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Abstract

Virtual reality (VR) has become popular in mental health research. Several studies have explored the use of VR in the context
of biofeedback protocols. In the present paper, we report on the development and evaluation of a VR-based respiratory
biofeedback game to foster diaphragmatic breathing. The game integrates respiratory biofeedback, restorative VR and
gamification. The game is designed to run on a mobile, all-in-one VR headset. Notably, an integrated VR hand controller is
utilized as a sensor to detect respiration-induced movements of the diaphragm. In a longitudinal within-subjects study, we
explored the feasibility of the game and tested the effectiveness of six training sessions. Participants reported a pleasant user
experience. Moreover, the results show that the brief VR-based breathing training increased perceived breath awareness,
improved diaphragmatic breathing, increased relaxation, decreased perceived stress, reduced symptoms of burnout and
boosted relaxation-related self-efficacy. Future studies need to address the generalizability and long-term stability of the
results, compare the approach with existing treatments and fine-tune the training components.

Keywords Virtual reality - Respiratory biofeedback - Diaphragmatic breathing - Serious game - Stress reduction - Self-
efficacy

1 Introduction
1.1 Virtual reality in mental health research

Virtual reality (VR) is a powerful tool for mental health
interventions. Contemporary head-mounted VR headsets
with six-degrees-of-freedom head and hand tracking
provide a deep level of immersion. Thus, customizable
virtual worlds can mimic real environments and benefit
from comparable effects. Researchers and practitioners
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alike can create tailored restorative virtual experiences
to tackle stress-related mental health problems. While
VR has technically been around for decades, the recent
technological improvements such as reduced latency, higher
tracking accuracy, better displays, increased ease of use
and decreased cost have sparked researchers’ interest. A
substantial body of research has investigated the feasibility
and effectiveness of VR in several mental health contexts.
For instance, VR was used to create immersive experiences
for exposure therapy (Carl et al. 2019), pain management
(Mallari et al. 2019; Scapin et al. 2018), mental wellness
(Roche et al. 2019) or mindfulness and meditation training
(Chandrasiri et al. 2020; Navarro-Haro et al. 2017).

1.2 Virtual reality biofeedback

In digital mental health, several studies explored the use of
VR in the context of biofeedback protocols. In biofeedback,
physiological signals are detected by sensors and fed
back to the user in realtime to provide information about
otherwise hardly observable bodily functions with the aim
of improving the user’s conscious control (for reviews,
see Giggins et al. 2013; Yu et al. 2018). The user may
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learn to voluntarily control their electrodermal activity,
heart rate variability, brain activity or respiration, among
others. Recently, VR has been combined and tested with
biofeedback of electroencephalographic oscillations
(e.g., Berger and Davelaar 2018; Kosunen et al. 2016),
electrodermal activity (e.g., Gromala et al. 2015; Hglledig
and Petersen 2018; Rockstroh et al. 2020), heart rate (e.g.,
Gradl et al. 2018; Houzangbe et al. 2019) and heart rate
variability (e.g., Rockstroh et al. 2019; Blum et al. 2019).

A straightforward biofeedback approach for stress
reduction is respiratory biofeedback, which entails the
measurement and feedback of physiological parameters
related to respiration (e.g., direct inhalation or exhalation
actions, respiratory rate) to heighten the awareness of the
breath as well as to foster a desired breathing style (e.g.,
slow diaphragmatic breathing). Performing diaphragmatic
breathing is a widespread feature in stress reduction
approaches as it offers physiological as well as psychological
benefits. Slow diaphragmatic breathing modulates vagal tone
of the parasympathetic nervous system by maximizing the
respiratory sinus arrhythmia (Vaschillo et al. 2006; Yasuma
and Hayano 2004). Thereby, slow regular diaphragmatic
breathing can trigger an autonomic relaxation response
(Subbalakshmi et al. 2014) and helps regain the balance of
the autonomic nervous system. Consequently, diaphragmatic
breathing is used in evidence-based exercises to reduce
anxiety and negative affect (e.g., Chen et al. 2017; Ma et al.
2017) as well as improve mood and relaxation (e.g., Hopper
et al. 2019; Perciavalle et al. 2017). Respiratory biofeedback
is meant to increase the awareness toward the breath, help
the trainees evaluate their current breathing style to improve
it if necessary and offer reinforcement learning by providing
pleasing and rewarding feedback stimuli (cf. Gaume et al.
2016; Sherlin et al. 2011). Respiratory biofeedback has also
been combined with VR (e.g., Sra et al. 2018; Tinga et al.
2019; van Rooijj et al. 2016).

VR offers many benefits when combined with
biofeedback. For instance, VR can increase the visual
appeal and salience of the feedback stimuli, which can foster
motivation and engagement (Rockstroh et al. 2019; Soyka
et al. 2016; van Rooij et al. 2016). Moreover, the virtual
environment is fully controllable and customizable to offer
a safe and supportive training environment (e.g., relaxing
and comforting environments; Blum et al. 2019; Gromala
et al. 2015; van Rooij et al. 2016). Additionally, blocking
unwanted external audiovisual stimuli and replacing them
with desired and task-relevant stimuli reduces distraction
and supports a sustained focus on the biofeedback task
(Blum et al. 2019). Lastly, biofeedback can increase the
trainees’ belief in their own ability to relax both body and
mind (i.e., relaxation-related self-efficacy) because success
in exhibiting a healthy target behavior or skill is fed back
in real time and thus immediately observable (cf. Giardino
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et al. 2004; Paul and Garg 2012; Teufel et al. 2013). When
combined with immersive VR, those self-efficacy-inducing
feedback stimuli become more vivid, which can boost the
effect of the biofeedback training on relaxation-related self-
efficacy (Blum et al. 2019; Weerdmeester et al. 2017).

To date, most VR biofeedback implementations require
a considerable amount of effort and expertise. A stationary
VR system and a powerful computer to render sophisticated
stereoscopic graphics and compute the biofeedback
algorithm are needed. Costly physiological sensors need
to be acquired and integrated with the VR system. The
measurement is often obtrusive and uncomfortable (e.g.,
facial masks, belts, electrodes placed on skin, wires
running from the sensors to the interface), thus defeating
the purpose of relaxation. Consequently, while the effects
of a combination of VR and biofeedback seem promising,
a broader application is often not feasible due to practical
and economic constraints. In an attempt to overcome the
aforementioned hindrances, we developed a mobile, all-
in-one VR-based respiratory biofeedback game to foster
diaphragmatic breathing. The game is designed as an
intuitive and portable breathing training without the need
for external measurement units. We combined existing
evidence and best-practice approaches in biofeedback and
gamification with mobile VR and a novel built-in breath-
tracking approach. The present paper gives an overview
of the developed VR game and provides an empirical
evaluation of its feasibility and effects.

1.3 Development of a mobile VR-based respiratory
biofeedback game

To offer an immersive and effective, yet accessible and easy-
to-use biofeedback training, the VR game integrates several
components. First, the game is designed and programmed
to run on an all-in-one VR headset. This implies that the
headset itself contains a central processing unit and a
graphics processing unit as well as a battery and all tracking
sensors, lest any external computer, sensor or wire is needed.
Modern all-in-one headsets feature positional and rotational
head tracking with six degrees of freedom (three rotational
axes, three translational axes). Sophisticated low-latency
head tracking ensures a familiar experience that resembles
the real-world sensory experience, which leads to a high
degree of immersion and creates a sense of presence
(Cummings and Bailenson 2016; Riches et al. 2019).
Importantly, those contemporary headsets also offer the
same degree of hand tracking via wireless controllers. All of
this ensures that our game runs on a portable and affordable
headset without sacrificing fidelity, which is crucial in the
context of effective biofeedback.

Second, the game puts the user in an immersive and
relaxing environment meant to provide a break from



Virtual Reality (2021) 25:539-552

541

day-to-day routines. Since mobile graphics rendering
limits the artistic possibilities of the application, the
virtual environment is designed to require a low amount of
rendering power on the one hand, but still bear a restorative
potential on the other hand. Additionally, in the context
of relaxation training, a stylized fictional environment
can offer a novel learning setting unbiased by potentially
negative real-world experiences. As such, the game features
stylized low-polygon 3D-models and mild but bright color
schemes. The models represent typical elements of nature
like trees, grass, flowers and rocks. While going for a
stylized approach to target mobile graphics rendering and
provide a break from well-known everyday surroundings,
we still chose associations to elements of nature, because
even virtual nature scenery has been shown to restore
relaxation and attentional resources by providing a feeling
of being away through fascination, extent and compatibility
(see meta-analyses on the Attention Restoration Theory,
Bowler et al. 2010; McMahan and Estes 2015; Ohly et al.
2016; in the context of VR biofeedback, see also Blum et al.
2019; Rockstroh et al. 2019, 2020). The game consists of
two types of landscape scenery with three levels each (see
Fig. 1). The first landscape depicts a stylized hillside with
rolling hills, large trees and different types of flowers and
grass in a blue-to-green color scheme with bright yellow
highlights. The second landscape depicts a stylized rocky
bay with large cliffs, swaying trees and seaweed in a warm
yellow-to-orange color scheme with bright green highlights.
We chose two different landscape types with two different
color schemes to account for potential preferences among
users as well as to offer variety.

Third, in contrast to existing respiratory biofeedback
approaches, we avoided the use of external sensors (e.g.,
nostril sensors, facial masks, stretch sensors). Instead, we
developed an algorithm that utilizes the VR hand controller
placed on the user’s abdomen to detect the respiration-
induced abdominal movements in real time without the

(a)

need for external devices or systems. The controller
tracking makes it possible to determine the position of the
controller with great precision. With our approach, the user
holds one controller in their hand and gently places it on
the abdomen. The abdominal movements are transferred to
the controller. Thus, the respiration-induced movements of
the abdomen can be approximated by the relative positional
changes of the controller over time. A forward movement
of the controller relative to the abdomen signals expansion
of the abdomen (inhalation). A backward movement of the
controller relative to the abdomen signals contraction of
the abdomen (exhalation). Any positional changes that are
not perpendicular to the abdomen as well as any rotational
changes of the controller represent movement artifacts
and do not signal diaphragmatic breathing. With the help
of this algorithm, the positional controller data provides
information about the user’s diaphragmatic breathing
state in real time (for a detailed description and laboratory
examination see Blum et al. 2020).

Fourth, the virtual environment and the respiratory
feedback do not stand side-by-side, but are integrated
with one another in a twofold approach that follows recent
empirical evidence: The user’s diaphragmatic breathing
is (a) reflected in the virtual environment itself (cf. Blum
et al. 2019; Rockstroh et al. 2020) and (b) used to control
the game progress via gamified breath-based locomotion (cf.
van Rooij et al. 2016).

For the environmental stimuli-related feedback, both
inhalation and exhalation are reflected in temporary changes
in the virtual environment (e.g., slight color changes,
particles emitting from blossoms, growing grass). The
feedback elements are embedded into features of the virtual
environment so that the user can observe the restorative
surroundings and simultaneously receives feedback as
regards their current breathing at any time. As mentioned
above, directly embedding biofeedback stimuli into a virtual
environment has been found to increase the salience and

(b)

Fig. 1 Screenshots of the two types of virtual environments. The first three levels resemble the left screenshot; the last three levels resemble the
right screenshot. Note that the screenshots appear darker than the in-game view with the VR headset
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attractiveness of the feedback, which can foster motivation
and focus (cf. Blum et al. 2019; Rockstroh et al. 2019)
as well as successful reinforcement learning (cf. Gaume
et al. 2016; Sherlin et al. 2011). In turn, the possibility of
conscious manipulation can foster the engagement with the
virtual environment.

In addition to the environmental feedback, the user is
meant to actively use diaphragmatic breathing to move
through the virtual environment (cf. van Rooij et al. 2016).
Via conscious inhalation and exhalation, the user slowly
and gently progresses each of the six levels of the virtual
world along a predefined path visually represented by
emitting particles along a line. We decided to lock player
movement to this path to reduce the required attentional
capacity directed to decision making in approaches with
free and self-guided navigation. With the fixed-path
approach, those attentional resources are conserved and can
be allocated to diaphragmatic breathing. The player follows
the path using a breath-induced locomotion mechanic
that comprises three parts: First, there is a subtle constant
force, constantly pulling the player forward along the path
at a very slow baseline velocity. This is done to prevent
instances of a complete stop or restart, which can create a
demotivating impression of being stuck and can increase
the risk of simulator sickness. Second, while inhaling, a
counter variable is increased (up to a maximum of 4 s),
which is represented by increasing visibility of the path
(greater emission of particles with longer lifetime). Third,
while exhaling, an additional forward force is applied, whose
strength depends on the aforementioned counter variable.
There is no upper limit for the exhalation duration. However,
visibility of the path is reduced while exhaling and reaches
its low limit after 6 s. Consequently, slow inhales (>4 s)
followed by slow exhales (preferably 6 s; exhale—inhale
ratio of 1.5) lead to optimal forward force and thus velocity
which create a consistent and even traveling experience.
With this breathing-based locomotion approach, conscious
diaphragmatic breathing is mandatory to succeed in the
game (besides the opportunity to alter the environment).
Without or with improper diaphragmatic breathing, the
user cannot move forward to explore the world. Thus, we
build on the user’s intrinsic curiosity to provide an intuitive
and rewarding way to guide the user’s attention toward
diaphragmatic breathing.

We are aware that, while providing a presumably
intuitive and engaging biofeedback approach, such artificial
locomotion in VR (i.e., movement in the virtual world
without corresponding movement in the real world) may
increase the risk of simulator sickness, which would defeat
the purpose of a tranquil breathing training. Nevertheless,
given its intuitive nature and the inherent motivational
boost in exploring new surroundings, we chose to stick
to the locomotion mechanic. Instead of changing it, we
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implemented a set of potential remedies. To begin with,
we kept the overall locomotion speed to a minimum,
taking the form of a soft floating instead of a quick flying.
Furthermore, a recent study (Keshavarz and Hecht 2014)
hinted at relaxing and pleasant ambience music as a potential
countermeasure against visually induced simulator sickness,
which we therefore included in the experience. Lastly, recent
research has suggested a connection between diaphragmatic
breathing and reduced simulator sickness (Russell et al.
2014; Stromberg et al. 2015). Slower breathing rates and
a focus on diaphragmatic breathing during sickness-
inducing simulation decreased the probability and severity
of symptoms. Since the goal of our game lies on practicing
conscious diaphragmatic breathing and locomotion is almost
exclusively triggered by breathing actions, we expect the
aforementioned mechanism to apply to our game.

1.4 Study and hypotheses

To investigate the efficacy of the developed game, we
conducted a longitudinal intervention study. This study was
a follow-up of a previous study in which we empirically
investigated the technical feasibility of the breath tracking
algorithm in a non-game single session laboratory setting
(Blum et al. 2020). Over the course of six training sessions,
the present study was meant to evaluate the feasibility of
the VR-based respiratory biofeedback game as a training
program to foster diaphragmatic breathing. To begin
with, we exploratively analyzed general user experience
aspects (dropout, liking, ease-of-use, perceived usefulness,
simulator sickness) to check whether the game is feasible
from a practicable stance.

In a pursuit of evidence as to the effectiveness of the
training, we focused on indicators of improved breathing.
We investigated both (a) objective improvements in
diaphragmatic breathing over the course of the training
sessions and (b) subjective impressions regarding
diaphragmatic breathing, including perceived ease of
performing diaphragmatic breathing over the course of the
sessions, as well as perceived breath awareness, that is, how
much the participants felt the training as a whole increased
their awareness of their own breath:

H,, The training improves diaphragmatic breathing over
the course of the six sessions.

a

H,, The training improves the ease of performing
diaphragmatic breathing over the course of the six
sessions.

. The training increases the perceived breath awareness.
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In a second step, we investigated whether the training
would exert a measurable influence on the participants’
overall mental health and well-being. As outlined above,
diaphragmatic breathing is used as a key relaxation technique
in many stress reduction treatments and has been shown to
reduce stress and increase mental health (Hopper et al. 2019;
Perciavalle et al. 2017; Zaccaro et al. 2018). Consequently,
we investigated the immediate effect of the training sessions
of our respiration-based game on participants’ relaxation and
a potentially more distal effect of the training as a whole on
two aspects of mental health, namely perceived stress and
symptoms of burnout:

The training sessions improve participants’
momentary relaxation.

H,, The training reduces the perceived stress.
The training reduces symptoms of burnout.

Lastly, we tested whether the game would be beneficial
in terms of participants’ beliefs in their ability to cope with
different stressors (i.e., relaxation-related self-efficacy).
As mentioned above, the immediate and engaging nature
of biofeedback can lead to an increase in self-efficacy
because success in exhibiting a healthy behavior or skill is
immediately observable. In the present case, finishing the
game signals the participants that they have successfully
performed diaphragmatic breathing:

H, The training increases the relaxation-related
self-efficacy.

2 Method
2.1 Participants and design

In total, 45 healthy undergraduate participants (29 women)
took part in the study. Age ranged from 19 to 52 with an
average of 22.9 years (SD =5.4). None of the participants
had any prior experience with respiratory biofeedback in
VR. Participants were recruited via social media as well as
a local participant database. Undergraduates received course
credit for participation. There was no monetary incentive.
All participants gave written informed consent prior to the
study.

The study was conducted in our department’s VR
laboratory using a longitudinal within-subjects design.
All participants took part in two assessments prior to the
training (¢, and #; one week apart) to establish untreated
baselines, followed by six training sessions in VR over the

course of one week and one post-assessment (,; after the
training). In addition to the control phase between ¢, and ¢,,
we scheduled the participants’ individual start of the study
at different time points over the course of three months to
control for external and seasonal influences.

With each training session, we assessed liking, simulator
sickness, objective respiration-induced abdominal movement
and perceived ease of performing diaphragmatic breathing.
Furthermore, we captured changes in relaxation between
the beginning and the end of each training session. At the
three main assessments £, t; and f,, we measured perceived
breath awareness, perceived stress, symptoms of burnout
and relaxation-related self-efficacy. Perceived usefulness
of the training and perceived ease of use were assessed at
t,. The entire experiment was computerized and therefore
minimized interaction with the experimenter. After the final
assessment, participants were debriefed.

2.2 Instruments
2.2.1 User experience

Liking was assessed after each training session with one
item: “How would you rate today’s session?” (from 1 =very
bad to 5=very good on a Likert scale). Simulator sickness
was assessed after each training session with one item: “Did
you experience any sickness or nausea during the session?”
(from 1 =did not experience any sickness or nausea to
5 =experienced sickness or nausea very often). Perceived
usefulness of the training as a whole was assessed with two
items, one regarding the benefit to diaphragmatic breathing
(“The game helped me learn diaphragmatic breathing” on
a visual analogue scale [VAS] ranging from O=not at all to
1 =very much) and the other item regarding the benefit for
relaxation (“The game helped me relax” on a VAS ranging
from O=not at all to 1 =very much). Perceived ease of
use was assessed via the user friendliness subscale of the
Technology Usage Inventory (TUI-BEN; Kothgassner et al.
2012). The scale comprises three items measuring the ease
of using a certain technology (in our case, the game) with
Likert scales from 1 =not applicable at all to 7 =completely
applicable (higher ratings indicate greater ease of use).

2.2.2 Diaphragmatic breathing

To assess respiration-induced abdominal movements and
derive objective breath-related parameters, we recorded
every change in the current respiratory status (inhalation
movement, exhalation movement, movement artifacts or no
movement) as classified by the breath-tracking algorithm
based on positional changes of the VR controller during
training. For each session, we computed the relative
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share (percentage of the total training session duration) of
inhalation movements, exhalation movements and movement
artifacts (i.e., controller movement unrelated to breathing)
as well as the mean durations of individual inhalation and
exhalation movements.

Perceived ease of performing diaphragmatic breathing
was assessed via a single item (“How easy was it to perform
diaphragmatic breathing?” from 1 =very difficult to 5 =very
easy). Perceived breath awareness was measured via a self-
constructed scale consisting of eight items. Participants were
asked to rate how much each item described their current
breath awareness on a Likert scale from 1 =not at all to
7=completely. A sample item is: “I consciously notice most
of my breaths.” For the entire scale, see “Appendix.”

2.2.3 Mental health

Momentary relaxation was assessed after each session with
a single item: “How relaxed do you feel right now?” (from
1 =not relaxed at all to 5=very relaxed). Perceived stress
was measured with the 10-item Perceived Stress Scale (PSS-
10; Cohen et al. 1983), which asks participants to rate the
frequency of stress appraisals defined by unpredictability,
uncontrollability and overload in a certain time span on
a scale ranging from O =never to 4 =very often (sample
item: “In the last week, how often have you felt nervous
and stressed?”). Burnout was measured via the 6-item
personal burnout subscale and the 7-item work-related
burnout subscale of the Copenhagen Burnout Inventory
(CBI; Kristensen et al. 2005). The CBI asks participants
to rate their perceptions of strain (0 =never/almost never,
25 =seldom, 50 =sometimes, 75 = often, 100 =very often;
sample item: “How often are you emotionally exhausted?”).

Assessment 1 Control phase

Breath awareness
PSS-10
CBI

Relaxation related

No data acquisition
self-efficacy

Demographic data

Assessment 2

Breath awareness
PSS-10

CBI

Relaxation related

self-efficacy

Our training did not tackle work-related burnout and
consequently, we did not expect any related changes in
this outcome. Nevertheless, we included the subscale in
the analysis as an indicator of a potential halo effect of the
training on self-report measures unrelated to the training
goal.

2.2.4 Self-efficacy

Relaxation-related self-efficacy was measured via a 10-item
scale used by Blum and colleagues (2019). With each item,
participants are asked to indicate to what extent they are
confident to perform the stated action on a VAS from O =not
confident at all to 1 =completely confident (sample item:
“How confident are you right now that you can control your
worries and fears, even when you are stressed out?”).

2.3 Procedure

The study consisted of three assessments (%, ¢, t,) and six
training sessions (see Fig. 2), all of which were conducted
on-site at the VR laboratory to guarantee a standardized
environment. To deliver the VR training, we used an Oculus
Quest VR headset. During each assessment, participants
filled in the perceived breath awareness scale, the PSS-10,
the CBI and the relaxation-related self-efficacy scale via a
dedicated PC-based application. After the first assessment,
participants were handed a leaflet consisting of a hands-on
explanation of the diaphragmatic breathing technique as
well as an introduction to the upcoming game, which they
were asked to read before the second assessment. After the
second assessment, participants immediately proceeded
to the first training session. In this session, a female
experimenter assisted the participants with the handling of

Training phase Assessment 3
Breath awareness
PSS-10
CBI

Relaxation related

Abdominal movement parameters
Ease of diaphragmatic breathing
Liking self-efficacy

Simulator sickness
Relaxation Usefulness

Ease-of-use

1st week

2nd week

Fig.2 Timeline of the study. t=measurement time point, S =training session
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the VR headset and the correct positioning of the controller
utilized for breath tracking. Subsequent sessions were
completed autonomously by the participants without further
assistance. The first training session included an interactive
tutorial integrated into the first level of the game in which
the desired breathing technique was rehearsed and the
locomotion mechanics were explained. During all sessions,
participants were seated in a swivel chair, which supported
effortless rotation and visual exploration in the virtual world.
Before and after each session, participants indicated their
current relaxation. After each session, participants indicated
their liking of the session, their perceived ease of performing
diaphragmatic breathing and whether they experienced
simulator sickness. These ratings were embedded into the
virtual reality application in a dedicated neutral menu scene.
In each training session, participants completed one level
of the game, which took approximately 8 min on average
(M=463 s, SD=283 s). In sum, the whole game took
approximately 46 min (M =2777 s, SD =500 s). In the last
assessment (,), participants rated the perceived usefulness
and ease of use of the training as a whole.

3 Results
3.1 User experience

Mean values were satisfactory across liking, simulator
sickness, perceived usefulness and ease of use. While there
are no norm values for the scales and items we used, the
fact that all means are above the middle of the respective
scale points toward a satisfying user experience. The fact
that no participant dropped out of the training underlines the
pleasant user experience.

Participants appraised the training sessions positively
(M=4.34, SD=0.47, scale from 1 to 5) and reported low
values of simulator sickness (M =1.40, SD =0.40, scale
from 1 to 5). There were differences in liking among the
sessions, F(5,220)=4.773, p<.001, np2 =.098, with the first

Table 1 Liking and simulator sickness across the six training sessions

Session Liking M (SD) Simulator
sickness M
(SD)
1 4.64 (0.57) 1.49 (0.73)
2 4.22 (0.80) 1.62 (1.11)
3 4.20 (0.82) 1.33 (0.64)
4 4.22 (0.88) 1.33 (0.77)
5 4.18 (0.68) 1.36 (0.91)
6 4.56 (0.69) 1.29 (0.70)

Liking and simulator sickness were assessed on Likert scales ranging
from 1to 5

and last session scoring higher than the other four sessions.
There were no differences in simulator sickness among the
sessions, F(5, 220)=1.158, p=.331. Table 1 shows liking
and simulator sickness for the individual training sessions.

Moreover, participants felt that the game had helped them
learn diaphragmatic breathing (M =0.77, SD=0.21, scale
from O to 1) and relax (M =0.80, SD=0.16, scale from 0
to 1). As regards ease of use, participants ratings on the
TUI-BEN scale (Cronbach’s @ =.90) were high (M =20.22,
SD =1.74; maximum scale value: 21).

3.2 Objective breathing parameters

Prior to the analyses, we checked the abdominal movement
data against controller movement artifacts. Across all
sessions, a small fraction of the entire breathing data time
series was classified as artifacts (M =2.8%, SD=1.8%). We
excluded these artifacts from the computation of the relative
shares of inhalation and exhalation movements to allow for
clearer interpretation and an unbiased comparison among
the training sessions.

To assess the effect of the training on respiration-induced
abdominal movement as an indicator for diaphragmatic
breathing (H,,), we analyzed both (1) the relative amount
of involving the diaphragm during each session and (2)
the mean duration of diaphragm expansion (inhalation) or
contraction (exhalation) during individual breaths.

First, we performed separate repeated-measures ANOVAs
(6 individual sessions as within-subjects measurement
points) for the relative share (in %) of both inhalation
movements and exhalation movements (Fig. 3). The
ANOVA on the relative share of inhalation movements
revealed an effect of the training over time, F(3.171,
139.536)=11.108, p<.001, np2= .202, with the relative
inhalation share increasing over the course of the training.
Difference contrast analyses showed that the relative share

55 - —a&—|nhalation --&- Exhalation

50 -

35 A }

S1 S2 S3 S4 S5 S6

Relative share (%)
iy
o

Fig.3 Relative share (in %) of inhalation and exhalation movements
by training session. Error bars represent 95% confidence intervals
(€D

@ Springer



546

Virtual Reality (2021) 25:539-552

of inhalation for each session (except for Session 5 with
p=.091) was significantly higher compared to the average
of all previous sessions (all p <.036, all np22.096), thus
corroborating the trend.

The ANOVA on the relative share of exhalation
movements revealed an effect of the training over time,
F(3.840, 168.977)=29.028, p<.001, np2= .397, with the
relative exhalation share increasing over the course of
the training. Difference contrast analyses showed that the
relative share of exhalation movements for each session was
significantly higher compared to the average of all previous
sessions (all p <.001, all np2 >.266), thus corroborating the
trend.

Next, we conducted two separate repeated-measures
ANOVAs (6 individual sessions as within-subjects
measurement points) on the mean duration of inhalation
movements and exhalation movements (see Fig. 4). The
ANOVA on the mean duration of inhalation movements
revealed an effect of the training over time, F(3.688,
162.282)=17.428, p<.001, np2= .284, with the mean
duration increasing over the course of the training. In line
with that, difference contrast analyses showed that the mean
duration of inhalation movements for each session was
significantly higher compared to the average of all previous
sessions (all p <.005, all n,>>.163).

The ANOVA on the mean duration of exhalation
movements revealed an effect of the training over time, F(5,
220)=19.383, p<.001, np2 =.306, with the mean duration
increasing over the course of the training. In line with that,
difference contrast analyses showed that the mean duration
of exhalation movements for each session was higher
than the average of all previous sessions (all p <.001, all
n,” > .269).

- -& - Exhalation

—=&— |nhalation

Mean duration (sec)
N
(4]

S1 S2 S3 S4 S5 S6

Fig.4 Mean duration (in sec) of inhalation and exhalation move-
ments by training session. Error bars represent 95% CI
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Ease of diaphragmatic breathing
w

S1 S2 S3 S4 S5 S6

Fig.5 Perceived ease of diaphragmatic breathing (scale ranging from
1 to 5, higher values representing greater ease) by training session.
Error bars represent 95% CI

3.3 Perceived ease of performing diaphragmatic
breathing

To assess the effect of the training on participants’ perceived
ease of performing diaphragmatic breathing (H,), we
conducted a repeated-measures ANOVA (6 individual
sessions as within-subjects measurement points, see Fig. 5).
The analysis revealed an effect of the training over time,
F(5, 220)=5.900, p <.001, np2= .118. Difference contrast
analyses showed that the perceived ease for Sessions 3, 5
and 6 was higher than the average of all previous sessions
(allp<.034 all 1 np2 >.098), while there were no differences
between Sessions 1 and 2 (p=.307) and Session 4 compared
to all previous sessions (p=.675). Taken together, this
establishes a positive trend.

Breath awareness
[4,]

t0 t t2

Fig.6 Perceived breath awareness by measurement point. Error bars
represent 95% CI
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3.4 Perceived breath awareness

The self-constructed scale to assess perceived breath
awareness showed a Cronbach’s alpha ranging from a=.77
(ty) to a=.87 (t,). To investigate whether the training in
whole had an effect on perceived breath awareness (H,,), we
conducted a repeated-measures ANOVA on the perceived
breath awareness scale (ty, t; and t, as within-subjects
measurement points, Fig. 6). There was an effect of the
training, F(1.644, 72.335)=54.941, p <.001, np2= .555.
Custom contrasts showed that perceived breath awareness
did not differ between ¢, and ¢, (p =.953) but was higher
after the training at t, compared to t, and t; combined
(p<.001, n,”=.631).

3.5 Relaxation

To assess an immediate effect of the individual training
sessions on participants’ relaxation (H,,), we conducted
a repeated-measures ANOVA with the factors Training
Session (6 individual sessions as within-subjects
measurement points) and Time (2 within-subjects levels:
pre-session, post-session). The ANOVA on relaxation
revealed an effect of Time, F(1, 44)=140.315, p<.001,
npzz 761, with higher relaxation ratings post-session
(M=4.31, SD=0.48) compared to pre-session (M =3.31,
SD =0.67). There was no effect of Training Session,
F(3.722,163.758)=1.727, p=.151, and no Time X Training
Session interaction, F(5, 220)=0.504, p=.773, indicating
that the training sessions improved momentary relaxation
equally well.

3.6 Perceived stress

The PSS-10 showed a Cronbach’s alpha ranging from a=.82
(ty) to a=.93 (t,). To investigate an effect of the training on
perceived stress (H,,), we conducted a repeated-measures

30 -
25 1

20 -

PSS-10

15 A

t0 t1 t2

Fig.7 Perceived stress (PSS-10) by measurement point. Error bars
represent 95% CI

ANOVA on the PSS-10 scores (¢, t; and ¢, as within-
subjects measurement points, Fig. 7). The analysis revealed
an effect of the training, F(1.426, 62.736)=31.254, p <.001,
np2 =.415. Custom contrasts showed that PSS-10 scores did
not differ between #, and #; (p =.101) but were lower after
the training at #, compared to ¢, and #; combined (p <.001,
N, =.463).

3.7 Burnout symptoms

The CBI showed a Cronbach’s alpha with the personal
subscale ranging from a=.78 (¢)) to a=.84 (,) and the
work-related subscale ranging from a=.77 (¢,) to a=.85
(both ¢, and 1,). To assess an effect of the training on burnout
symptoms (H,.), we conducted two separate repeated-
measures ANOVA on the personal and work-related CBI
scores (%, t; and ¢, as within-subjects measurement points,
see Fig. 8). With the personal burnout scores, the analysis
revealed an effect of the training, F(1.372, 60.370)=35.080,
p<.001, np2 =.444. Custom contrasts showed that the scores

- -& - Work-related burnout

—a— Personal burnout

CBI

to 1 t2

Fig.8 Personal and work-related burnout (CBI) by measurement
point. Error bars represent 95% CI
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Fig.9 Relaxation-related self-efficacy by measurement point. Error
bars represent 95% CI
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on the personal subscale of the CBI did not differ between
t, and ¢, (p =.626), but were lower after the training at 7,
compared to ¢, and ¢, combined (p <.001, np2= .488). For
the work-related burnout scale, there was no effect of the
training, F(2, 88)=0.548, p=.580.

3.8 Relaxation-related self-efficacy

The scale to assess relaxation-related self-efficacy showed a
Cronbach’s alpha ranging from a=.91 (¢,) to a=.95 (¢,). To
investigate an effect of the training on relaxation-related self-
efficacy (H;), we conducted a repeated-measures ANOVA
(ty, t; and t, as within-subjects measurement points, Fig. 9)
on the scale values. The analysis revealed an effect of the
training, F(1.341, 59.017) =32.650, p <.001, np2 =.426.
Custom contrasts showed that relaxation-related self-efficacy
did not differ between #, and ¢, (p=.612) but was higher after
the training at #, compared to ¢, and ¢, combined (p <.001,
N, =.468).

4 Discussion

The present longitudinal study investigated the feasibility
of a novel VR-based respiratory biofeedback game. Besides
investigating user experience aspects, we tested the effects
of the six-session training on objective parameters of
diaphragmatic breathing, the perceived ease of performing
diaphragmatic breathing and the perceived breath awareness.
Moreover, we explored whether the respiration training
influenced momentary relaxation, perceived stress,
symptoms of burnout and relaxation-related self-efficacy.
Overall, the results provide preliminary evidence as to the
practicability and efficacy of the game to train diaphragmatic
breathing and improve short-term mental health.

With regard to the aspects of user experience, the study
yielded promising results. Over the course of six training
sessions and a total duration of approximately 46 min,
participants rated the training to be likeable, easy to use
and useful while no participant dropped out of the training.
As to the reason for the higher liking ratings after the first
and last session, we can only speculate. One potential
explanation is that the first rating was driven by a novelty
effect and the last rating by an effect of having finished the
training successfully. Notably though, all liking ratings were
high. The fact that the participants perceived the training
as useful to learn diaphragmatic breathing is promising
because any training application profits if trainees believe
in its usefulness. Simulator sickness was not an issue.
All participants reported only minor degrees of simulator
sickness at most, with most sessions not evoking simulator
sickness at all. This is in line with our assumption that
the simultaneous occurrence of artificial movement in the
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game and conscious exhalation reduces the probability of
simulator sickness. The comforting surroundings combined
with calm ambience music and the low velocity are likely
to have had an influence, as well. To sum up, the ratings
regarding the overall user experience suggest that the game
forms a solid foundation for a breathing training.

As regards the fulfillment of the actual training goal—
improving diaphragmatic breathing—the results are positive.
The objective abdominal movement data show that the
participants gradually increased the involvement of the
diaphragm in their breathing over the course of the training.
The relative share of diaphragm movement (inhalation and
exhalation taken together) in the last session differed from
the first session by 14.5%, which equals a 22% increase from
the first to the last session. Moreover, the analyses regarding
the mean inhalation and exhalation duration indicate that
the participants increased the length of the individual
breath cycles, that is, they breathed slower toward the end
of the training. During the last session, the relative amount
of diaphragm movement (inhalation and exhalation taken
together) reached 80.6% and the mean breathing duration
(inhalation and exhalation taken together) was 6.3 s. Given
that the recorded abdominal movements are likely to
underestimate the true value due to the inherent lag of trend-
based algorithms, these numbers indicate training success.
When additionally considering that regular diaphragmatic
breathing includes short periods of 1-2 s of breath holding
in-between cycles, the results suggest that, on average, the
participants performed close to 100% of diaphragmatic
breathing with an estimated breath cycle duration of 8 s
(when assuming half a second of breath holding for each
inhale and exhale, respectively). This translates to an
approximate respiratory rate of 7.5 breaths per minute.
Considering that the participants underwent only six brief
training sessions, this result is encouraging. Moreover, in the
last session, participants reached an exhale—inhale ratio of
1.46 (SD=0.40), which is close to the desired ratio of 1.5 put
forward by our locomotion-based feedback implementation.

Considering the progression of the breathing data from
session to session, two observations are worth mentioning.
First, the largest improvement can be observed from the first
to the second session. This indicates that the first session
already helped the participants to a substantial degree. This
is interesting because it reflects the self-reported ease of
use, that is, the participants quickly grasped the locomotion
mechanics, and it suggests that even a single session of an
immersive VR-based biofeedback game might help raise
the awareness of one’s diaphragmatic breathing. Second,
it can be observed that the training effect is gradually
flattened over the course of the six sessions. It looks as if
the participants reached their best possible breathing style
already after the sixth session. Based on this preliminary
result and considering potential benefits from repeated and
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spaced practice, we suggest an approximate session number
of 10—12 with increasing intervals between the sessions.

The training’s effectiveness as regards the abdominal
movement data is reflected by the participants’ perceived
impression of being more and more able to perform
adequate diaphragmatic breathing. This indicates that the
feedback implementation was successful in feeding back
the breathing style, and participants were aware of their
improved performance. When training behavioral skills
like diaphragmatic breathing, the trainee’s subjective
impression of the training progress is important above
and beyond the objective improvements in terms of
motivation and compliance. In addition to the increased
ease of performing diaphragmatic breathing from session
to session, participants reported greater general breath
awareness after the completion of the training. Notably,
the written explanation of diaphragmatic breathing as
provided in the leaflet before the start of the training did
not increase awareness. Not surprisingly, the immersive
nature of experiencing one’s own breath in the VR
environment appears to exert a stronger influence on the
awareness as compared to written information.

In sum, the objective and subjective breathing data imply
a substantial training effect. It should be noted that, despite
the promising results, this study only comprises breathing
data during the training itself and does not provide evidence
as to potential long-term effects as well as the transfer to
non-training contexts. Nonetheless, the present study
provides promising preliminary evidence and opens up new
research avenues that may investigate aspects of training
transfer and long-term effects as well as comparisons with
traditional breathing trainings.

The present study also considered measures of subjective
stress, in the context of both momentary relaxation after
individual training sessions (H,,), as well as effects of the
training as a whole (H,, and H,_). As regards momentary
relaxation, the results underline the impact of the individual
training sessions. After each training session, the relaxation
was deeper than before the session. When considering the
well-established effectiveness of diaphragmatic breathing
exercises on momentary stress and well-being, this might
not be surprising. Nevertheless, we deem the finding
worth noticing because the present VR-based biofeedback
game confronted the participants with a set of novel,
technology-driven approaches, for instance all-in-one VR,
biofeedback and the specific locomotion mechanics. Despite
these potential stressors, the focus on experiencing one’s
own breath in VR seemed to have helped the participants
relax. The momentary relaxation effect of individual
training sessions also manifested itself in an overall stress
reduction outside of and after the entire training. While
the assessments (f,, #;, ;) only span just over two weeks
and therefore do not allow for a long-term analysis of

perceived stress, the results provide preliminary evidence
as to a potential stress-reducing effect of the training.
Both perceived stress and symptoms of personal burnout
were significantly reduced over the course of the training.
Again, this effect can neither be accounted for by a repeated
measurement artifact nor a mere effect of psychoeducation
because there were no significant differences between ¢
and ¢,. Notably, there was also no effect of the training on
work-related burnout symptoms. This is positive because
work-related burnout was not targeted by the training and
the lack of an effect reduces the likelihood of a mere halo-
effect on the self-report measures in general. As with the
breathing data, we consider the results regarding stress
reduction through the VR-based respiratory biofeedback
game promising, especially given the brief duration, the
necessity to adapt to a completely unfamiliar training and
the consistently large effect sizes.

Lastly, the study repeatedly captured relaxation-related
self-efficacy. Previous research points toward an effect of
biofeedback on self-efficacy, while VR-based biofeedback
was found to have an even greater effect. The present study
corroborates these findings. After the training, participants’
general relaxation-related self-efficacy was significantly
increased. It appears as though the participants gained
confidence in their own stress reduction abilities through the
training. This is likely due to the effects on diaphragmatic
breathing, specifically in terms of the perceived ease of
performing diaphragmatic breathing.

4.1 Limitations and future research

Despite the promising findings, the measurement approach
and the study design limit the generalizability and specificity
of the results. A number of limitations need to be kept in
mind when interpreting the results and should be taken
into consideration in future studies: One limitation is the
lack of a control group, especially the lack of an active
control condition. We remedied the lack of an untreated
control group, at least in part, by implementing a double
pre-measurement to account for potential testing effects.
Moreover, we scheduled the start of the training over the
course of three months to reduce external and seasonal
influences. We therefore decided to forego an untreated
control condition and prioritize a greater number of
participants that tested the developed game. However, the
lack of an active control condition keeps the study from
identifying the specific factors that account for the effects
we found. Because the developed game comprises several
potentially effective factors (VR, restorative environments,
breathing exercises, biofeedback), it is impossible to tell
which of these factors or their combinations contributed
how much to the results. Future research may disentangle
the effects of these factors, even though this will not be
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an easy endeavor due to the manifold potential ways of
implementing and comparing the factors and the great
number of experimental conditions and participants to
realize them. To us, the threat of comparing apples with
oranges appeared too high to allocate resources to an active
control condition in this feasibility study.

The study did not include a long-term assessment of
the effects. Again, this was due to economical constraints
and should be considered in future investigations. All
reported effects, even though some were measured over
three measurement points, are to be considered short-term
effects. On a similar note, the abdominal movement data
were exclusively taken during the training sessions. Further
investigations should consider additional pre- and post-
measurements of diaphragmatic breathing to test the transfer
to different contexts.

Moreover, the present sample was too homogenous
to extrapolate the findings to many kinds of potential
trainees. Participants with varying age, affinity to
technology, breathing skills, experience and stress levels
or even different clinical conditions should be subject to
future research.

Besides these research suggestions based on the
limitations in this study, future research could explore
different session numbers to find the optimal balance
between a brief training and sufficient repeated practice,
investigate the effects and potential of different kinds of
virtual environments and establish the novel breathing
algorithm further.

5 Conclusion

This study reported on the development and evaluation of
a novel VR-based respiratory biofeedback game to foster
diaphragmatic breathing. Our approach targeted mobile
all-in-one VR and implemented a built-in respiratory
biofeedback algorithm utilizing the VR hand controller. A
longitudinal evaluation study established the feasibility of the
approach and provided evidence for improved diaphragmatic
breathing and breath awareness. Furthermore, the brief six-
session training positively influenced relaxation, perceived
stress and symptoms of burnout and boosted the participants’
relaxation-related self-efficacy. The developed VR-based
biofeedback game provides a low-cost, easy-to-use and
effective way to train diaphragmatic breathing. Future
research is needed to corroborate the findings, compare the
training to different approaches and explore long-term effects.
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Appendix
Breath awareness scale

Please indicate to what extent the following statements

apply.
(7-point Likert rating scale; 1 =not at all, 7=completely).

I pay attention to my breath in everyday life.

I mainly breathe through my belly.

I consciously notice most of my breaths.

I am good at controlling my breathing.

I consciously take the time to take a deep breath.
When I take a calm breath, I feel relaxed.

I immediately take notice when my breath is quick or
restless.

8. I feel the difference between abdominal breathing and
chest breathing.

Nk L =
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