technical issue with the sensor device.  Neutral

Hu et a [35], 2021 VR for pulmonary rehabilitation in children  Increase in motivation among children and Positive
improvement in their adherence to breathing
EXercises.

Gummidelaet al [45], 2022 VR for relaxation training Nongameinterventionswere better at promot- Positive
ing moment relaxation. Game-based interven-
tions were more successful at promoting deep
breathing during stressful tasks.

Jung et a [27], 2020 VR for COPDP rehabilitation Improvementsin the physical ability and psy- Positive
chologica well-being of participants.

Kluge et a [36], 2021 VR for stress management in defense force VR-based apps can devel op stressmanagement  Positive

groups skillsin aworkplace setting.

Ladakis et al [37], 2021 VR for stressreduction in awork environment VR can be asimple and useful tool for theim-  Positive
mediate decrease of stress in various real-life
environments.

Mevlevioglu et a [38], 2021 VR for height exposure (acrophobia) A correlation between arousal and virtua Positive
height showed that the developed VR experi-
enceis capable of producing thewanted effect.

Michelaet a [44], 2022 VR for stress management in police officers  Improvement in breathing control, withapos- Positive
itive effect on breathing-induced | ow-frequency
HRVC.

Patibanda et al [34], 2017 VR for breath gaming Relaxation of mood among participants. Positive

Prpaet a [26], 2018 VR for breathing awareness Awareness of breathing while playing onthe  Positive
VR system.

Quintero et a [32], 2019 VR for slow-paced breathing exercisesto sup- Higher relaxation level of participantsduring  Neutral

port mental health ano biofeedback VR scenario.

Rockstroh et al [39], 2021 VR for fostering diaphragmatic breathing VR-based breathing training increased per- Positive
ceived breath awareness, improved diaphrag-
matic breathing, increased relaxation, de-
creased perceived stress, and reduced symp-
toms of burnout.

Rodrigues et al [50], 2022 VR for controlling dyspneaand pain symptoms  Tiredness, shortness of breath, and anxiety Positive

in hospitalized patients with COVID-19

decreased, and the feeling of well-being in-
creased.
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Study Feasibility Findings Label

van Rooij et a [40], 2016 VR for breathing therapy to reduce anxiety in Decrease in self-reported anxiety. Positive

children

Rutkowski et al [42], 2021 VR for pulmonary rehabilitation Reduction in stress and emotional tension be-  Positive
tween prerehabilitation and postrehabilitation.

Shih et a [24], 2019 VR for breath gaming to strengthen cardiac ~ 75.5% accuracy in breathing phase detection.  Positive

functioning

Soyka et al [28], 2016 VR for home breathing therapy for stress Improvement in stress monitoring techniques  Positive
and increase in HRV.

Desnoyers-Stewart et a [33], VR for breath gaming to mediate physiological  Positive outcomes suggest that the systemis  Positive

2019 synchrony for socia connection functional.

Tabor et a [8], 2020 VR for respiratory pneumoniarehabilitation  The system makes use of state-of-the-art Positive
breath-sensing techniques without specialized
sensing hardware.

Tao et a [46], 2020 VR for playing amusicinstrument with breath  The latency perception threshold is higher for  Positive
inexperienced participants than experienced
participants.

Tatzgern et al [48], 2022 VR for interacting with different scenarioswith  The system can enhance thetraining experience  Positive

breathing patterns and improve breathing awareness.

Tingaet a [29], 2018 VR for breath gaming for meditation Reduction in anxiety and stress. Positive

Tu et a [6], 2020 VR for home breath gaming Errorslower than 0.61 sand 15 ms, andim-  Positive
provement in training effectiveness and expe-
rience.

Zafar et a [30], 2018 Video biofeedback system to teach breathing  Biofeedback led to a better attentional-cogni- Positive

control

tive performance and hel ped participants to
learn breathing control.

3/R: virtual redlity.
BCOPD: chronic obstructive pulmonary disease.
CHRV: heart rate variability.

Limitations and Future Work

Even though the effectiveness of VR for pulmonary
rehabilitation iswell documented, several limitations have been
reported in the reviewed studies. First, some of the reviewed
studies measured the relaxing effect of VR through the use of
psychophysiological responses, such as HR, and self-reported
guestionnaires. However, some of the studies suggested the
need for additional instruments that explicitly assess different
aspects of affect and mood [10,41]. For example, a study
suggested the collection of 2 different biosignals (PPG and
ECG) for HR accuracy [10]. Moreover, the study mentioned
that a participant’'s respiration has limited validation and
recommended the use of an additional belt sensor [10]. It was
suggested to measure stress levels using not only traditional
reports, such as self-reports and the Stroop task, but also cortisol
levels [41]. Future studies should consider triangulating the
physiological datawith interviews and other qualitative data to
provide a holistic assessment of the impact of biofeedback
systems [29,44]. Future studies can also investigate the factors
that can enhance VR pulmonary rehabilitation to support
existing relaxation and destress techniques, and this should be
compared to traditional practices[27].

Second, the reviewed studies highlighted the limit of breathing
guidancein VR systems, which can provoke complications and
barriers in the correct choice of breathing sensing hardware

https://rehab.jmir.org/2023/1/e47114

[45,47]. As aresult, many researchers struggled with aspects
of the hardware apparatus, like the weight of the hardware on
theuser’shead in additiontothe VR HMD [47], aswell aswith
hardware integration and its compatibility with VR systems
[45]. In addition, most hardware equipment involved high-end
solutions, and the cost for the equipment in most of the studies
was between €300 and €1200 (US $322 and US $1289,
respectively) [5,6,10,27,29-33,36-39,45]. Three studies
[34,46,47] developed their own affordable equipment, for which
the cost was approximately €70 (US $75). Future studies should
provide clear guidelines for the effective apparatus as well as
the cost of the system. As mentioned previously [66], moving
to low-cost and accessible solutions will decrease the need for
technical support. This suggests that participants will be able
to have their own personalized devices, which could lead to an
increased quality of life.

It was further suggested for future studiesto build systems that
include machine learning algorithms to empower participant
rehabilitation. These kinds of systems can offer the advantage
of higher relaxation levels. For this, it isrecommended for model
algorithmsto automatically classify breathing states, compared
with other sensors, and analyze different visual cuesin VEs.
Moreover, it was stated that machine learning methods should
adapt logic modules to provide automatic adaptations in VEs
[31]. It is worth mentioning that Fast Fourier Transformation
implementation presents a limitation compared with other
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methods of low-frequency detection, athough it is fully
functional. For future studies, it is therefore suggested to
implement a wavelet transform method, which can provide
higher resolution at low frequencies without requiring a larger
window size[33].

To improve the systems even further, future studies should
examinethe effectiveness of biofeedback compared with proper
control conditions in different groups of participants under
different types of circumstancesto determine exactly when and
why biofeedback might not be preferable. For example, the
effects of biofeedback in children, as examined in the study by
van Rooij et a [40], could differ from the effects of biofeedback
in adults, as examined by Tingaet al [29]. In the study by Tinga
et al [29], the reduction in arousal (on all outcome measures
combined and HR specifically) was the largest in the control
feedback placebo condition, indicating that respiratory
biofeedback had no additional value in reducing arousal and
was even less effective than the control feedback placebo. The
above finding indicates no preference for respiratory
biofeedback compared with control feedback placebo in
lowering pain levels in participants with chronic back pain.

Third, a study suggested the extension of VR exposure time,
sinceit was found that this might allow participants to develop
their own strategies for producing respiration patterns [31].
Expectedly, most studies suggested that a large sample is
required to verify the trend of average HRV and other
bioindicators [30,43], as well as to address difficultiesin VR
design [8,45]. An enhanced sample size could have a positive
impact on VR design since a wider set of participants can
express their interests [48,49]. Finally, it has been suggested
for future studies to extend experiments to multi-session
investigations to examine the longer-term effects of pulmonary
rehabilitation among participants [25,30,33,49].

Conclusion

Thefuturedirections of biofeedback VR technologies hold huge
potential for significant advancements in the pulmonary field,
ushering inanew eraof personalized and adaptive experiences,
enhanced sensor technologies, integration with artificial
intelligence and machinelearning, gamification and immersive
exerciseswith integration into telehealth, and remote monitoring.

One of the most exciting prospects of VR isthe ability to deliver
personalized and adaptive experiencesthrough biofeedback VR
technologies. VR applications can dynamicaly tailor
experiencesto patients based on their specific needs. Real-time
integration of user responses and physiological data enables

Pittaraet d

these applications to optimize the effectiveness of biofeedback
interventions, ensuring that patients receive the most relevant
and impactful feedback. Advancementsin sensor technologies
areanother crucia areaof development. Wearable sensors, such
as biometric devices, provide real-time data on BR, HR, skin
conductance, muscle tension, etc. Continued improvementsin
sensor miniaturization, wireless connectivity, and comfort will
enhance the usability and reliability of biofeedback VR
technologies, making them more accessible and user friendly.

The integration of artificial intelligence and machine learning
presents exciting possibilitiesfor biofeedback VR technologies.
These algorithms can analyze massive amounts of biofeedback
data, identify patterns, and provide personalized
recommendations for stress reduction, relaxation breathing
techniques, or breath performance enhancement. Machine
learning can also help in monitoring progress, evaluating
outcomes, and optimizing the effectiveness of biofeedback
interventions. The cooperation between artificial intelligence,
machine learning, and biofeedback VR technologies has the
potential to unlock new levels of personalized and
evidence-based interventions. Gamification and immersive
experiences play crucial rolesin engaging users and maximizing
the benefits of biofeedback VR technologies. By incorporating
game elements and designing interactive VEs, biofeedback VR
applications can provide engaging and motivating experiences.

Thereviewed studies showed that VR technology can be applied
in various areas in the health field, such as stress management,
anxiety disorders, pain management, phobia treatment, and
rehabilitation. It is necessary to establish evidence-based
practices and guidelines for the use of biofeedback VR
technologies in health care through collaboration among
researchers, hedth care professionals, and developers. The
integration of biofeedback VR technologiesin clinical settings
will revolutionize the way doctors and researchers approach
treatment, improving accessibility, reducing health care costs,
and enhancing patient engagement and outcomes.

In the future, innovations in biofeedback VR technol ogies may
also include devel opmentsin neurofeedback and brain-computer
interfaces with the brain activity of patients. As technology
continuesto grow and VR progressisinvestigated, these future
directions are poised to shapethefield, leading to transformative
applications and advancements in wellness, health care,
education, etc. The continued exploration and integration of
VR technologies and biofeedback technologies have the
potential to revolutionize how we understand and enhance
human performance, well-being, and quality of lifein thefuture.
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