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Summary

Introduction

Recent advances in virtual reality (VR) technology have been followed by extensive interest
within research and health promotion, including the field of green exercise. Green exercise
refers to any physical activity in natural environments. This type of exercise has been
associated with additional psychophysiological health benefits compared to indoor and urban
exercise, such as stress reduction and improved mental well-being. Virtual green exercise
seeks to apply VR technology to extend the benefits of green exercise to people who are
unable to engage in active visits to real nature and to improve methodological rigor in studies
investigating the potential benefits of green exercise by allowing lab-based experiments that
simulate outdoor environments. Unfortunately, VR technology may also cause negative side
effects in the form of cybersickness, leading to negative reactions such as dizziness, nausea
and general discomfort. This thesis aims to understand how the potential health benefits of
virtual green exercise can be maximized while simultaneously minimizing undesirable side
effects such as cybersickness. The thesis summarizes five studies that applied VR technology

to develop and optimize a protocol for virtual green exercise.
Methods

Four experimental studies with different study designs (Studies 1, 2, 3 and 5) and one
narrative review (Study 4) were conducted with a primary focus on assessing the acute effects
of virtual green exercise. Either quantitative- or mixed-methods were implemented in the
respective studies. This research was designed as a continuous process, which means that each
study guided the design and procedures of the following study. In total, 136 people
volunteered and participated in the experimental studies. The gender distribution was
balanced with 68 males and 68 females. The majority of participants were young, healthy, and

active individuals.
Results

Study 1 compared virtual green exercise, in the form of 360° videos, to both real green
exercise and a sedentary exposure to virtual nature. The results showed that the concept had
potential, but also that cybersickness had a profound impact on experiences in virtual green
exercise. This malaise was negatively associated with indicators of psychophysiological

health, leading to negative affective responses and low levels of enjoyment. Study 2 compared



two 360° videos with different levels of scene stability to assess whether improved stability
could reduce the severity of cybersickness. The results revealed that improved stability in
360° videos significantly reduced issues related to cybersickness and negative affective
outcomes. Study 3 expanded on these results and found that postural instability is both a
potential cause and objective measure of cybersickness, but also that the relation between
postural instability and cybersickness is highly individual. Study 4 comprised a review of
literature that was conducted (1) to identify common issues with modern VR technology, (2)
to identify the most likely areas of application for virtual green exercise, and (3) to describe
best practice for virtual green exercise research. Study 5 implemented the techniques and
procedures identified in Study 4, comparing two different techniques for creating virtual
natural environments (i.e. 360° video and 3D model) and a control condition comprising
indoor exercise. The results showed minimal impact of cybersickness in the two virtual
conditions. The level of enjoyment, a key factor for exercise participation, was higher after
virtual green exercise compared to indoor exercise. All three experimental conditions in Study
5 improved affect and reduced indicators of stress, with no significant differences between

conditions.
Conclusion

These results demonstrate that adopting virtual green exercise within health promotion and
research requires the use of appropriate techniques to create and deliver enjoyable experiences
without causing cybersickness. Scene stability emerged as a major factor contributing to
cybersickness and negative affective responses. When scene stability was improved and
appropriate techniques were implemented, the results support the use of virtual green exercise
within physical activity promotion in particular, as the levels of enjoyment were higher after
virtual green exercise compared to indoor exercise in Study 5. The results also highlight the
challenges of reproducing the range of psychophysiological health benefits associated with

real green exercise.
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1. Introduction

Physical activity is known to promote a range of benefits to human health and well-being
(Garber et al., 2011; Warburton et al., 2006). In recent years, it has also become apparent that
one’s exercise environment impacts the beneficial effects of exercise. Some environments
may have a detrimental effect on human health, such as certain urban environments (Krefis et
al., 2018; Pinchoff et al., 2020), while natural environments are associated with a range of
psychophysiological health benefits including stress reduction and mental well-being
(Calogiuri & Chroni, 2014; Corazon et al., 2019; Frumkin et al., 2017; Moeller et al., 2018;
White et al., 2018, 2019, 2021). These two behaviors, nature exposure and physical activity,
merge in a concept known as “green exercise”—that is, any physical activity in the presence
of nature (Pretty et al., 2003). By performing green exercise, it is believed that one may
achieve the benefits of nature exposure while also achieving the health benefits of physical
activity (Gladwell et al., 2013; Rogerson et al., 2019). In a recent review of literature, Lahart
et al. (2019) did indeed find evidence of greater improvements in affective state, enjoyment
and perceived exertion after green exercise when compared to indoor exercise. Unfortunately,
for some people, it is challenging or not feasible to engage in green exercise. The most
commonly reported barriers to participation include poor health, lack of time, perceived safety
and accessibility (Calogiuri et al., 2016; Calogiuri & Chroni, 2014; Gladwell et al., 2013;
Scott & Jackson, 1996; Selby et al., 2019). There is also evidence of high risk of bias and low
quality of evidence in green exercise research (Lahart et al., 2019), which signify the need for
robust and rigorously designed studies.

Recent advances within virtual reality (VR) have been proposed as a potential solution to the
issues of low experimental rigor and barriers to engage in green exercise (Frumkin et al.,
2017). Virtual reality is a medium composed of interactive computer simulations that senses
the participant’s position and actions and replaces or augments the feedback to one or more
senses (Sherman & Craig, 2003, p.13). This technology may be used to create virtual
experiences of natural environments and allow people to engage in virtual green exercise. The
usefulness of virtual green exercise relies on in its ability to replicate the previously
mentioned psychophysiological health benefits associated with real green exercise. Thus, a
potential concern regarding the application of virtual green exercise is that VR technology is

known to cause negative side effects in the form of cybersickness (Kennedy et al., 2010). This



malaise may limit the ability to replicate the benefits of real nature. Cybersickness is
considered a specific type of visually induced motion sickness that causes symptoms such as
dizziness, nausea and general discomfort (Kennedy et al., 1993, 2010). Research within
virtual green exercise must aim to reduce the impact of cybersickness whilst maximizing the
positive effects. In order to succeed, this work should be based on the strengths and
weaknesses of VR technology, the mechanisms for beneficial effects of nature exposure and
physical exercise, and the success and failures of previous research within virtual green

exercise.

1.1 Potential benefits and limitations of VR

VR technology has been accessible for several decades, but despite its great potential, it has
not yet made its way into the everyday life of the general population. The fact that VR lacks
mass-appeal probably relates to the many known limitations of the technology. To tap into the
full potential of VR and create beneficial experiences with virtual green exercise, it will be

necessary to overcome these limitations and identify strategies to maximize its potential.

1.1.1 Definitions and brief history of VR

VR can be defined as “A medium composed of interactive computer simulations that senses
the participant’s position and actions and replaces or augments the feedback to one or more
senses, giving the feeling of being mentally immersed or present in the simulation” (Sherman
& Craig, 2003, p.13). The basic principle of VR technology is that the sensory information
from the display (e.g. the virtual natural environment) completely replaces the sensory
information from the actual surroundings (e.g. the lab environment; Slater et al., 1995). The
term “VVR” is used to refer to a wide range of different technologies and devices, including
head mounted displays (HMD) and curved screens (Anthes et al., 2016; Smith, 2015). For the
purpose of this thesis, the term will be limited to HMDs that are able to track the movement of
a person’s head, allowing 360° vision of the virtual environment (Figure 1). Less immersive

technology, such as TV screens and projections, will be referred to as “digital technology”.



Figure 1: Examples of head-mounted displays (HMDs) in a sedentary exposure to virtual
nature (left) and virtual green exercise (right).

VR technology was first conceptualized more than 50 years ago, and the idea sparked interest
from both manufacturers and researchers (Anthes et al., 2016; Cummings & Bailenson, 2016).
In turn, this interest led to the development of the first HMD in the 1960s (Anthes et al.,
2016). The first HMDs that were developed came with major limitations of hardware and
software, which caused issues such as high latencies and low image resolution (Anthes et al.,
2016). More issues became apparent as VR technology continued to develop; some of the
more well-known issues include visible flickering of the display, the “screen door effect”
where gaps between pixels become visible, and high rendering requirements that leads to a
forced reduction of the complexity of images (Anthes et al., 2016; Chang et al., 2020). Many
of these issues are also known to cause cybersickness as summarized by Chang et al. (2020).
After about 20 years of continuous theorizing and development to solve these issues and
optimize experiences, the term “virtual reality” was coined in 1989, ushering in a wave of
publicity and commercially available VR devices such as Nintendo’s Virtual Boy (Anthes et
al., 2016; “Virtual Boy,” 2021). Despite the initial hype and substantial resources invested in
VR at the time, this wave of VR ultimately failed. The failure of VR is illustrated by the
Virtual Boy, which became the lowest selling console in Nintendo’s history (“Virtual Boy,”
2021). The downfall of the first wave of VR was largely attributed to the many unresolved

issues with the technology.

Despite the initial failure of VR, a Kickstarter campaign in 2012 for the Occulus Rift initiated
a new wave of VR devices followed by the inevitable hype. Some have estimated that the
industry will reach 500 million headsets sold by 2025, with sales of VR content generating 5.4
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billion USD (Gene et al., n.d.). The newer generation of VR technology had also improved in
light of the significant leaps in computer technology, leading to improved image resolution,
lighter HMDs, and increased processing power. The technology continued to improve in
subsequent years, as stated by Anthes et al. (2016) in their review of VR technology: “When
you read this publication, it will most likely be out of date. Current development in Virtual
Reality (VR) technology is happening at unprecedented speed.” However, some of the
limitations from the previous wave of VR technology remained. The screen door effect and
visible flickering was still present, and the content was still limited to rather poor image
quality and low levels of complexity, due to issues with computing power (Anthes et al.,
2016). Some studies have also shown that these newer displays with higher fidelity may
increase the risk of cybersickness (Chang et al., 2020; Sharples et al., 2008; Yildirim, 2020).
Thus, encouraged by the potential of the technology, researchers and manufacturers are still
looking to optimize VR experiences; but in order to succeed, it will also be necessary to

understand its limitations.

1.1.2 Key concepts of VR

Content in VR is generally created using one of two different approaches: recording 360°
videos or creating 3D models (Joseph et al., 2020). 360° videos are considered the least time
consuming and allow realistic representations of natural environments to be used in studies of
virtual green exercise. The main drawback of these videos is limited interactivity (Joseph et
al., 2020). 3D models, on the other hand, allow high levels of interactivity. These models are
created using specialized computer programs and game engines. 3D models can achieve high
levels of realism, but are time consuming to create and require high-end hardware (Joseph et
al., 2020). Regardless of the technique used to create VR content, the keys to unlocking the
potential of VR technology are found in the concepts of immersion, presence and

cybersickness.
1.1.2.1 Immersion

Immersion is defined as the extent to which a computer-generated environment is “capable of
delivering an inclusive, extensive, surrounding, and vivid illusion of reality to the senses of a
human participant” (Slater & Wilbur, 1997). Immersion is solely related to technical aspects
such as frame rate, field of view and image resolution (Bowman & McMahan, 2007;
Cummings & Bailenson, 2016; Slater & Wilbur, 1997), and it is theoretically possible to

objectively assess a systems level of immersion. To achieve high levels of immersion, it is
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generally deemed necessary to enclose the user within the virtual environment and shut out
the “real world,” replacing the sensory input from the real surroundings with sensory input
from the virtual environment (Slater et al., 1995). This objective is partly achievable by
modern HMDs by occupying the user’s full field of view and replacing the vision of the
surrounding environment with visual stimuli from the virtual environment. HMDs also
replace auditory input from the surrounding environment with soundscapes from the virtual
environment. This procedure effectively replaces visual and auditory real-world input with
inputs from the virtual environment, but it does not replace input from other senses such as
olfactory and proprioceptive inputs. In the context of virtual green exercise, the technology
allows for visual representations of natural environments with the associated ambient sound,
but not any of the other sensory experiences associated with nature exposure. Despite of these
limitations, modern HMDs are highly immersive according to the framework proposed in the
meta-analysis by Cummings and Bailenson (2016). In their meta-analysis, the authors
highlight the ability to track movements, stereoscopic visuals and a large field of view as key
aspects contributing to immersion, all of which are features of high fidelity HMDs.

1.1.2.2 Presence

One of the reasons immersion is considered important is its relationship to presence
(Cummings & Bailenson, 2016; Figure 2), which is defined as the subjective feeling of “being
in the virtual environment” (Slater & Wilbur, 1997). This concept describes the psychological
feeling of being mentally transported from the physical location and to the virtual location,
ideally to such a degree that the virtual environment feels more real than the actual
surroundings. It is believed that higher levels of immersion will increase the likelihood of
inducing feelings of presence (Cummings & Bailenson, 2016; Figure 2). This is an important
objective of VR technology, as presence relates to the effectiveness of the virtual environment
and ultimately the virtual environments ability to fulfill its purpose (Botella et al., 2017,
Bowman & McMahan, 2007; Grassini et al., 2020; Slater & Wilbur, 1997; Steuer, 1992;
Triberti et al., 2014). Within the field of virtual green exercise, this translates into the ability
of the virtual natural environment to elicit the previously mentioned psychophysiological
benefits associated with exposure to real nature. However, as presence is a subjective
psychological feeling, it logically depends on personality traits (Kober & Neuper, 2013),
which complicates the relationship between immersion and presence. In other words, two
different people can watch the same virtual environment, using the same technology with a

pre-set level of immersion, but still experience different degrees of presence (Sacau et al.,
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2008; Weech et al., 2019). Thus, the effectiveness of a specific virtual environment, presented

with a specific type of technology, may vary from person to person.

1.1.2.3 Cybersickness

The effectiveness of virtual environments does not only rely on increasing positive aspects
such as immersion and presence, but also on reducing the impact of negative aspects such as
cybersickness. Cybersickness is considered a specific type of visually induced motion
sickness (Kennedy et al., 2010) and causes symptoms including dizziness, nausea, fatigue,
sweating and general discomfort (Smith, 2015). This malaise has been reported to occur in as
many as 100% of research participants depending on the technology used, the duration of
immersion and the contents of the virtual environment (Allen et al., 2016; Merhi et al., 2007;
Murata, 2004). The discomfort caused by cybersickness will naturally influence the user’s
experience of a virtual environment (Somrak et al., 2019). Furthermore, previous research
reports that cybersickness and presence are inversely related, which suggests that
cybersickness may have a negative impact on presence in virtual environments (Weech et al.,
2019; Figure 2). The negative impact of cybersickness on virtual experiences is unfortunate,
and this issue may become even more prevalent in the coming years as research has shown
that visual displays that are considered more immersive are more prone to induce
cybersickness (Chang et al., 2020; Guna et al., 2019; LaViola, 2000; Sharples et al., 2008;
Yildirim, 2020). This creates a paradox whereby the most immersive displays may provide
higher degrees of immersion and presence, even though they may at the same time increase
the prevalence and severity of cybersickness. Thus, the challenge of creating effective virtual
environments depends on the ability to make use of highly immersive technologies to create
content that elicits high levels of presence, while avoiding the issue of cybersickness.
Although some have successfully identified strategies to reduce the symptoms of the malaise
(Duzmanska et al., 2018; Gavgani et al., 2017; LaViola, 2000), the elusive origin of cyber
sickness is still unclear and a final solution does not seem imminent. Improved understanding
of cybersickness etiology is an important step towards a final solution; or at the very least, a
step towards identifying additional strategies for reducing its impact on virtual experiences

and virtual green exercise in particular.
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Cyber sickness

Figure 2: Model depicting how the interaction between immersion, presence, and
cybersickness influence the effectiveness of VR. Green boxes indicate desirable effects of VR
exposure, while red boxes indicate negative effects of VR exposure. Green arrows indicate an
amplifying effect, while red arrows indicate a deteriorating effect.

The etiology of cyber sickness is closely related to the etiology of general motion sickness;
however, despite several decades of research, the cause of cybersickness is still unknown.
Several theories have been proposed (LaViola, 2000), but two theories are currently dominant
in the literature: the sensory conflict theory and the postural instability theory. The sensory
conflict theory posits that cyber sickness is caused by a conflict between two or more sensory
systems and between experienced and expected stimuli based on past experiences (Oman,
1990; Reason, 1978; Reason & Brand, 1975). In the context of VR, this translates into a
mismatch between visual input from the HMD and the input from the real surroundings
provided by vestibular and proprioceptive systems. According to the sensory conflict theory,
this sensory mismatch causes an increase in cybersickness symptoms. This theory is
supported by the fact that patients with a dysfunctional vestibular system are particularly
susceptible to cybersickness, due to increased conflict between vestibular and visual input;
however, patients with a complete loss of vestibular functioning experience less cybersickness
compared to healthy individuals due to a complete lack of conflict between vestibular and
visual input (A. C. Paillard et al., 2013). In contrast, the postural instability theory proposes
that postural instability is the cause of cybersickness rather than sensory conflict. The theory
states that situations leading to motion sickness are characterized by a period where neural
patterns of movement control are reorganized to adapt to an unfamiliar stimulus. During this
reorganization period, it is suggested that movement control is less efficient, and that postural
instability occurs as a result (i.e., reduced ability to maintain a stable upright position). The
theory proposes that this instability is a prerequisite for the development of cybersickness, and

postulate that cybersickness will only occur in people who experience postural instability
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(Riccio & Stoffregen, 1991; Stoffregen et al., 2010). In support of this theory, studies have
shown that individuals who exhibit low levels of postural stability are more prone to motion
sickness and that manipulation of stance width reduces both postural instability and motion
sickness (Stoffregen et al., 2010; Stoffregen & Smart, 1998). The negative impact of sensory
conflict and/or postural instability is a concern in all types of VR content, but it is particularly
concerning in studies of virtual green exercise as increased sensory conflict and/or postural
instability may lead to issues with maintaining upright balance during exercise. There has
been considerable research seeking to the identify the specific cause of the malaise based on
these theories (Arcioni et al., 2019; Bonato et al., 2009; Chardonnet et al., 2017; Fulvio et al.,
2019; Kennedy et al., 2010; Lackner, 2014; LaViola, 2000; Lo & So, 2001; McCauley &
Sharkey, 1992; Nishiike et al., 2013; Palmisano et al., 2018; Rebenitsch & Owen, 2016;
Riccio & Stoffregen, 1991; Risi & Palmisano, 2019; Weech et al., 2018). The research has

produced some interesting and useful results, but the etiology of cybersickness is still unclear.

Even though the cause of cybersickness is debated, researchers have successfully identified
several factors that increase or decrease the incidence and severity of the malaise. For
example, research regarding personal factors that may influence cybersickness has revealed
that people with high anxiety scores are at higher risk of cybersickness (Mittelstaedt, 2020),
while an affinity for adrenaline sports (Guna et al., 2019) and habituation to a specific VR
experience reduces cybersickness (Gavgani et al., 2017). Content factors also influence
cybersickness, and it has been shown that increased exposure duration (Duzmanska et al.,
2018), improved visual realism and graphical quality (Pouke et al., 2018), moving dynamic
content (Chang et al., 2020), and 360° videos when compared to 3D models (Saredakis et al.,
2020) all increase and the risk of cybersickness. Hardware is the final category of factors that
influence cybersickness, and research within this field report that increased movement lag,
latencies, and field of view increase cybersickness (Chang et al., 2020). Saredakis et al.
(2020) also confirmed that the fidelity of displays might increase the incidence and severity of
cybersickness. In this regard, Chang et al. (2020) have recently proposed their multimodal
fidelity hypothesis, which postulates that increased fidelity of displays actually can reduce
symptoms of cybersickness if an accompanying range of synchronous multimodal sensory
information is provided to the user. In other words, immersive displays may increase
cybersickness if they only provide high-fidelity visual input, while cybersickness symptoms
may be reduced if the visual stimuli are accompanied by high fidelity input to other senses as
well (e.g., auditory and proprioceptive). In support of this idea, Saredakis et al. (2020)

15



reported lower levels of cybersickness in dynamic VR content when it is combined with
actual walking. Nevertheless, despite of the substantial research in the field, both the etiology
of cybersickness and the optimal strategy for reducing its impact remain unknown. This
complicates the process of developing a virtual green exercise protocol that maximizes the
potential of VR technology. Still, the current research provides a solid starting point for

further experimentation.

1.2 Health benefits of exercise, nature, and real green exercise

To understand how to optimize the potential health benefits of virtual green exercise, one
should look to previous research concerning real nature and exercise to understand why and
how these concepts are considered beneficial. The characteristics of both the natural
environment and the exercise performed may influence the psychophysiological health

benefits.

1.2.1 Health benefits and mechanisms of exercise

As the positive effects of exercise are well known and have been extensively researched
(Garber et al., 2011; Warburton et al., 2006), these will only be mentioned briefly in this
thesis. Regular exercise is associated with a reduction of mortality risk and prevention of a
wide range of associated diseases such as diabetes, cancer and cardiac disease (Garber et al.,
2011; Warburton et al., 2006). The health benefits of exercise are mainly associated with a
multitude of biological changes that occur during physical activity; this in turn leads to
measurable changes in indicators of psychophysiological health such as reduction of stress
levels and blood pressure and improvements of affect and well-being (Garber et al., 2011,
Warburton et al., 2006). Previous research also shows that many of these effects can occur
acutely after a single bout of exercise; for example, blood pressure can be reduced after acute
bouts of exercise (Thompson et al., 2001). Interestingly, the intensity required to measure
acute changes in beneficial effects of exercise is as little as 40% of maximal oxygen
consumption (Thompson et al., 2001), which translates into a brisk walk for the fitness levels
of the general population (Ghadieh & Saab, 2015). The American College of Sports Medicine
further highlights that the health benefits of exercise can be accumulated in bouts as short as
10 minutes (Garber et al., 2011). These findings suggest that some health benefits of exercise
are measurable after a brief bout of low to moderate intensity exercise, such as a 10-minute

walk (see e.g. Ekkekakis et al., 2000; Mach et al., 2005). In regard to developing a protocol
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for virtual green exercise, this means that a 10-minute walk in VR should be sufficient to
detect measurable changes in the indicators of psychophysiological benefits of exercise. This
is important due to the previously mentioned issues with prolonged VR exposure and

cybersickness (Duzmanska et al., 2018).
1.2.2 Health benefits and mechanisms of nature exposure

Many of the beneficial effects of nature exposure are the same as those obtained by exercise.
However, the primary pathways that trigger these effects are believed to be different. As with
exercise, nature exposure may improve blood pressure, stress levels, affect and well-being
(Bowler et al., 2010; Corazon et al., 2019; Frumkin et al., 2017; Haluza et al., 2014; Hunter et
al., 2019; McMahan & Estes, 2015; Rogerson et al., 2020; Twohig-Bennett & Jones, 2018).
For example, living in neighborhoods with close proximity to natural environments is
associated with higher levels of well-being (White et al., 2021); and achieving 120 minutes of
weekly nature exposure is associated with improvements of health and well-being similar in
scale to achieving the recommended levels of physical activity (White et al., 2019). The
precise mechanisms that would explain these positive effects of nature exposure are not fully
understood. Research has proposed several pathways, including enhanced immune function,
better air quality, increased levels of physical activity, greater social cohesion, and
psychological recovery and restoration (Frumkin et al., 2017). In relation to acute bouts of
virtual green exercise, most of these pathways can be excluded (e.g. better air quality), and it
is likely that any psychophysiological health benefits are caused by psychological recovery

and restoration.

The most commonly cited psychological pathways in relation to nature exposure are stress
reduction and attention restoration (Frumkin et al., 2017). Ulrich et al. (1991) proposed the
stress reduction theory based on the idea that humans have an innate predisposition towards
natural environments. Natural environments exhibit qualities that have been essential to
human survival, such as trees for shelter and food and water for nourishment. According to
Ulrich et al. (1991), humans respond positively with feelings of pleasantness and calm to
environments that exhibit these qualities. In turn, this leads to reduced stress levels and
improved mood. In accordance with this theory, several studies have shown beneficial effects
of nature exposure on stress levels and mood, and it is suggested that these effects occur
through activation of the parasympathetic nervous system (Corazon et al., 2019; McMahan &
Estes, 2015; Twohig-Bennett & Jones, 2018). The attention restoration theory proposes a
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slightly different pathway for the beneficial effects of nature exposure (R. Kaplan, 1989; S.
Kaplan, 1995). This theory defines two types of attention—directed and involuntary.
According to this theory, the directed attention required to perform most tasks of modern life
can become depleted, which is a condition known as attention fatigue (Bowler et al., 2010).
The theory further posits that attention restoration may occur when humans are exposed to
environments that capture our effortless, involuntary, and spontaneous attention. This
restoration process is believed to be linked with affect, and when restoration occurs it should
be followed by a positive change in affect. Natural environments exhibit four qualities that are
considered essential for restoration and replenishment of attention fatigue: fascination, being
away, extent and compatibility. Fascination occurs when a person finds the environment
intrinsically interesting. Such environments are believed to capture the involuntary attention
of a person, thus allowing replenishment of directed attention. Being away refers to the
environment’s ability to provide a feeling of being psychologically distant from everyday
demands and concerns that require directed attention. Extent relates to the elements in an
environment and whether they are organized coherently, whether the environment allows
exploration, and whether it is large enough to maintain involuntary attention for more than a
brief moment. Lastly, compatibility describes whether the environment is compatible with the
person’s inclinations and interests. These four qualities can occur in all types of environments,
but natural environments are believed to possess fascinating qualities that are especially
advantageous (Hartig et al., 1991; 2003) such as the clouds moving in the sky and leaves
waving in the breeze. In accordance with this theory, previous research has shown that natural
environments trigger feelings of restoration and elicit improved performance on attention
tasks (Berto, 2005; Hartig et al., 1991). Both the stress reduction theory and the attention
restoration theory are psychological in origin, but some have also suggested additional acute
benefits of nature exposure through a chemical link between nature and human health (Kuo,
2015). Many plants release biological and chemical agents into the air that are believed to
have a positive effect on the human immune system, blood pressure and activity of the
autonomic nervous system (Kuo, 2015). It is not feasible to replicate these effects in
experiences of virtual nature, thus limiting the potential of virtual green exercise. However,
this also makes virtual nature experiences a great tool for studying the psychological
mechanism underlying the connection between nature and health, such as stress reduction and

attention restoration, without the interfering effects of biological and chemical agents.
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1.2.2.1 Optimal qualities of natural environments

Based on the stress reduction theory and the attention restoration theory, many researchers
have made assumptions regarding the optimal qualities of a natural environment for inducing
psychophysiological benefits, such as trees for shelter or fascinating elements that capture the
viewers effortless attention. In this regard, Shanahan et al. (2015) have proposed a framework
to estimate the optimal dose of nature exposure. Similar to exercise dose, this framework is
based on the principles of intensity and duration. Intensity of nature exposure relates to both
the quantity and quality of the nature elements present in a natural environment (Shanahan et
al., 2015). Quantity can be understood as the amount of greenery present in the environment.
Interestingly, research has shown that there is an upper limit for the optimal amount of
greenery and vegetation (Gatersleben & Andrews, 2013; Lindquist et al., 2020; Schebella et
al., 2020; Wang et al., 2019). Gatersleben and Andrews (2013) have demonstrated this
concept by showing that natural environments with high levels of prospect (i.e., clear field of
vision) were indeed restorative, while environments with dense vegetation and high levels of
refuge (i.e., places to hide) were not. These reports suggest that there is a u-shaped
relationship between the amount of greenery and optimal psychophysiological response to a
natural environment. Quality, on the other hand, relates to the type and structure of natural
elements in an environment. Research suggests that the type and structure of natural elements
may moderate the impact on psychophysiological outcomes. Jiang et al. (2020) showed, in a
virtual driving simulator, that trees and shrubs placed at regular intervals along a road had a
more positive impact on the drivers metal status compared to irregular placement of greenery
(Jiang et al., 2020). Research has also proposed that a feeling of awe or amazement in natural
environments may be more beneficial than environments that do not evoke a sense of awe
(Frumkin et al., 2017), and that the inclusion of some water elements may be beneficial
(Browning et al., 2020a; Wang et al., 2019). Recent research also reports the somewhat
paradoxical finding that natural environments should include some built elements, at least for
optimal stress reduction (Wang et al., 2019).

Duration of nature exposure is easier to quantify as it describes the time spent in natural
environments. Shanahan et al. (2015) highlight that the duration of nature exposure should be
measured in a time scale that is relevant for the health response of interest. This thesis is
primarily interested in the acute psychophysiological responses to a virtual nature walk. Some
studies suggest that these acute effects are measurable after as little as six minutes of nature

exposure (Browning et al., 2019), while a recent review of literature suggests a minimum of
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10 minutes of exposure may be required (Meredith et al., 2020). Interestingly, 10 minutes
should also be sufficient to elicit some of the positive effects of exercise, as previously

mentioned.

1.2.3 The green exercise concept

Any type of physical activity performed within, or in proximity to, a natural environment can
be considered green exercise (Pretty et al., 2003). This includes a walk in the park, skiing in
the mountains and children playing in the forest. Research within this field has demonstrated
that green exercise can provide health benefits beyond physical activity indoors and in urban
environments. Individual studies have shown that, compared to indoor and urban exercise,
green exercise can elicit greater effects in the following areas: (1) indicators of
psychophysiological health, including positive affective outcomes (Calogiuri et al., 2015;
Focht, 2009; Hartig et al., 2003; Lacharité-Lemieux et al., 2015), enjoyment (Focht, 2009),
blood pressure (Pretty et al., 2005), cortisol levels (Harte & Eifert, 1995), depression
(Lacharité-Lemieux et al., 2015), and perceived restoration (Kajosaari & Pasanen, 2021); (2)
physical engagement including perceived effort (Calogiuri et al., 2015; Harte & Eifert, 1995),
and exercise intensity (Mieras et al., 2014); and (3) exercise capacity (Lacharité-Lemieux et
al., 2015; Pasek et al., 2020) and physical activity promotion in the form of exercise
adherence (Lacharite-Lemieux et al., 2015). Unfortunately, for some people it is challenging
or not feasible to engage in green exercise. Millions of people worldwide reside in health care
facilities and hospitals with limited opportunities for engaging in real green exercise, or live
with disabilities that may limit their ability to travel to natural environments (AHA, n.d.; SSB,
n.d.; Harris-Kojetin et al., 2016; Okoro, 2018). In fact, health issues, limited access to quality
natural environments, and time availability are among the commonly reported barriers for
green exercise participation (Browning et al., 2020b; Calogiuri et al., 2016; Calogiuri &
Chroni, 2014; Scott & Jackson, 1996; Selby et al., 2019). Virtual green exercise may be a
valuable supplement to real green exercise for these groups of people, if VR technology is

able to replicate the positive effects of real nature.

The additional effects of green exercise are usually embedded in a sound theoretical
foundation. For instance, in describing the effects of green exercise, Rogerson et al. (2019)
highlight how the restorative qualities of natural environments may reduce the perception of
effort during exercise compared to urban environments. Based on previous research, they

propose that mental fatigue makes exercise feel more strenuous and impairs exercise
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performance. The restorative qualities of nature exposure may reduce mental fatigue and,
thus, reduce perceived effort during exercise (Rogerson et al., 2019). However, despite the
findings of individual studies and the sound theoretical foundation, a systematic review of
green exercise research found limited evidence for additional effects of green exercise
compared to indoor or urban exercise (Lahart et al., 2019). The review found some evidence
of lower perceived effort as well as improved affect and enjoyment compared to indoor
exercise, but no other additional psychophysiological benefits (Lahart et al., 2019). The
review also highlighted that a high risk of bias and low quality of evidence limited a clear
interpretation of the findings (Lahart et al., 2019), which is a recurring theme in reviews of
green exercise research (Kotera et al., 2021). Research within the field of green exercise has
some inherent limitations that complicates the process of conducting robust and rigorously
designed studies, such as standardization of temperature, lighting and weather conditions, and
strict control of soundscape and encounters with people, birds, and animals. Due to the limited
quality of evidence of additional effects of green exercise, studies of virtual green exercise
may be aiming to identify an effect that is weak or does not exist, as outlined below.

The evidence for beneficial health effects of exercise are irrefutable (Garber et al., 2011;
Warburton et al., 2006), and there has been an increasing amount of research confirming the
beneficial effects of nature exposure in recent years (e.g., White et al., 2019; 2021). The main
premise for green exercise is that one may achieve the synergistic effect of both nature and
exercise (Gladwell et al., 2013; Rogerson et al., 2019). Whether this synergistic effect is
achievable may relate to the pathways by which nature and exercise elicit positive health
benefits. The origin of the psychophysiological benefits of nature exposure and exercise are
generally considered to be different (i.e., physiological versus psychological), which supports
the idea that green exercise provides the effects of both nature exposure and exercise. A quick
example to illustrate this concept is the positive effects of exercise on bone mineral density
(Garber et al., 2011). Increased bone mineral density does not occur during sedentary nature
exposures, and the implications are that this effect will be an additional effect of green
exercise compared to sedentary nature exposure. However, the pathways for some of the
positive health effects of exercise and nature exposure may interact, which complicates the
interpretation that green exercise will provide a synergistic effect. For example, some have
noted that exercise may elicit feelings of “being away”, thereby leading to attention
restoration (Breitenbecher & Fuegen, 2019) similar to the expected effects of nature exposure.

Others have noted that nature exposure may affect the hypothalamic pituitary adrenal axis and
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regulation of cortisol (White et al., 2018), which is a well-known pathway for the beneficial
effects of exercise (Anderson et al., 2019). This raises the question whether green exercise is
able to induce an additive effect of nature exposure and exercise on, for instance, cortisol
levels and attention restoration. In other words, it is unclear if the effects of green exercise
result from the complementary effects of nature exposure and exercise, or if green exercise is
capable of magnifying the effects of exercise on outcomes such as cortisol levels and attention
restoration. In this regard, some may argue that it is premature to conduct research on virtual
green exercise, as the effects of real green exercise are ambiguous. On the other hand, since
one of the main limitations of green exercise research is limited experimental rigor, virtual
green exercise may be a tool for conducting rigorous research and potentially adding evidence
in support of green exercise (Frumkin et al., 2017).

1.3 Virtual nature and virtual green exercise

The basic premise for virtual green exercise is that VR technology is able to replicate some of
the health benefits associated with exposure to real nature. Research within this field is
relatively scarce, due to the recent inception of the modern wave of HMDs; nevertheless, the

results are promising, as outlined below.

1.3.1 Health benefits of virtual nature

There is accumulating evidence demonstrating that sedentary experiences of virtual nature can
indeed provide some of the health benefits associated with real nature exposure, at least when
using highly immersive HMDs. Previous research has shown that virtual nature can increase
positive affect and vigor and reduce negative affect, stress, and anxiety, when compared with
other virtual environments (Hedblom et al., 2019; Liszio et al., 2018; Mostajeran et al., 2021;
Schebella et al., 2020; Valtchanov et al., 2010; Yu et al., 2018). These results are promising,
as they demonstrate positive effects of virtual nature and show that some of the benefits of
nature exposure can be obtained without exposure to the chemical agents found in real nature.
However, preliminary results already suggest that the lack of exposure to nature’s chemical
agents and a general inability to replicate a holistic nature experience may limit the potential
of virtual nature. Some studies show that virtual nature does not provide the full range of
benefits as real nature does (Browning et al., 2019; Chirico & Gaggioli, 2019). Some
researchers also suggest that the positive outcomes of virtual nature exposure are mainly

associated with psychological benefits, due to the limited impact on physiological measures
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such as heart rate and blood pressure (Schebella et al., 2020; Yu et al., 2018). These studies
suggest that the concept of virtual nature is somewhat limited, which also limits the potential
of virtual green exercise. However, the reports also suggest that there is potential for
beneficial psychophysiological outcomes when exposed to virtual nature, and potentially, to
virtual green exercise. The higher level of immersion of modern HMDs also suggests that it

will be more beneficial than older generation technologies (Figure 3).

Authentic Nature

Virtual Nature

Digital Nature

Fidelity of Experience

A

Psychophysiological Benefit

Figure 3: Predicted psychophysiological outcomes of nature experiences at different levels of
fidelity. Virtual nature: HMDs that are able to track the movement of a person’s head,
allowing 360° vision of the virtual environment. Digital nature: less immersive technology
such as TV screens and projections. From “Enable, Reconnect and Augment: A New ERA of
Virtual Nature Research and Application” by S. Litleskare, T. Macintyre, G. Calogiuri, 2020,
International Journal of Environmental Research and Public Health, 17(5), p. 5. (See

appendix).

1.3.2 Virtual green exercise

Based on the previous sections, it is clear that there are some challenges in adopting virtual
green exercise within research and health promotion. This may partly explain why there is
only two previous study that has been conducted within this field (Alkahtani et al., 2019;
Chan et al., 2021). Additional studies have compared digital green exercise to indoor or urban
exercise over the last two decades, using widely different technologies. The evidence is still

relatively limited, and most studies are based on technology with low levels of immersion.
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Studies using digital technology (i.e. TV screens or projections on a flat wall) to present
natural environments to participants during exercise have produced inconclusive results. In
these studies, digital green exercise has been compared to indoor exercise (Duncan et al.,
2014; Pretty et al., 2005; Rogerson & Barton, 2015; White et al., 2015; Wood et al., 2020;
Wooller et al., 2018), digital urban exercise (Pretty et al., 2005; White et al., 2015) or exercise
while watching self-selected entertainment (Yeh et al., 2017). These studies did indeed
demonstrate the potential of digital green exercise by highlighting its restorative potential
(Rogerson & Barton, 2015; Wooller et al., 2018). Some of these studies also reported superior
effects of digital green exercise on psychological and physiological stress reduction (Duncan
et al., 2014; Pretty et al., 2005; White et al., 2015; Wood et al., 2020; Wooller et al., 2018)
and mood-related measures (White et al., 2015; Wood et al., 2020; Yeh et al., 2017). One
study even revealed increased willingness to repeat the exercise after digital green exercise
(White et al., 2015). However, there were also some contradictions, as some of the studies
showed no additional effects of digital green exercise on diastolic blood pressure (Duncan et
al., 2014), mood (Duncan et al., 2014; Pretty et al., 2005; Yeh et al., 2017), or physical
engagement (Duncan et al., 2014; Rogerson & Barton, 2015). In general, the results from
studies of digital green exercise are encouraging, but they also demonstrate inconsistent
results and limited ability to elicit the full range of benefits associated with real nature.
However, these limitations may be due to the low fidelity of the technology used in these
studies. In this regard, some studies have attempted similar experiments with more immersive
technology. In an early study, Plante et al. (2003) used a HMD with a limited field of view
and without head tracking, which are factors that limit the levels of immersion of the HMD
(by the definitions used in this thesis, this should be considered digital technology). The study
compared psychological benefits across four different conditions: walking outside around
campus, walking on a treadmill while watching a video of the same walk around campus in a
HMD, walking on a treadmill without HMD and sedentary experience of the virtual walk in a
HMD. The results showed indications of improved psychological state in the virtual green
exercise condition, but the effects were generally larger in the real green exercise condition.
These results were promising based on the limited levels of immersion of the HMD used in
this study. Several years later, Alkahtani et al. (2019) conducted the second study using a
HMD. This time using a modern HMD with a full field of view and head tracking, which was
used to present 360’ videos to participants. The study showed no differences in mood between
20 minutes of high-intensity virtual green exercise and indoor exercise. However, this may be

due to reports of higher psychological distress in the virtual group (Alkahtani et al., 2019).
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Unfortunately, the authors did not include a measure of cybersickness, but the malaise is a
potential cause for the distress reported by the participants, especially since the authors
reported that participants were allowed to take 30- second breaks to alleviate cybersickness
symptoms (Alkahtani et al., 2019). Chan et al. (2021) continued the innovation within virtual
green exercise and utilized a “walk in place” system combined with a 3D model of natural
environment. The results showed virtual green exercise provided greater psychophysiological
benefits when compared to a virtual urban walk, in addition to positive pre-post changes in
negative affect. Thus, the two studies that has conducted research on virtual green exercise
highlight both the potential and the issues in relation to this technology. The different
outcomes of these two studies, and the fact that one study led to negative responses and the
other to positive responses, suggest that the methodological and technical approach are key
determining factors for the outcome of virtual green exercise. Unfortunately, these two studies
alone are not enough to establish best practice, and there is little to gain from studies of digital

nature due to inconsistent results.

When looking at previous research comparing digital or virtual green exercise to indoor or
urban exercise, it is clear that the data are largely inconclusive. Similar reports are found in
studies comparing virtual green exercise to real green exercise. A systematic review reported
inconclusive evidence regarding the extent to which digital and virtual green exercise can
provide similar psychological and physiological health benefits as real green exercise (Lahart
et al., 2019). In this review, some studies were found that showed superior effects of real
green exercise, while other studies reported no differences between real and virtual green
exercise (Lahart et al., 2019). The discrepancy of findings in previous research of digital and
virtual green exercise may be attributed to a number of limitations. For example, the different
studies have performed exercise with different intensity and duration, and the natural
environments used in the different studies range from university campuses to open natural
landscapes. Additionally, most studies have used technology with limited levels of immersion
(Duncan et al., 2014; Plante et al., 2003; Pretty et al., 2005; Rogerson & Barton, 2015; White
et al., 2015; Wood et al., 2020; Wooller et al., 2018; Yeh et al., 2017); some have manipulated
stress and mood levels by using a pre-stressor experience (Wood et al., 2020; Wooller et al.,
2018) while the others have not; and some may have experienced issues with cybersickness
(Alkahtani et al., 2019). Due to these differences in methodology, it is difficult to pinpoint any
indications of best practice for virtual green exercise research. Thus, the methodological

approach of the studies in this thesis was guided by a general knowledge of VR technology,
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exercise, and natural environments. Based on the previous sections, it is clear that experiences
of virtual green exercise should aim to optimize immersion while minimizing the impact of
cybersickness, and combine this with virtual natural environments that exhibit restorative
qualities in experiences lasting 10 minutes or more. In addition to these methodological
considerations, there are also some ethical issues that should be considered, such as the

dystopian argument outlined below.
1.4 The dystopian argument

The concept of virtual nature and virtual green exercise has been met with some criticism.
Early criticism feared that access to virtual representations of nature that are designed as
“optimal” nature experiences may come at the cost of a devaluation of real nature and reduced
interest in preserving real natural environments (Levi & Kocher, 1999). In this regard, it is
important to note that natural environments have an intrinsic value and does not solely exist to
serve the human population; nature is worth preserving even if virtual nature could provide
the same benefits to human health as real nature. Nevertheless, in a series of studies, Levi and
Kocher (1999) actually showed that virtual nature may increase the intention to preserve
national parks, but at the cost of intending to preserve local natural environments. These
results are in a sense reassuring, as they indicate that virtual nature can generate pro-
environmental behaviors, while at the same time raising concerns regarding preservation of
local natural areas. Some have taken these concerns one step further and describe a future
where virtual nature will function as a replacement for real nature when access to nature
becomes severely limited (Kahn et al., 2009). These concerns may seem dystopian, but
current world trends are clearly pointing in the direction of a future where visits to natural
environments will become a rare commodity for most people. It is estimated that
approximately 55% of the world’s population currently reside in cities and urban areas. This
number is steadily increasing and is expected to reach 68% by 2050 (UN, 2018). Previous
research suggests that increasing numbers of people living in the city will lead to more people
replacing green exercise with gym exercise (Calogiuri et al., 2016). This trend is believed to
accelerate as deforestation and unsustainable land use limits access to quality natural
environments, which also leads to a rapid loss of biodiversity (IPBES, 2019). Some studies
also indicate that people are becoming less and less connected with the natural world, which
is believed to have a negative impact on pro-environmental behaviors and nature preservation
(Capaldi et al., 2014; Geng et al., 2015). In the U.S., it is reported that inhabitants spend
approximately 93% of their time indoors or in a vehicle (Klepeis et al., 2001), while in the
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U.K. less than 40% of people visit natural environments during a regular week (White et al.,
2016). Even in rural Norway, only 60% of adults engage in active visits to natural
environment on a weekly basis (Calogiuri et al., 2016). These trends are expected to
accelerate in the coming generations, as today’s children spend less time in nature compared
to previous generations (Balci & Ahi, 2017; Clements, 2004). Virtual nature has not been
available for a sufficient amount of time to be a catalyst for these trends; however, technology
in general is considered to be part of the problem as research has shown that many replace
experiences in nature with increased screen time (Clements, 2004; Larson et al., 2018). Since
we already are moving towards a society more or less closed off from real nature, the question
is not whether virtual nature will be the cause of a dystopian future for human-nature
interactions, but whether it will accelerate this ongoing development. Thus, the urbanization
and technological isolation is already here and should be considered additional reasons for the
use of virtual nature. Most researchers share this viewpoint and have an optimistic outlook for
the future of virtual nature (Browning et al., 2020b; Frumkin et al., 2017; Wang et al., 2019).
Virtual nature and virtual green exercise are proposed as valuable supplements to real natural
environments (e.g. Browning et al., 2020a; de Kort et al., 2006), and they may even be tools
to reconnect people with real nature (Mayer et al., 2009). However, the concerns raised in the
research community should not be overlooked as they highlight important ethical
considerations within this area of research.
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2. Aims

The thesis aims to understand how to maximize the psychophysiological responses of virtual
green exercise (e.g., affect, blood pressure) while minimizing negative outcomes (e.g.,
cybersickness), to elicit positive effects similar to expected effects of real green exercise.
Each study informed the design and procedures of the following study, resulting in a
successive research path that together addressed the overarching aim of the thesis.

Study 1: The main aim of the study was to investigate the extent to which VR technology
could be used to simulate a green exercise experience. The secondary aim was to assess
potential benefits and challenges of virtual green exercise compared to a sedentary exposure

to virtual nature.

Study 2: The aim of the study was to assess the extent to which improved camera stability in
virtual green exercise could reduce cybersickness and improve presence and

psychophysiological responses.

Study 3: The aim of the study was to examine whether measures of postural stability could be
implemented as a practical tool in studies of virtual green exercise, either as a predictor or an

objective measure of cybersickness.

Study 4: The aim of the study was to provide a review of relevant issues associated with VR
technology, discuss three major areas of possible applications for virtual green exercise, and

propose guidelines for further research based on existing evidence.

Study 5: The main aim of the study was to compare the positive and negative outcomes of
virtual green exercise using two different techniques: 360° video and 3D model. The
secondary aim was to assess the extent to which virtual green exercise could provide

additional psychophysiological benefits compared to indoor exercise.
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3. Methods

Four experimental studies (Studies 1, 2, 3 and 5) and one narrative review (Study 4) were
conducted. The findings in each study guided the design and procedures of the next study in
the sequence. This continuous developmental process implemented a combination of
crossover and parallel group experimental designs, employing both quantitative- and mixed-
methods. All experimental procedures were performed according to the Declaration of
Helsinki. Study 5 was approved by the Regional Ethics Committee , while Studies 1-3 did not
require ethical approval and were registered by the Norwegian Centre for research data.
Detailed information regarding the individual studies are provided in the primary

publications.

3.1 Recruitment and participants

Participants were recruited via announcements on Facebook, the university’s official
webpage, and by word of mouth. The majority of participants were students and non-scientific
employees at the Faculty of Health and Social Sciences at the Inland Norway University of
Applied Sciences, but the sample also included some participants with no connections to the
university. In Study 1, participants were required to be between 20-45 years old, being able to
walk for 10 minutes outdoors, and not being an elite athlete. For Studies 2, 3, and 5, all
participants were required to be 18 years or older, have normal or corrected to normal sight,
and without any diagnosis of balance impairments. In total, 136 people volunteered and
participated in the studies. The gender distribution was balanced with 68 males and 68
females. The majority of participants were young, healthy, and active individuals. The
participants were informed of associated benefits and risks before they gave their written
consent to participate. The immediate health risk of participation in the individual studies was
considered minimal as cybersickness represented the main risk in all experimental studies.
The effects of cybersickness are uncomfortable but temporary, and participants were allowed
to discontinue at any time.

3.2 Experimental environment and VR technology

Four different iterations of a virtual natural environment were used in the different
experimental studies. The first version (v1) of the natural environment was used in study 1,
the second version (v2) was used in Studies 2 and 3 alongside a slightly modified version of
v1, and the third (v3) and fourth (v4) versions were used in study 5 (Table 1). All four
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versions replicated the same natural environment, and the real version of this environment
was used in Study 1 alongside the virtual version (Table 3). Participants experienced a first-
person view of this environment in all virtual conditions (Figure 4). The environment was a
rather open urban green area with a walking path alongside the river Glomma in Elverum,
Norway. In addition to the river, the environment consisted of other natural elements such as
grass, trees and shrub, and also some built elements such as football fields and buildings
(Figure 4). Thus, this environment was an approximation of the somewhat limited
recommendations regarding natural environments outlined in the introduction; however it
may be limited in its ability to elicit feelings of awe and amazement (section 1.2.2.1). All four
versions consisted of dynamic content where participants would experience a first-person
walk back and forth along the path. The path that was used for this purpose was fairly straight
so as to limit the issue of cybersickness (Saredakis et al., 2020). The exposure duration in all
studies lasted approximately 10 minutes, in line with the recommendations for both exercise
dose, nature dose, and cybersickness, as outlined in the introduction (sections 1.1.2.3, 1.2.1,
and 1.2.2). All indoor experimental conditions and assessments were performed at the Sport
Physiology Laboratory of Inland Norway University of Applied Sciences (Campus Elverum),

with standardized temperature, ventilation, and lighting, and a high degree of sound

insulation.

Figure 4: The natural environment used in all experimental studies. The image on the top
represents a first-person view, similar to what participants would experience in the different
studies.
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The 360° videos used for v1, v2, and v3 were developed in a similar manner using technology
with different levels of fidelity. In v1, a Samsung gear 360 SM-c200 camera (3840 x 1920
resolution, 30 frames per second) was mounted on a modified mechanical Yelangu s60t
handheld stabilizer. The camera operator walked along the path holding the mechanical
camera stabilizer. This stabilizer reduced the amplitude and speed of camera movements, but
movements due to the locomotion of the camera operator were still apparent. The approach of
v2 iterated this concept by implementing an electronic stabilizer (Feiyu Tech G360). This
stabilizer minimizes any camera movement due to the locomotion of the camera operator, by
keeping the camera focused on a specific spot in the distance. The camera operator was also
pushed along the path on a dolly to further reduce camera movements. The recording for v3
was made with a GoPro Fusion 360° camera with improved image resolution (5228 x 2624
resolution, 30 frames per second) and a built-in stabilizer that functions similar to the
electronic stabilizer used for v2. The camera operator moved along the path on a hoverboard
to further minimize camera movements. The creation of v4 applied a largely different
approach as it was based on a 3D model. The 3D model was created using photogrammetry
techniques and assembled for real-time playback in Unreal Engine 4.22 (Epic Games, Cary,
North Carolina, USA). The basis for the creation of the 3D model was obtained from
hoydedata.no (topology and elevation) and aerial drone scans of the area. Objects, trees, and
vegetation were added using different types of software as described in Study 5. During the
playback of v3 and v4, the movement speed in the virtual environment was matched with the
movement speed of the treadmill using an USB output. Both v3 and v4 required considerable
computing power, so a high-end computer was needed to handle the virtual environments.
This led to the decision to exclude some objects in the environment in v4, such as some
buildings in the distance and shrub by the river as shown in Figure 5. An overview of the

technology used to develop the virtual environments are presented in Table 1.

Figure 5: Snapshot from the 360° video (left) and the 3D model (right) used in Study 5.
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Table 1: Details of the techniques and technology used to develop the virtual natural environments in the different experimental studies.

Study Version

Development of the IVN

Soundscape

Playback

Study 1 v1 - 360° video

Samsung gear 360 sm-c200 camera mounted on a modified
Yelangu s60t handheld stabilizer. Post-production editing done
in Adobe After Effects CC 2017, Warp Stabilizer VFX, and in

Samsung Gear 360 ActionDirector.

Audio recorded
simultaneously by the

camera’s microphone.

Samsung S7 with Android 7.0
mounted on a Samsung Gear VR
mask with Sennheiser HD 201
headset.

Study 2 &3 vl (modified) -
360° video

v2 - 360° video

Low stability video: Same video as in Study 1, but the video
faded in and out when the camera operator turned around to

walk back at the end of the stretch, instead of showing the

actual turn.

High stability video: Samsung gear 360 sm-c200 camera
mounted on a Guru 360 camera stabilizer, with the camera

operator standing on a dolly pushed by an assistant.

Audio recorded
simultaneously by the

camera’s microphone

Samsung S7, with Android 7.0,
mounted on a Samsung Gear VR
mask with Sennheiser HD 201

headset.

Study 5 v3 - 360° video

v4 - 3D model

GoPro Fusion with a built-in stabilizer and the camera operator
standing on a hoverboard. The video was edited in GoPro
Fusion Studio to apply the Full Stabilization filter. The edited
video was imported to Adobe Premiere Pro to adjust the colors

to a realistic look.

3D reconstruction of the natural environment using a terrain

model obtained from hoydedata.no and drone scans in 4K

resolution.

Audio recorded using a
surround microphone with

four channels

HTC Vive Pro HMD (field of view
of 110°; resolution of 2880 x 1600;
refresh rate of 90 Hz) connected to a
computer (Intel(R) i7-8700k
processor, 16 gigabytes of RAM,
NVIDIA Gforce RTX 2080 graphics
card), and Sony WH-1000X M3

noise cancelling headphones.

v1, v2, v3 and v4 represent different versions of virtual natural environments reproducing the same real environment (see section 3.2).
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3.3 Measurements

Some measures were used across all experimental studies, while others were implemented in
specific studies to obtain necessary data for that specific study. An overview of the different

measures included in the different studies is given in Table 3.

Participants’ background characteristics. Information regarding the participants’ sex, age,
body mass index (BMI), and physical activity habits were collected in Studies 1, 2, 3 and 5
and were used to describe the participants’ health status and levels of physical activity. In
Study 5, an additional measure of nature connectedness was included to indicate the
participants’ inclinations towards nature. Bodyweight was measured using the Seca 877
(SECA GmbH, Hamburg, Germany) and was used alongside measurements of height to
calculate BMI by the following equation: kg/m?. The participant’s levels of physical activity
were assessed using a version of the leisure time exercise questionnaire (Godin & Shephard,
1985) modified to include transportation physical activity (i.e., walking or biking as a means
of transportation). This adjusted version of the questionnaire has been validated and compared
to objective assessments of physical activity (Calogiuri et al., 2013). The participants’
baseline level of nature connectedness was assessed by a version of the connectedness to

nature scale modified to measure state connectedness (Mayer et al., 2009).

Cybersickness (Studies 1, 2, 3 and 5). The simulator sickness questionnaire was used to assess
the severity of cybersickness symptoms (Kennedy et al., 1993). The questionnaire was
developed to assess simulator sickness, but has been used extensively in studies of
cybersickness as well (Chang et al., 2020). Participants were asked to rank the severity of 16
different symptoms on a 4-point Likert scale (e.g., nausea, dizziness, eyestrain, and sweating).
The total score of these symptoms was calculated according to the recommendations of
Kennedy et al. (1993). The original cut-off scores for the simulator sickness questionnaire
were based on data from military pilots and suggest that scores between 10 and 15 indicate
significant symptoms; scores between 15 and 20 are considered a concern, and scores above
20 indicate a problem simulator (Kennedy et al., 2003). Study 1 implemented a single item to
assess the severity of cybersickness instead of the simulator sickness questionnaire. In this
item, participants rated their response to the following statement on an 11-point Likert scale:

“I got dizzy during the virtual walk.”

Presence (Studies 1, 2 and 5). The assessment of the participants’ sense of presence was

based on the approach of Nichols et al. (Nichols et al., 2000). The participants were asked to

33



rate the level of agreement to eight statements related to presence in virtual environments

using an 11-point Likert scale. All eight items are explained in Table 2 as they do not

combine into a common concept or construct.

Table 2. Items used to assess presence. Adapted from “Camera Stabilization in 360° Videos
and Its Impact on Cyber Sickness, Environmental Perceptions, and Psychophysiological
Responses to a Simulated Nature Walk: A Single-Blinded Randomized Trial” by S.
Litleskare, G. Calogiuri, 2019, Frontiers in Psychology, 10, 2436. (See appendix).

Short name Item
Being there In the computer-generated world | had the sense of ‘being there’.
Realism | thought of the virtual environment as equal to the real environment.

Sense of reality

Awareness

Other persons

External noises

Flatness

Movement lag

The virtual world became more real or present to me compared to
the real world. NB: by ‘real world” we mean the room where you
were undergoing the test.

During the ‘virtual walk’, | often thought of the other person(s) in
the room with me.

It would have been more enjoyable to engage with the ‘virtual
world” with no-one else in the room.

Whilst | was doing the ‘virtual walk’, | paid much attention to other
noises around me in the room.

The virtual world appeared flat and missing in depth.

The lag, delay or difference between my movements and the
movements in the ‘virtual walk’ were disturbing.

Perceived environmental restorativeness (Studies 1, 2 and 5). The restorative potential of both

the real and virtual environments were assessed using the perceived restorativeness scale

(Hartig et al., 1997, 2003). This scale was used as an indicator of the virtual environment’s

potential to elicit cognitive restoration and consists of 16 items rated on an 11-point Likert

scale. The 16 items correspond to the subjective perception of the four environmental

qualities of the attention restoration theory, as outlined in the introduction — namely,

fascination, being away, coherence (extent) and compatibility (R. Kaplan, 1989; S. Kaplan,

1995).

Affective responses (Studies 1, 2 and 5). Participants’ affective responses was assessed by the

physical activity affect scale (Lox et al., 2000). The scale consists of 12 items (e.g.,

“enthusiastic,” “relaxed,” “discouraged,” and “fatigued”) that are grouped in four components

in accordance with Russell’s circumplex model of affect (Russell, 1980): Positive affect
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(positive valence, high activation), tranquility (positive valence, low activation), negative
affect (negative valence, high activation), and fatigue (negative valence, low activation).
Affect is a commonly used measure in studies investigating the psychophysiological health
benefits of nature exposure and green exercise (Browning et al., 2020b; Calogiuri & Chroni,
2014; Lahart et al., 2019).

Enjoyment (Studies 1, 2 and 5). The participants’ level of enjoyment during each experimental
condition was assessed using the following inquiry: “On a scale from 1 to 10, how enjoyable
was the activity you engaged in?”” The level of enjoyment during an exercise session is
considered a strong motive for future exercise participation (Dishman et al., 1985)—also in
the context of green exercise (Calogiuri & Chroni, 2014) —making it an important element to

consider for promotion of physical activity and health.

Walking speed (Study 1 and 5). The walking speed was recorded during the full duration of
the treadmill conditions in Studies 1 and 5 by the built-in treadmill computer. The walking
speed in the outdoors condition in Study 1 was obtained using a wristwatch with a built-in
GPS (Garmin Forerunner 310XT, Garmin International Inc. Olathe, Kansas, USA). The
average walking speed was used for further analysis.

Heart rate (Studies 1, 2 and 5). Heart rate was recorded continuously during all conditions in
Studies 1, 2, and 5 using a heart rate monitor (Garmin Forerunner 310XT, Garmin
International Inc. Olathe, Kansas, USA) and extracted as beats per minute to be used as a
measure of relative exercise intensity. The mean heart rate was automatically recorded by the

heart rate monitor and used for further analyses.

Perceived exertion (Study 1 and 5). Participants reported their rating of perceived exertion
after all conditions in Studies 1 and 5 using the 15-point version of the Borg scale (Borg,
1982) with verbal cues (Norwegian version: Hagstromer & Hassmén, 2009). The scale
consists of values ranging from 6-20 with a corresponding description of the level of exertion
(e.g., 11 = fairly light).

Blood pressure (Study 5). A semi-automatic blood pressure kit (The Watch BP Office Target,
Microlife, Taipei, Taiwan) was used to measure blood pressure in Study 5. Blood pressure
was measured in seated position after at least five minutes of sedentary time. Measures of
blood pressure were implemented as an indicator of stress, which naturally align with the

stress recovery theory (Ulrich et al., 1991).
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Postural stability (Study 3). The participants’ level of postural stability was assessed using a
force platform (FP 4, Hur labs Oy, Tampere, Finland) and the associated software (HUR Labs
Force Platform Software Suite) in Study 3. Postural stability was assessed over a 60-second
period and participants were asked to stand still with hands hanging effortlessly at their sides
during the full 60 seconds (Horlings et al., 2009). All trials were supervised to ensure that no
unnecessary movements other than those required to maintain balance occurred. Total trace
length (mm) and standard deviation velocity (mm/s) of the center of pressure during the 60-
second measuring periods were used for further analysis, as research has shown that these
measures are reliable measures of postural stability (T. Paillard & Noe, 2015). Total trace
length represents the total distance traveled by the center of gravity, while standard deviation

velocity represents the velocity of corrective postural actions.

Qualitative information (Studies 1 and 5). With the purpose of gaining further insight into the
quantitative findings, a series of open-ended questions were presented to the participants in
Studies 1 and 5. These questions were administered to gain a more in-depth understanding of
the participants’ perceptions and experiences. This was important to understand the
guantitative outcomes and how to improve the concept of virtual green exercise, as the
qualitative accounts could provide additional information that was not captured by the
quantitative assessments and the statistical analysis. The open-ended questions were
administered at the end of the experimentations after the quantitative questionnaires had been
responded to. Participants responded in form of written essays, and the questions followed the
structure of the quantitative assessments. Each question corresponded to the main quantitative
variables in Studies 1 and 5, respectively. For example, “When you answered the question
about how enjoyable the activity was, what determined where in the scale you put your

mark?”

3.4 Design and procedures

The design of the individual studies was chosen in order to fit the research question of the

specific study. An overview of the experimental conditions is given in Table 3.

3.4.1 Study 1

The study applied a mixed-methods approach designed as a randomized crossover trial with

three conditions: a walk outdoors in the real natural environment (Figure 4), a sedentary
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exposure to a 360° video of the same natural environment (v1; Table 1), and a walk on a
manually driven treadmill while being exposed to the same 360° video (v1; Table 1). The
sample size was based on the sample sizes in similar studies and practical considerations in
relation to the outdoor condition. The sample consisted of 26 healthy adults: 14 males and 12
females with a mean + SD age of 26 + 8 years, a mean BMI of 23 + 5 kg/m?, and a mean
weekly physical activity level corresponding to 45 + 22 METSs. All participants started with
the outdoor condition, thus avoiding confounding effects due to some participants being
familiarized with the place during the virtual condition while others were not. Participants
were then randomly allocated (by coin flip) to start with either one of the two virtual
conditions; they were not informed about the order of treatments until the beginning of the
trial. A wash-out period of 15 to 30 minutes was provided between each condition.

Assessments were administered before and after performing the individual conditions.

3.4.2 Study 2

The study applied a quantitative approach designed as a single-blinded randomized trial with
two parallel groups to limit carry-over and expectancy effects. Estimation of required sample
size was based on cybersickness scores from a preliminary pilot study done in our laboratory.
Based on a between-group difference in total cybersickness of 20 (as measured by the
simulator sickness questionnaire), a pooled standard deviation of 30, an a-level of 0.05, and
desired power of 80%, a sample size of 50 was deemed appropriate. The final sample of the
study included 22 males and 28 females with a mean + SD age of 30 + 11 years, BMI of 25 +
3 kg/m?, and a mean weekly physical activity level corresponding to 57 + 24 METS.
Participants watched one of two different 360° videos. The two 360° videos differed only in
the extent to which they contained scene oscillations. One video was a slightly edited version
of the video used in Study 1 (Table 1), while the other was recorded with improved equipment
for stabilization of the video recording (v2; Table 1). All participants were blinded to which
condition they were allocated to and were unaware of the difference between the two
conditions. The randomization was performed following a pre-established order and was
stratified by gender to achieve a balanced distribution of males and females in each group, due
to potential gender differences in cybersickness (Munafo et al., 2017). Assessments were
administered before and after performing the assigned condition.
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3.4.3 Study 3

The aim of the study was to examine whether measures of postural stability could be
implemented as a practical tool in studies of virtual green exercise as either a predictor or an
objective measure of cybersickness. A reliable predictor for cybersickness would be useful for
excluding participants from future studies if the aim was to assess the effectiveness of virtual
green exercise without the interference of cybersickness, or to include particularly prone
participants if the aim is to identify strategies to alleviate the issue. On the other hand, an
objective measure of cybersickness would be useful to avoid the limitations of self-reporting.
Study 3 applied a quantitative approach based on the same sample and experimental
conditions as Study 2, but all participants were pooled across the two experimental conditions
and were additionally assessed for postural stability. Postural stability was measured with
eyes open, with eyes closed, during the first minute of VR exposure in a standing position
while wearing the HMD and watching the 360° video, after eight more minutes of sedentary
VR exposure (also in a standing position while wearing the HMD and watching the 360°

video), and a final measurement with eyes open before leaving the laboratory.

3.4.4 Study 4

Study 4 comprised a narrative approach, where relevant issues, areas of application, and
guidelines for further research were identified by a review of literature across different
disciplines, with a particular emphasis on recent research applying VR technology. Several
studies applying this technology were published after or during the data collections in Studies
1, 2 and 3, and the findings provided crucial input to expand on the approach from these

studies in order to optimize the experimental approach in Study 5.

3.4.5 Study 5

Study 5 applied both quantitative and qualitative methods and was designed as a blinded
randomized trial with three parallel groups to limit carry-over and expectancy effects. The
sample size calculation was based on negative affect, due to previous research showing that
negative affect is a sensitive measure of the effects after exposure to virtual nature (Yeo et al.,
2020). The expected effect size for between conditions differences for negative affect was set
as a generic medium (f = 0.25), as previous research suggests that the typical effect of real
green exercise on negative affect is equivalent to a medium effect size or larger (Lahart et al.,

2019). Alpha was set to 0.05 and power was set to 90%, which suggested that a sample size of

38



54 participants would be adequate. Six additional participants were recruited to account for
possible missing data. The sample of the study included 32 males and 28 females with a mean
+ SD age of 30 + 12 years, a mean BMI of 25 + 3 kg/m?, a mean weekly physical activity
level corresponding to 57 + 25 METS, and a connectedness to nature score of 4.0 + 0.7,
Participants performed a treadmill walk while watching the natural environment in the form
of either a 360° video (v3; Table 1) or a 3D model (v4; Table 1), or while facing a blank wall
(control). The participants walked at a self-selected speed, and the speed of the playback was
matched with the speed of the treadmill. Before undergoing the experimental conditions, all
participants were subjected to a 2’50 film clip designed to elicit feelings of sadness
(Rottenberg et al., 2007). The quantitative assessments were performed at baseline, after the
sad film clip, and after exposure to the assigned experimental condition. The open-ended
questions were administered in the two virtual conditions after completing all quantitative
assessments. The randomization (pick from a hat) was performed after completion of the

assessments that were administered after watching the sad film clip.
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Table 3: Overview of experimental conditions and outcomes in the different experimental studies.

Study VR version Experimental conditions Activity level Outcomes
n/a A walk in the actual natural environment 10 minutes of light intensity activity ~ Cybersickness, presence,
) o ] perceived environmental
Study 1 vl Exposure to a 360° video while sitting on a chair Sedentary ) ]
restorativeness, affect, enjoyment,
vl Exposure to a 360° video while walking on a manually 10 minutes of light intensity activity ~ walking speed, rating of perceived
driven treadmill at self-selected speed exertion, heart rate, qualitative.
vl (modified)  360° video containing oscillations on the horizontal and  Sedentary Cybersickness, presence,
Study 2 vertical axis (e.g., due to camera operator locomotion). perceived environmental
uay
) o o restorativeness, affect, enjoyment,
v2 360° video containing almost no oscillations, due to the  Sedentary
. - heart rate.
use of an electronic stabilizer and a dolly.
Study 3  Same as study 2 Same as study 2 Same as study 2 Cybersickness, postural stability.
v3 Exposure to a 360° video while walking on a manually 10 minutes of light intensity activity =~ Cybersickness, presence,
driven treadmill at self-selected speed. The speed of the perceived environmental
virtual walk was synchronized with the treadmill speed. restorativeness, affect, enjoyment,
Study 5 ) . . o . o walking speed, rating of perceived
v4 Exposure to a 3D model while walking on a manually 10 minutes of light intensity activity )
] . exertion, heart rate, blood
driven treadmill at self-selected speed. The speed of the o
] . ) . pressure, qualitative.
virtual walk was synchronized with the treadmill speed.
n/a Walk on a treadmill while facing a blank wall, at self- 10 minutes of light intensity activity

selected speed.
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3.5 Analysis

The statistical approach was adapted to suit the need of the individual studies. These
adaptations were made based on the following approach. Parametric statistics were applied in
studies assessing differences between more than two conditions (Studies 1 and 5), due to their
additional functionality when assessing differences between more than two conditions, even
though most measures in this thesis produced non-parametric data (Norman, 2010). Non-
parametric statistics were applied in studies assessing differences between two conditions
(Studies 2 and 3). All correlations were performed using the Spearman’s rank correlation

coefficient (rs).

In Studies 1 and 5, one-way ANOVA, mixed ANOVA, and ANCOVA were applied when
assessing differences between more than two conditions. All post-hoc analyses were
performed applying a Bonferroni’s correction of alpha. Student’s t-test was applied in Study 5
when assessing difference between two virtual conditions. The Mann-Whitney U-test was
applied in Studies 2 and 3 for assessments of potential differences between two groups, and a
Wilcoxon signed-rank test was applied to assess pre-post changes. The statistical approach in
each study was in accordance with the strategy set prior to the experiments. The level of
significance was set at p < 0.05, and the statistical analyses were performed in SPSS (IBM
Corp., New York, USA). The quantitative results in this thesis are presented as mean *
standard deviation (SD) for parametric variables, and median and interquartile range (IQR)

for ordinal variables.

The qualitative data in Study 1 and 5 were analyzed in accordance with thematic approaches.
This allowed the capture of possible themes to gain a more nuanced understanding of the
quantitative findings. In order to facilitate the integration of the quantitative and qualitative
findings, the gquestions were developed and analyzed based on the overarching themes of the
quantitative assessments. The questions were developed such that the participants could
elaborate further on the responses provided in the quantitative questionnaire and were phrased

to allow for negative, positive as well as neutral viewpoints.
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4. Results and discussion

The results of the individual studies will be described within the context of the developmental
process and discussed across studies. Some comparisons will be made between studies,
although direct comparisons between studies should be interpreted carefully due to

differences in study design, research participants, methodology, and so forth.

4.1. Factors influencing the VR experience

4.1.1 Cybersickness (Studies 1-5)

The level of cybersickness was assessed by the simulator sickness questionnaire in Studies 2,
3, and 5. These results are summarized in Figure 6. In study 1, cybersickness was assessed by
a single-item Likert scale. Based on this single-item and the qualitative reports in Study 1, it
was clear that cybersickness disrupted the participants’ experience. On a scale from 1-10, the
median (IQR) level of cybersickness was 8.5 (4-10) in the seated condition and 7.5 (6-9) in
the treadmill condition. These numbers were accompanied by concerning qualitative reports
such as “It made me dizzy and sick” (Female, 42 years). Cybersickness was also correlated
with several outcomes, including negative affective responses (rs= 0.43-0.77, p < 0.05),
positive affective responses (rs=-0.52--0.73, p < 0.01), enjoyment (rs=-0.52--0.79, p < 0.01)
and rating of perceived exertion (rs= 0.41, p < 0.05), which suggest that cybersickness may
have masked potential positive effects of VR on these measures in Study 1. Because of these
concerning outcomes, cybersickness was made the top priority in the process of developing a
functional virtual green exercise protocol. The qualitative analysis and the correlation analysis
from Study 1 identified two prominent factors leading to high levels of cybersickness, namely
flatness (i.e., poor image quality) and movement lag (i.e., when movements in the virtual
environment does not match the real-world movements of the participant). The issues related
to flatness were believed to diminish as higher fidelity displays and 360° cameras eventually
would become available. Movement lag, on the other hand, could be caused by several
factors, including latency issues, the stability of the video recording, and a mismatch between
the walking speed of the participant and the movement speed in the virtual environment. In
this regard, previous provocation studies of computer-generated VR environments with severe
levels of oscillations have found that scene oscillations increase cybersickness symptoms
(Bonato et al., 2009; Lo & So, 2001). These reports alongside the results in Study 1 identified
scene stability as a crucial and feasible factor to improve. Coincidentally, a new electronic
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stabilizer was released onto the market in the time window between Study 1 and 2. Thus,
Study 2 compared the effect of a 360° video (v2) recorded with the new stabilizer to a slightly
modified version of the 360° video (v1) used in Study 1. Study 2 confirmed the assumption
that improving scene stability would reduce cybersickness (Bonato et al., 2009; Lo & So,
2001) and showed a significant reduction (p = 0.009) of the median (IQR) levels of
cybersickness scores from 33.7 (1.87-35.53) in v1 (modified) to 18.7 in v2 (14.96-99.11).

Study 3 was primarily concerned with widening the current understanding of cybersickness
etiology, and specifically to establish whether measurements of postural stability could be
used as a practical tool in the process of developing a virtual green exercise protocol.
Theoretically, measures of postural stability could be used either as a predictor or objective
measure of cybersickness, and either outcome would be useful to the developmental process
(refer to Study 3 for the theoretical framework). Measurements of postural stability did indeed
emerge as a potential predictor of cybersickness. Participants who later reported
cybersickness exhibited significantly higher levels of postural instability during the first
minute of VR exposure compared to those who did not report cybersickness. Specifically, the
median (IQR) trace length was significantly higher (p = 0.017) in participants who reported
cybersickness; 844.7 (451.6-1312.7), compared to participants that did not report sickness;
405.0 (230.4-636.3). Standard deviation velocity was also significantly higher (p = 0.008) in
cybersick participants; 7.7 (4.0-12.5), compared to participants who did not report sickness;
3.2 (2.1-6.3). However, the interquartile ranges and the range of individual values indicated a
substantial overlap between sick and well participants; the results also indicated that some
participants experienced cybersickness without postural instability. Thus, the practical
application of these measures as predictor was limited as participants could not be categorized
as susceptible to cybersickness based on postural stability alone. The findings regarding
measures of postural stability as an objective measure of cybersickness followed a similar
trend. The correlation between trace length and total scores on the simulator sickness
questionnaire emerged as a possible objective measure as the correlation was significant (p =
0.027); but the strength of the association was limited (rs= 0.32). The combination of these
inconclusive results, and the fact that improving scene stability had solved a major part of the
issues with cybersickness, led to the decision to not conduct any further research of the

association between postural stability and cybersickness.

Study 4 was used to identify additional factors and procedures that could help alleviate

cybersickness to optimize the outcomes of virtual green exercise for Study 5. In particular,
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Study 4 highlighted issues related to movement lag and suggested that the movement speed in
the virtual environment should be synchronized with the treadmill speed. Study 4 further
highlighted the important balancing act of achieving high levels of image resolution and
sharpness while keeping frame rate and latencies at acceptable levels. The study also
identified the potential of using 3D models to represent natural environments in virtual green
exercise research. These considerations were implemented in Study 5, which featured a new
HMD with improved resolution and image quality, a new 360° camera with a built-in
electronic stabilizer and higher resolution, and a HMD that was connected to the treadmill to
allow the participant’s walking speed to determine the speed of the playback. Study 5 also
implemented a 3D model, of the same natural environment, in addition to a 360° video
(Tables 1 and 3). The visual fidelity of the 3D model was balanced to achieve an optimal
tradeoff between realism and performance in order to minimize cybersickness symptoms. The
results of Study 5 revealed relatively low levels of cybersickness with a median (IQR) score
on the simulator sickness questionnaire of 24.3 (16.4-33.7) in the 360° video, 15.0 (11.2-31.8)
in the 3D model (Figure 6) and 11.2 (3.74-18.7) in the control group walking on the treadmill
without VR exposure. There were no significant differences between the three conditions (p =
0.174), suggesting that the levels of cybersickness symptoms among those who were exposed
to VR were not different from those who were not exposed to VR. However, the qualitative
reports indicated somewhat more pronounced cybersickness in the 360° video compared to
the 3D model, as noted in the following statement: “[I felt] a little uncomfortable... was a bit
dazed and a bit dizzy during the walk and the last minutes | was just looking forward to be
finished.” (Woman, 26 years, 360° video, v3)
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Cybersickness scores
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Figure 6: Scores on the simulator questionnaire across all experimental conditions that
included this measure (median and interquartile range).

The reports from Studies 1-5 show that cybersickness is a concern in virtual green exercise,
and that there was considerable individual variation in the severity of cybersickness
symptoms (Figure 6); in particular, v1 that provoked severe symptoms in several participants.
Cybersickness is a common finding in VR studies (e.g. B. Allen et al., 2016; Merhi et al.,
2007; Murata, 2004), and is commonly attributed to either sensory conflict or postural
instability (Oman, 1990; Reason, 1978; Reason & Brand, 1975; Riccio & Stoffregen, 1991;
Stoffregen et al., 2010; Stoffregen & Smart, 1998). No definite statement can be made
regarding the cause of cybersickness in the experimental studies of this thesis. However,
Study 3 found that some participants experienced cybersickness without postural instability,
which is a direct contradiction of the postural instability theory (Riccio & Stoffregen, 1991,
Stoffregen et al., 2010), suggesting that sensory conflict is a more likely cause of
cybersickness in these participants. The findings in Study 2, in which improved scene stability
reduces cybersickness, also align with the sensory conflict theory, as improved scene stability
would reduce the sensory conflict between visual and vestibular organs. This argument also
applies to the findings in Study 4 regarding the importance of synchronized sensory input and
minimizing latency issues, both of which would reduce sensory conflict between different
sensory systems. However, there was no apparent reduction of cybersickness symptoms from
v2 to v3 and v4, even though the movement speed in the virtual environment was matched
with the speed of the treadmill to synchronize sensory input and reduce sensory conflict,

which should reduce cybersickness according to both the sensory conflict theory (Oman,
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1990; Reason, 1978; Reason & Brand, 1975) and the corresponding multimodal fidelity
hypothesis (Chang et al., 2020). This observation may be explained by the fact that some of
the items of the simulator sickness questionnaire, such as fatigue and sweating (Kennedy et
al., 1993), can be influenced by physical exercise. In study 5 (v3 and v4), some participants
walked at such a high speed that they started sweating despite the moderate temperature in the
laboratory (18° C); this may have inflated the reported levels of cybersickness of v3 and v4
compared to the sedentary experience of v2. Another interesting outcome of Study 5, which
relates to the cause of cybersickness, are the qualitative reports that indicated slightly more
issues with cybersickness in the 360° video (v3) compared with the 3D model (v4). These
reports align with the findings in the recent review of causes of cybersickness by Saredakis et
al. (2020), who concluded that 3D models, in general, induce lower levels of cybersickness
compared to 360° videos. Neither Saredakis et al. (2020) nor the results in Study 5 can explain
these findings. However, it might be speculated that technical aspects may be the cause of
such differences, as there were some differences in rendering between the 360° video (v3) and
the 3D model (v4). For example, the 360° video (v3) was recorded with 30 frames per second,
while the playback in the HMD was 90 frames per second. In order to compensate for this
difference, each frame in the 360° video (v3) needed to be repeated three times to achieve a
frame rate of 90. Technical factors such as frame rate are known to influence cybersickness,
but primarily at frame rates below 20 (Chang et al., 2020; Pouke et al., 2018; Weech et al.,
2019). Thus, it is speculative whether frame rate or any other technical factors caused any
issues in Study 5. In summary, findings across the different studies in this thesis showed that
cybersickness is a real concern in studies of virtual green exercise, but also that this issue may
be reduced to a level below what is considered problematic: < 20 (Kennedy et al., 2003). The
results also showed large individual variation in cybersickness, which suggests that some may

experience sickness even in VR experiences optimized to reduce symptoms.

4.1.2 Presence (Studies 1, 2, 4, and 5)

The participants’ responses to the quantitative measures of presence are summarized in
Figures 7, 8, and 9. Figure 7 displays items that are positively associated with presence, while
Figures 8 and 9 include items that are negatively associated with presence. The item “being
there” was considered a key item since it is formulated directly after the definition of presence
(i.e., In the computer generated world I had the sense of “being there”). Both “being there”
and “realism” were positively correlated with perceived environmental restorativeness, affect,

and enjoyment (Studies 1 and 2; rs = 0.28-0.66, p < 0.05), confirming that presence should be
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considered a key factor for the effectiveness of virtual experiences (Botella et al., 2017;
Bowman & McMahan, 2007; Grassini et al., 2020; Slater & Wilbur, 1997; Steuer, 1992;
Triberti et al., 2014).

The quantitative measures in Study 1 showed that even relatively low-fidelity HMDs can
elicit reasonably high levels of presence in terms of “being there” with a median (IQR) score
of 5.0 (4.0-7.0) on a scale from 0-10 in the treadmill condition and 6.0 (3.0-6.8) in the seated
condition (Figure 7). However, the results also revealed rather low levels of realism and rather
high levels of flatness and movement lag that may have reduced the participants’ sense of
presence (Figure 8). The treadmill condition seemed to have additional issues with the noise
of the treadmill reducing the sense of presence, as the median (IQR) scores for distractive
noises were significantly higher (p = 0.002) in the treadmill condition 2.5 (1.0-5.75)
compared to the seated condition 1.0 (0.0-2.0). The qualitative reports supported these
assumptions, with the following list of factors that may have disrupted the participants’ sense
of presence: the poor quality of the image (e.g., “The video was very blurry”), the noise of the
treadmill (e.g., “The noise from the treadmill was way too loud”), and the discrepancy
between the walking speed of the participant and the movement speed in the virtual
environment (e.g., “The discrepancy in the movements gave me a feeling of not having
control”). In Study 2, v2 was developed with improved scene stability to reduce
cybersickness, but it was also assumed that this improvement would increase presence. This
assumption was based on a review of literature by Weech et al. (2019), which found an
inverse relationship between presence and cybersickness, as well as early research that
proposed the logical argument that reduced sensory conflict would lead to higher levels of
presence (Slater et al., 1995). However, the results in Study 2 contradicted these assumptions
and found no significant differences between v1 (modified) and v2 for any of the eight items
of presence (p = 0.179-0.899), and no significant correlations between items of presence and
cybersickness (rs = -0.15-0.19, p > 0.05). Thus, further improvement was required in order to
improve presence. Study 4 identified some key elements, in addition to those already
mentioned, that could be implemented to improve presence. Again, most of these factors were
the same as the ones believed to reduce cybersickness, such as frame rate, latency, and
synchronizing the movement speed between the virtual environment and the treadmill. Study
5 implemented these improvements, including improved image quality to improve realism,
synchronized speed between the virtual environment and the treadmill to reduce movement

lag, the addition of noise canceling headphones to reduce external noises, and an emphasis on
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achieving acceptable frame rates and latencies despite improved graphical fidelity. About one

third of participants in Study 5, and slightly more frequently in v4 (3D model) described

experiences indicative of very high levels of presence. Some participants even appeared to be

completely present in the virtual environment:

“I felt like I was out in the virtual environment and focused on it, so I did not know
what was happening in the room...It was fascinating how real it was... so | felt like

I was walking for real.” (Mann, 22 years, 360° video, v3)

“For a few minutes I almost forgot where I was and just focused on walking and

did not think about anything else.” (Woman, 26 years, 3D model, v4)

The quantitative analysis showed no significant differences between conditions in Study
5 (v3, v4 and control) for any of the eight items of presence (p > 0.05 for all items), but
there was a tendency for higher scores for the key item “being there” in the 3D model (p
=0.072). When asked to identify factors that contributed to reduced presence,
participants registered complaints about poor graphics (e.g., “It was so clear it was not
real”), feelings of mismatch between actual movements and the movements in the
virtual environments, and poor soundscape or noticing external noises (e.g., the noise

from the treadmill).

Surprisingly, there were only minor improvements of the items that are positively
associated with presence, if any, during the developmental process despite
improvements in graphical fidelity and synchronization of sensory input (Figure 7). The
findings in the meta-analysis by Cummings and Bailenson (2016) may explain the lack
of apparent improvement between the studies in this thesis. This meta-analysis
identified three key technical features that contributes to presence, namely field of view,
tracking level, and stereoscopic vision. In the studies in this thesis, field of view
remained the same and could not influence the level of presence between studies.
Tracking level, which refers to degrees of freedom and the quality of the input method
for tracking the user’s movement, was improved in Study 5 when compared to Studies 1
and 2 and may have contributed to some improvements of presence. Finally, the 360°
videos in v1-v3 were all rendered in monoscopic vision, thus limiting the potential to
increase presence between studies for these versions of the virtual environment. On the
other hand, v4 was rendered in stereoscopic vision, which may explain why v4 was

more frequently associated with high levels of presence in the qualitative analysis and
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the tendency for higher levels for the item “being there.” In addition, the qualitative
reports of slightly more issues with cybersickness in v3 may have a negative influence
on presence (Weech et al., 2019). It is also worth noting that all three items were
characterized by large individual variation in all the studies (Figure 7), confirming that
participants exposed to a VR experience with the same level of immersion may

experience different levels of presence (Sacau et al., 2008; Weech et al., 2019).

B Being there Realism Sense of reality
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Figure 7: Scores for items of presence that are believed to increase presence across all

versions of the virtual environment (median and interquartile range).

Negative outcomes related to presence (i.e., flatness and movement lag) are shown in Figure
8. It appears that flatness remained an issue throughout the experimental studies. Similar
levels of flatness between v1 and v2 were expected because both versions utilized the same
HMD and 360° camera (Table 2). The graphical fidelity of the HMD was improved in v3 and
v4 (Table 2), which was expected to address the issue of flatness. The results in Figure 8 may
indicate some improvements of flatness throughout the developmental process, but the issue
still remained. Issues of flatness and image quality have been a limitation of VR since the first
wave of HMDs, and current research suggests that modern HMDs still struggle to overcome
this issue (Anthes et al., 2016). The results for movement lag followed a similar pattern.
Despite no significant difference between v1 (modified) and v2 in Study 2 (p = 0.351), Figure
8 may indicate that there was some improvement in movement lag towards the later iterations
of the virtual environment. However, the issue still remained in v3 and v4 with qualitative

complaints regarding the difference between actual movements and the movements in the
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virtual environment. This issue may be reduced by introducing tracking and locomotion
systems that allow participants to freely explore the virtual environment (Cummings &
Bailenson, 2016), as outlined in the previous paragraph. These two items were also

characterized by large individual variation across all studies (Figure 8).

B Flatness Movement lag
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Figure 8: Scores for items of presence that are believed to reduce presence across all
versions of the virtual environment (median and interquartile range).

Figure 9 summarizes the quantitative results across studies for factors that may be distractive
in relation to presence. Some differences across studies were expected for these factors due to
differences in experimental procedures; for example, v1 (treadmill), v3, and v4 were
performed with the experience of treadmill noise, the assessor was present during the first and
last minute of VR exposure in v1 (modified) and v2 to perform measurements of postural
stability, and noise-canceling headphones were introduced in v3 and v4. It should be noted
that the introduction of noise-canceling headphones eliminated the issue of external noise for
the majority of participants. Again, individual variation was a recurring finding for these three

items throughout the developmental process (Figure 9).
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Figure 9: Scores for items of presence that are believed to be distracting in relation to
presence across all versions of the virtual environment (median and interquartile range).

4.1.3 Perceived environmental restorativeness (Studies 1, 2, 4, and 5)

The environment’s restorative potential was assessed by the perceived restorativeness scale.
The results are summarized across studies in Figure 10. It should be noted that for the
component “coherence,” low values are considered positive. The perceived restorativeness
scale is highly related to the characteristics of the environment and was expected to be similar
between studies, as the same environment was used in all conditions. In support of this
assumption, Study 1 found that there were no significant differences between the virtual and
real natural environment for the two components that were included in this study (fascination,
p = 0.076; being away, p = 0.112). However, there was a tendency for the item “fascination”
in favor of the real natural environment, and from the qualitative analysis it emerged that
participants felt that lack of a holistic nature experience in the virtual environment reduced its
potential. For example, one participant (female, 21 years) wrote: “Air, smell, vision. I felt
deprived of the elements of nature and senses.” Interestingly, Study 1 also found significant
correlations between perceived environmental restorativeness and enjoyment in the virtual
conditions (rs = 0.40-0.54, p < 0.005), similar to what is expected in real natural environments
(Calogiuri et al., 2015). Study 2 showed similar results as Study 1, with fairly high levels of
perceived environmental restorativeness in both v1 (modified) and v2 (Figure 10). There were
no significant differences between conditions for any of the four components of perceived
environmental restorativeness (p = 0.589-0.938; figure 10) despite the previously mentioned
differences in scene stability and cybersickness in the two conditions. Study 4 was not
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primarily concerned with perceived restorativeness, but found evidence supporting the
importance of the restorative qualities of virtual natural environments. However, no additional
changes were made specifically to increase perceived environmental restorativeness in Study
5 due to the reasonably high levels of perceived environmental restorativeness in Studies 1
and 2 (Figure 10). Study 5 also found rather high levels of perceived environmental
restorativeness in both v3 and v4 (Figure 10). There were no significant differences between
the two conditions for the components’ coherence (p = 0.733), compatibility (p = 0.110), but
there was a tendency in favor of v4 for the component’s fascination (p = 0.078) and being
away (p = 0.064). Participants in Study 5 once again identified the lack of some sensory
elements associated with real nature experiences as an issue, such as not feeling the wind
blowing, the lack of smells, and other people. One male participant, for example, wrote: “The
only thing I might have missed a bit in the virtual environment was more activity from people
and/or animals, as | felt quite alone.... the virtual environment seemed a bit cold and lonely”
(Male, 36 years, 360° video, Vv3).

M Fascination M Being Away Coherence Compatability
9
8
7
6
5
4
3
2
1
0
Outdoors vl (seated) vl (treadmill) vl (modified; v2 (seated) v3 (treadmill)  v4 (treadmill)

seated)

Figure 10: Scores for the components of perceived environmental restorativeness across all
experimental conditions that included this measure (median and interquartile range).

The relatively high levels of perceived environmental restorativeness in the outdoors
condition as well as the virtual conditions confirm the assumption in the methods section that
the environment approximated an ideal natural environment. The results presented in Figure
10, and the tendency for a significant difference between v3 and v4, may indicate that

perceived environmental restorativeness increased gradually as the fidelity of the technology
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improved. However, the lack of significant differences between conditions in Study 2 suggest
otherwise. In light of these contradictions, previous research support that the fidelity of the
experience does not influence the restorative potential of virtual natural environments, as
previous studies of digital nature have found restorative effects in low fidelity displays
(Rogerson & Barton, 2015; Wang et al., 2020; Wooller et al., 2018). Mostajeran et al. (2021)
expanded on these findings and showed that watching a slideshow of nature images in a HMD
is as restorative as watching a 360° nature video. However, the lack of a direct comparison
between nature experiences in different types of HMDs limits any clear conclusion in this
regard. Furthermore, the results of this thesis suggest that the restorative potential of virtual
green exercise is similar to real green exercise. This finding is in accordance with a previous
study of sedentary experiences of virtual nature, which have found no significant differences
between the restorative potential of virtual and real nature (Browning et al., 2019). These
findings are intriguing as they suggest a high potential of virtual nature for psychological
restoration and emphasize the potential of virtual green exercise to be used to promote health
and well-being through attention restoration.

4.2 Indicators of psychophysiological health

4.2.1 Affect (Studies 1, 2, 4, and 5)

Affective responses were assessed by pre-post changes in the physical activity affect
scale. Affect was used as an indicator of the environments’ ability to elicit
psychophysiological health benefits, due the relationship between affect and human
health (Darcy et al., 2019). In Study 1, there was a significant positive pre-post change
in affect following the outdoors condition with a reduction of both negative affect (p <
0.05) and fatigue (p < 0.05), while positive affect and tranquility were unchanged (p >
0.05). These results confirmed that the chosen natural environment had the potential to
elicit positive psychophysiological responses, which was a premise for the success of
eliciting positive responses in the virtual conditions. However, the two virtual
conditions in Study 1 actually inflicted negative changes in affect. Both positive affect
and tranquility were reduced (p < 0.05), whereas negative affect and fatigue increased
(p < 0.05). There was also a significant difference between the outdoors condition and
the two virtual conditions for all four components of affect (p < 0.01). The correlation

analysis revealed that cybersickness was negatively correlated with both positive
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affective outcomes (rs=-0.52--0.79; p < 0.05) and positively correlated with negative
affective outcomes (rs=0.43-0.77; p < 0.05). The qualitative reports gave further
confirmation that cybersickness had a negative impact on affect with statements such as:
“I quite enjoyed the outdoor walk, because of the weather, but in VR | felt sick and
dizzy so it was not pleasure at all for me” (Female, 20 years). These findings
emphasized the importance of reducing cybersickness in order to improve affective
responses in virtual green exercise. Study 2 implemented improved scene stability to
reduce cybersickness, which was expected to improve affective responses as well. The
results in Study 2 confirmed the findings in Study 1 and showed that a virtual
environment with low scene stability (v1, modified) does indeed lead to negative pre-
post changes in affect. Three of the four components of affect significantly deteriorated
after v1 (modified) with negative changes to positive affect (p = 0.002), tranquility (p =
0.021), and negative affect (p = 0.014), while fatigue remained unchanged (p = 0.063).
In contrast, no significant pre-post changes were observed after v2 for any of the
components of affect, neither negative nor positive (p > 0.05). Study 2 also revealed
significant differences between v1 (modified) and v2 for positive affect (p = 0.031),
negative affect (p = 0.006), and fatigue (p = 0.028), while no significant difference
between the two conditions was found for tranquillity (p = 0.196). The results also
confirmed that cybersickness was correlated with affect (positive affect, rs =-0.39;
tranquility, rs = -0.35; negative affect, rs = 0.50; fatigue, rs = 0.63: p < 0.05). These
results showed that improving scene stability and reducing cybersickness protects
against negative affective responses, but also that other aspects of the VR experience
needed to improve in order to elicit positive affective responses. Study 4 found further
support that exposure to virtual nature can elicit positive affective responses, based on
results from sedentary virtual experiences of nature. The study also identified virtual
nature’s potential for positive affective responses as one of the key areas for future
application. Thus, Study 5 was conducted with affect as the primary outcome. Study 5
implemented a pre-exposure film clip designed to induce feelings of sadness. The aim
of this procedure was to reduce individual variation in affect prior to VR exposure and
potentially take advantage of the proposed restorative potential of virtual natural
environments (Browning et al., 2019; Mostajeran et al., 2021; Schebella et al., 2020;
Wang et al., 2019; Yu et al., 2018). The results showed that both v3 and v4 improved
affective responses compared to measurements taken directly after the sad film clip (p <

0.001), and that tranquility even improved beyond baseline levels (p < 0.001). The



qualitative responses also confirmed the positive impact of the virtual conditions on
affect with statements such as: “[I feel] happy. Little surprised of how quickly I forgot

about the sad movie” (Woman, 35 years, 3D model, v4)

However, there were no significant differences between the two virtual conditions and the
control group (p = 0.446-0.742), which suggest that the beneficial effects were primarily

caused by the exercise rather than the virtual environments.

Affect was measured under different circumstances in the different studies of this thesis,
which complicates direct comparisons. The results demonstrate that negative affective
responses in virtual green exercise were closely related to cybersickness and that the issue of
cybersickness must be minimized to elicit positive affective responses. However, low levels
of cybersickness did not seem to be sufficient to elicit positive pre-post changes in affect, as
the results in Studies 2 and Study 5 suggest that the VR experiences did not cause any positive
changes to affect beyond what is achievable by exercise alone. The two previous studies of
virtual green exercise report conflicting results regarding affective outcomes. The study by
Alkahtani et al. (2019) support the findings of this thesis, since the authors did not find any
significant differences in mood after a VR 360 video cycling protocol compared to indoor
exercise. The study by Chan et al. (2021), on the other hand, did indeed find positive affective
outcomes after 3D model based virtual green exercise. As previously mentioned, these
contradictory findings may relate to different methodology and differences in the technology
used. Together, these findings suggest that virtual green exercise may be less effective than
real green exercise in eliciting positive affective responses, as previous research generally
finds improved affective state after real green exercise (Lahart et al., 2019). These findings
also suggest that virtual green exercise is currently not an upgrade compared to digital green
exercise, as some studies of digital green exercise have shown positive changes to affect and
mood (Plante et al., 2003; White et al., 2015; Wood et al., 2020; Yeh et al., 2017). Virtual
green exercise was expected to be an improvement compared to its digital counterpart, due to
higher levels of immersion and promising reports of improved mood and affect in studies of
sedentary experiences of virtual nature (Browning et al., 2019; Chirico & Gaggioli, 2019;
Mostajeran et al., 2021; Nukarinen et al., 2020; Schebella et al., 2020; Valtchanov et al.,
2010; Wang et al., 2019; Yeo et al., 2020; Yu et al., 2018). However, recent studies making
direct comparisons between sedentary virtual and digital nature experiences generally show
similar results between the two types of technology regarding mood and affect (Liszio et al.,
2018; Mostajeran et al., 2021; Yeo et al., 2020), with the exception of positive affect in one
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study (Yeo et al., 2020), thus calling into question the effectiveness of virtual nature
compared to digital nature. These studies, in combination with the findings of this thesis,
show that virtual nature may still suffer from some limitations. One general limitation that
may reduce the effectiveness of virtual nature in eliciting positive affective responses is the
limited ability to replicate the multisensory and holistic experience provided by real nature.
Specific limitations of the virtual environment used in this thesis may include low intensity of
the nature dose (e.g., amount of greenery; Figure 4) and limited potential to induce a feeling
of awe (Frumkin et al., 2017). Further improvements of virtual green exercise protocols may
be able to increase the environment’s effectiveness in eliciting positive affective responses
that are more similar to real nature. The results of this thesis suggest that such efforts should
focus on improving presence and reducing cybersickness, due to their previously mentioned

correlations with affective outcomes.

4.2.2 Stress (Studies 2, 4, and 5)

Measures of physiological stress were introduced in Study 2 and expanded upon in Study 5.

In Study 2, heart rate was used as an indicator of stress (Allen et al., 2014; Duzmanska et al.,
2018). Measures of heart rate were also implemented in Studies 1 and 5, but not as an
indicator of stress since the element of physical activity was expected to have a larger
influence on heart rate compared to actual stress. The results in Study 2 showed no
differences between v1 (modified) and v2 for either mean heart rate (v1: Median = 71.00, IQR
= 64.00-77.00; v2: Median = 66.00, IQR = 62.00-77.00: p = 0.551) or peak heart rate (v1:
Median = 81.00, IQR = 72.00-91.00, p = 0.342; v2: Median = 76.00, IQR = 68.00-89.00: p =
0.584). The lack of between group differences occurred despite the previously mentioned
significant difference in cybersickness, suggesting that heart rate and cybersickness are
unrelated. This assumption was further supported by a lack of significant correlations between
heart rate and cybersickness in Study 2 (mean heart rate, rs = 0.11; peak heart rate, rs=0.14: p
> 0,05). Study 4 further investigated the potential of using virtual green exercise for stress
reduction based on previous research. The findings identified stress-management in the
workplace as one of the primary areas of application for virtual green exercise. Thus, a more
accurate and sensitive measure of stress was included in Study 5, namely blood pressure. The
results from Study 5 showed that both v3 and v4 significantly reduced systolic blood pressure
(p <0.001), but not diastolic (p = 0.101). Systolic blood pressure was reduced at 15 minutes
after exposure to both v3 and v4. However, these reductions of blood pressure were not

significantly different from the control condition that also reduced blood pressure (p = 0.310).
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This finding is somewhat surprising based on the stress reduction theory (Ulrich et al., 1991),
the rather consistent reports of reduced stress levels after exposure to real nature (Frumkin et
al., 2017), and a recent review of artificial nature showing that both sedentary and active
digital and virtual nature exposures can reduce stress (Browning et al., 2020b). However,
when looking at previous studies of real and digital green exercise comparing the stress
response to an active control group the results are less clear (Lahart et al., 2019). A review of
studies comparing the stress reducing effect of real green exercise to indoor exercise found
inconclusive results (Lahart et al., 2019), and studies comparing the stress response of digital
and virtual green exercise to indoor exercise also display mixed evidence (Chan et al., 2021,
Duncan et al., 2014, Pretty et al., 2005; White et al., 2015; Wooller et al., 2018). These
findings, in combination with the results of this thesis, suggest that the stress-relieving effect
of nature simulations diminish when they are compared to a control group that performs
indoor exercise. A potential explanation for the mixed effects of both real, digital, and virtual
green exercise when compared to indoor exercise is that nature exposure and exercise are both
known to reduce stress, and potentially through the same pathways as outlined in the
introduction (Anderson et al., 2019; White et al., 2018). It is unclear whether the stress
reducing effects of nature and exercise combine into an additive effect or if there is no
additive effect on stress reduction of either real or virtual green exercise. The mixed evidence
reported above may suggest that there is no additive effect on stress reduction of neither real
nor virtual green exercise. Other potential explanations of the limited effects on stress
reduction in the studies of this thesis include the previously mentioned issues with replicating
the holistic experience of real nature, limited intensity of the nature dose, and limited potential
to elicit a feeling of awe. Further development of virtual green exercise may be a path to
uncover additional effects on stress reduction and the associated health benefits compared to

indoor exercise.

4.2.3 Enjoyment (Studies 1, 2, 4, and 5)

The level of enjoyment during an exercise session is considered a strong motive for future
exercise participation (Dishman et al., 1985), also in the context of green exercise (Calogiuri
& Chroni, 2014), making it an important element to consider for promotion of physical
activity and health. The participants’ level of enjoyment during the different experimental
conditions was assessed post exposure by a single item on a scale from 0-10, in Studies 1, 2,
and 5. The findings are summarized in Figure 11. The results from Study 1 showed that a

walk in the real natural environment was considered highly enjoyable, as expected based on
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previous research (Lahart et al., 2019), with a median (IQR) of 8.0 (7.0-9.0). This finding was
a premise for finding high levels of enjoyment in the virtual conditions. However, both virtual
conditions in Study 1 were significantly less enjoyable compared to the outdoors condition (p
< 0.05). In fact, the two virtual conditions were characterized by rather low levels of
enjoyment with a median (IQR) level of enjoyment in the treadmill condition of 3.0 (3.0-5.0)
and 2.0 (1.0-4.8) in the seated condition. One likely explanation for the low levels of
enjoyment in the virtual conditions may be the previously mentioned issues with
cybersickness. This malaise was negatively correlated with enjoyment in both the sedentary
(rs =-0.79, p < 0.01) and the treadmill (rs=-0.52, p < 0.01) virtual condition. The qualitative
reports further supported an association between cybersickness and enjoyment with
statements such as “How I felt during the virtual condition — sick and dizzy — [determined my
level of enjoyment]” (Male, 25 years). The results also showed that the components of
perceived environmental restorativeness were positively correlated with enjoyment (rs= 0.40-
0.54, p < 0.05), as well as two items of presence in the treadmill condition (being there, rs=
0.80; sense of reality, rs= 0.42: p < 0.05). A few participants (n = 3) also reported that the
novelty of the technology contributed positively to the ratings of enjoyment. One participant
reported: “Just the fact that you are using virtual reality [made it enjoyable]” (Male, 20 years).
The results from Study 1 once again demonstrated the importance of minimizing the impact
of cybersickness in studies of virtual green exercise. Thus, it was expected that improving
camera stability in Study 2 would reduce cybersickness and improve enjoyment. The results
of Study 2 provided partial support for this assumption. There was no significant difference
between v1 (Median = 8.0, IQR = 6.0-9.0) and v2 (Median = 6.0, IQR = 5.0-7.0) for
enjoyment (p = 0.136), despite the previously mentioned difference in cybersickness.
However, there was a moderately strong negative correlation between cybersickness and
enjoyment, which suggest that reducing cybersickness may be a feasible strategy for
improving enjoyment (rs = -0.48: p < 0.01). The correlation analysis of Study 2 further
supported that presence was associated with enjoyment and showed positive correlations
between enjoyment and two items of presence (being there: rs= 0.28; realism: rs= 0.30: p <
0.05).

Study 4 found evidence for the possibility of using virtual green exercise as a tool to promote
physical activity and health, supporting the importance of improving enjoyment in the virtual
green exercise protocol. Study 5 did not implement any improvements to increase enjoyment,

despite the findings in Study 4, but it was expected that the improvements that were
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implemented to reduce cybersickness would have a positive impact on enjoyment as well. In
Study 5, the median (IQR) scores of enjoyment were 7.5 (5.0-8.8) in v3, 8.0 (7.0-10.0) in v4,
and 6.0 (4.5-7.5) in the control condition. The one-way ANOVA revealed a significant effect
of condition on enjoyment (p = 0.007), with the post-hoc analysis demonstrating that the 3D
model was perceived as more enjoyable compared to control (p = 0.006). No significant
differences were found between 360° video and control (p = 0.533) or between 360° video and
3D model (p = 0.189). The qualitative data further supported that most participants in the
virtual conditions enjoyed the experience, which were labelled as “fun,” “exciting,” or
“interesting”. However, a few participants also described the virtual walk as lacking
stimulation (“A little boring,” “There was little going on,”) and some appeared to be more
excited by the novelty of the technology:

“VR is something I have tried before, and being able to actually move over longer
distances while it happens in VR was a new and exciting experience...the
simulation itself was not very impressive, but the movement aspect made the VR

experience new and exciting”. (Male, 32 years, 360° video, v3)

The nature elements in the virtual environments were also recurrently associated with
enjoyment (e.g., “The weather, the birds’ singing and the river’s rushing sound. Green grass
and leaves [made the experience enjoyable for me]”), while built elements were reported as
less enjoyable (e.g., “The less traffic noise the more pleasant”; “It was not very fascinating
due to the large football pitches”). The element of self-pacing also appeared to be positively
associated with enjoyment: “I liked that one could walk at the pace one wanted, and it was a
big plus. I'm used to VR experiences that just move at a set rhythm.” (Male, 29 years, 360°

video, v3)
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Figure 11: The level of enjoyment in all experimental conditions (median and interquartile
range).

The results for enjoyment are summarized across all experimental conditions in Figure 11.
These results indicate that the technological and methodological improvements throughout the
developmental process lead to improved enjoyment. The significant correlations and the
qualitative reports from the individual studies suggest that these improvements may be
attributed to reduced levels of cybersickness, and possibly slight improvements to presence
and perceived environmental restorativeness (Figures 7-10). It is also possible that the
increased technological fidelity contributed to increased enjoyment directly, as some
participants mentioned that the novelty of the experience contributed to their enjoyment.
However, the importance of novelty in explaining positive outcomes of VR experiences is
debated in the literature (Browning et al., 2019). The results across all experimental
conditions also indicate that high levels of enjoyment are achievable in virtual green exercise,
and that the level of enjoyment is comparable to real green exercise. This interpretation of
findings across the studies of this thesis is somewhat controversial, as a review of previous
research conclude that real green exercise elicits higher levels of enjoyment compared to
virtual and digital green exercise (Lahart et al., 2019). Thus, some caution is advised when
interpreting these cross-study findings. More importantly, the levels of enjoyment of v4 were
significantly higher compared to indoor exercise. This finding demonstrates that a 3D model
of nature (v4), but not a 360° video (v3), enhances the level of enjoyment during exercise.
This dichotomy may relate to the qualitative reports of more issues with cybersickness in v3.

It is likely that the nature elements in the v4 contributed to improved enjoyment, as reported
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in the qualitative analysis in Study 5. Exactly how nature and nature elements contribute to
enjoyment is unknown, but both stress reduction theory and the attention restoration theory
have been linked with enhanced mental states (R. Kaplan, 1989; S. Kaplan, 1995; Ulrich et
al., 1991). The lack of positive effects on stress-related measures in this thesis might suggest
that improved enjoyment was primarily caused by attention restoration and not stress
reduction. In relation to previous research, no other study has measured enjoyment after a
bout of virtual green exercise, but there are two reports from studies comparing digital green
exercise to indoor exercise. White et al. (2015) found higher levels of enjoyment after a bout
of digital green exercise compared to indoor exercise, while Wood et al. (2020) dispute this
finding and report no significant difference between digital green exercise and indoor
exercise. These limited findings suggest that it is too early to make definite conclusions
regarding the general effectiveness of artificial representations of nature, but the results of this
thesis definitely support that virtual green exercise is more enjoyable than indoor exercise
when presented as a 3D model. These results support the use of virtual green exercise as a

tool to increase exercise participation and well-being.

4.3 Physical engagement
4.3.1 Walking speed (Studies 1, 4, and 5)

Walking speed was assessed and used as a measure of absolute exercise intensity in the two
experimental studies that included physical activity, Studies 1 and 5. In Study 1, the mean +
standard deviation walking speed during virtual green exercise was 5.5 + 2.0 km/h. This was
similar to the mean walking speed of 5.7 £ 0.8 km/h during the real green exercise condition,
and no significant difference was observed between the two conditions (p = 0.072). Ata
glance, these numbers suggest that physical engagement is similar between virtual and real
green exercise. However, there was a tendency in favor of the outdoors condition and there
was a large individual variation in the virtual green exercise condition (Figure 12). The
slowest and fastest walking speed in the virtual green exercise condition was 2.48 and 11.30
km/h, respectively, while it was 4.09 and 7.74 km/h in the real green exercise condition. Both
the qualitative analysis and anecdotal reports from the participants suggest that cybersickness
was the cause of this seemingly larger variation in the virtual green exercise condition. Some
reported that they were not able to walk faster due to dizziness, while others reported that they

walked as fast as they could to alleviate discomfort associated with cybersickness (e.g., “[The
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treadmill condition] was very stressful and tiring because | had to hold on to the handlebar
very hard”). The correlation analysis in Study 1, however, indicated that walking speed and
cybersickness were unrelated (rs = -0.33, p > 0.05). The lack of a significant correlation can be
explained by the previously mentioned reports from the participants, which suggest there was
a non-linear association between walking speed and cybersickness that would not be detected
by a correlation analysis designed to detect linear associations. Study 4 aimed to identify
potential solutions to these issues. Again, these solutions were the same as those identified to
reduce cybersickness. Most notable was the synchronization of the treadmill speed and the
movement speed in the virtual environment. This feat was implemented in Study 5, and the
results demonstrate that this improvement by itself was not enough to eliminate issues related
to walking speed, as the walking speed in v3 (6.56 = 1.37 km/h) was significantly lower
compared to control (8.31 £ 1.76 km/h: p = 0.02). Once again, the lower walking speed in v3
compared to control was associated with qualitative reports of issues related to cybersickness,

as stated by one of the participants:

“I held on pretty tight with my hands [on the support-bars] and certainly could not have
managed to walk without holding myself ... may have felt a little discomfort with my sight ...
during the [first half of the walk] it was easier to walk than the [last half]” (Male, 20 years,
360° video, v3).

On the other hand, v4 was associated with less cybersickness and the results show that the
mean walking speed in this condition (7.74 + 1.50 km/h) was similar to the mean walking
speed in control (8.31 = 1.76 km/h: p = 0.762).

The results for walking speed in all experimental conditions that included walking are
summarized in Figure 12. When the impact of cybersickness was minimized, it was possible
to achieve walking speeds during virtual green exercise that were comparable to indoor
exercise. This finding suggest that there is no additional effect of virtual green exercise for
absolute exercise intensity, which contradicts previous research of real green exercise
(Carvalho et al., 2010; Mieras et al., 2014). Mieras et al. (2014) found that power outputs
during outdoor cycling were higher compared to indoor cycling, and Carvalho et al. (2010)
found evidence of higher walking speed in real green exercise compared to indoor exercise.
However, a systematic review on this topic found inconclusive evidence regarding the effect
of real green exercise on absolute exercise intensity (Lahart et al., 2019). Thus, it is uncertain
whether the findings of this thesis failed to reproduce a positive effect of green exercise on
absolute exercise intensity or if there is no additional effect of green exercise. Previous studies
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of virtual green exercise cannot provide any insight regarding this topic, as no studies of
either virtual or digital green exercise have compared absolute exercise intensities to indoor

exercise.

Walking speed (km/h)

12

10

Outdoors v1 (treadmill) v3 (treadmill) v4 (treadmill) Control
(treadmill)

Figure 12: Walking speed in all experimental conditions that included walking exercise (mean
+ standard deviation).

4.3.2 Heart rate (Studies 1 and 5)

Heart rate was used as a measure of relative exercise intensity in Studies 1 and 5. This
measure is closely related to absolute exercise intensity (e.g., walking speed) and is expected
to increase with increased absolute intensity. In Study 1, the values for mean heart rate (101.8
+ 21.1) in the virtual green exercise condition were not significantly different (p > 0.05) from
the mean heart rate in the outdoors condition (103.9 £ 16.3). Importantly, this finding was
observed across two different conditions with fairly similar walking speeds. In study 5,
walking speed was not similar across all three experimental conditions, which highlighted the
need to control for walking speed in this study when analyzing heart rate. The results showed
no significant difference (p > 0.05) between v3 (98.4 + 17.4 beats/min), v4 (112.6 + 16.6
beats/min) and control (121.8 + 23.8 beats/min). Overall, these results indicate that the
environment used in this thesis did not influence heart rate (Figure 13), although the results
regarding heart rate in Study 1 should be interpreted carefully due to the potential impact of
cybersickness. Previous studies of sedentary exposure to virtual natural environments suggest
that virtual nature has the potential to influence heart rate (Gatersleben & Andrews, 2013,;

Wang et al., 2019), but when combining nature exposure with physical activity the evidence
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suggests otherwise (Lahart et al., 2019). Previous studies of real green exercise comparing
heart rate responses to indoor exercise generally show no difference in heart rate between
green and indoor exercise (Lahart et al., 2019). This notion is also supported by studies of
both virtual (Alkahtani et al., 2019) and digital green exercise (Duncan et al., 2014; Pretty et
al., 2005; White et al., 2015). These studies, in combination with the results of this thesis,
suggest that the positive effect of nature exposure on heart rate diminish when combined with
physical activity.
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Figure 13: Mean heart rate in all experimental conditions that included walking exercise
(mean + standard deviation).

4.3.1 Perceived exertion (Studies 1 and 5)

In Study 1, the median (IQR) rating of perceived exertion was significantly higher (p = 0.001)
during virtual green exercise; 11.0 (9.0-13.0), compared to outdoor exercise; 9.0 (8.0-9.0).
This significant difference was accompanied by a significant correlation between rating of
perceived exertion and cybersickness (rs = 0.41, p < 0.05), which suggest that cybersickness
contributed to higher perceived exertion during the virtual green exercise condition. The
results from Study 5 showed no differences between v3 (median = 9.5, IQR =7.0-13.0), v4
(median = 12.0, IQR = 10.0-13.0) and control (median = 11.0, IQR = 8.0-13.0) for perceived
exertion when adjusting for walking speed (p = 0.290).

The results regarding perceived exertion are summarized across conditions in Figure 14. The
higher levels of perceived exertion during virtual green exercise in Study 1 compared to real
green exercise (Figure 14), alongside the significant correlation with cybersickness, suggest
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that the combination of physical activity and cybersickness lead to increased levels of
exertion. Some of the symptoms of cybersickness are closely related to exertion, such as
“fatigue” and “general discomfort” (Kennedy et al., 1993). It is likely that some participants
experienced these symptoms, which lead to an increase of perceived exertion. In Study 5, it
was expected, based on previous research (Lahart et al., 2019), that both v3 and v4 would be
characterized by lower perceived exertion when adjusted for walking speed compared to the
control group. The expectation was not met, as there were no differences between the three
conditions. This finding was surprising based on the expectation of fewer issues with
cybersickness compared to Study 1, and findings from a recent systematic review of lower
perceived exertion during real green exercise (Lahart et al., 2019). The findings of lower
perceived exertion during real green exercise by Lahart et al. (2019) were admittedly weak,
but they were consistent with theoretical frameworks linking nature exposure and perceived
exertion (Gladwell et al., 2013; Rogerson et al., 2019). Gladwell et al. (2013) identifies
perceived exertion as an outcome of the combined input from both internal and external
sensory feedback. During exercise, internal signals of increased levels of metabolic
byproducts, increased blood flow to muscles, and increased body temperature alert the brain
of increased biological demands, which influence the perception of effort. Gladwell et al.
(2013) suggest that nature exposure acts as a distraction from these internal signals, which
leads to lower perceived effort. Rogerson et al. (2019) propose a slightly different pathway,
suggesting that mental fatigue makes exercise feel more strenuous and impairs exercise
performance. The restorative qualities of natural environments may reduce the perception of
effort during exercise by reducing mental fatigue trough attention restoration (Rogerson et al.,
2019). However, the results of this thesis do not support any of these theories and further
dispute the already weak experimental findings of lower perceived effort during real green
exercise (Lahart et al., 2019). This finding is in agreement with previous research into digital
green exercise that finds no effect of digital green exercise on perceived effort compared to
indoor exercise (Rogerson & Barton, 2015; Yeh et al., 2017). No other study has measured
perceived exertion during virtual green exercise. Thus, similar to findings regarding heart rate,
walking speed, and stress levels, it is uncertain whether the findings of this thesis failed to
reproduce a positive effect of green exercise on perceived exertion or if there is no additional

effect of green exercise.
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Figure 14: Rating of perceived exertion in all experimental conditions that included walking
exercise (median and interquartile range).

4.4 Methodological considerations

The methodological approach of this thesis was in the mold of, but not informed by, critical
realism. Critical realism posits that the observations made in this thesis are not necessarily a
direct observation of reality, but rather a confident estimate (Danermark et al., 2019). For
example, the results of this thesis are largely multifactorial and individual, and possibly
shaped by social constructs such as connectedness to nature and affinity for natural
environments and might not apply to all people in all situations as further outlined below. In
line with critical realism, the thesis also recognized the reductionistic nature of quantitative
measures when assessing psychological factors such as enjoyment (Danermark et al., 2019).
The combination of quantitative and qualitative methods was implemented to address this
issue in Studies 1 and 5, as these studies were particularly concerned with the

psychophysiological outcomes of virtual green exercise.

None of the experimental studies included a VR control group. The lack of a control group of
non-nature content in VR may limit any clear conclusion that positive findings, such as higher
levels of enjoyment, can be attributed specifically to the virtual natural environment and not
the VR technology by itself. However, previous research has compared the effects of different
types of content in VR and concluded that the combination of the content and the technology
is decisive for the type of outcome after a VR experience (Anderson et al., 2017; Chung et al.,
2018; Mostajeran et al., 2021; Schebella et al., 2020; Wang et al., 2020; Yu et al., 2018). For
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example, Chung et al. (2018) compared a virtual natural environment to an experience of
virtual fireworks and found that the nature VR elicited a larger degree of cognitive restoration.
These reports suggest that the findings of the present thesis are indeed specific to the

environment used in the experimental studies.

The generalization of the findings may be limited. There were large individual variations for
most of outcomes measured in this thesis, including the three main factors influencing virtual
nature experiences: cybersickness, presence and perceived environmental restorativeness.
This suggests that effects of virtual green exercise may vary depending on personality traits
and personal preference, as shown by previous research (Senese et al., 2020). For example, it
is likely that people with high anxiety levels will respond more negatively to VR exposure
compared to the participants of this thesis (Mittelstaedt, 2020). Additionally, all experimental
studies utilized a convenience sample which limits generalization. This decision was deemed
appropriate since the aim of the thesis was not to apply the technology to elicit health benefits,
but rather develop a protocol for virtual green exercise. Thus, the findings may not be
generalizable to neither the general population nor specific target groups for virtual green

exercise.
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5. Conclusion

This thesis demonstrates that adopting virtual green exercise within healthcare, physical
activity promotion, research projects, and so forth, requires use of appropriate techniques to
create and deliver enjoyable experiences without causing cybersickness and other negative
outcomes. Scene stability emerged as a major factor contributing to cybersickness and
negative affective responses. When scene stability was improved and appropriate techniques
were used, the results of this thesis support the use of virtual green exercise within physical
activity promotion, due to higher levels of enjoyment compared to indoor exercise. The thesis
also highlights the limitations of virtual green exercise and its current inability to reproduce
the range of reported effects of exposure to real nature, and further questions whether some of

the reported effects of real green exercise are legitimate.

5.1 Perspective

Further research and optimization of virtual green exercise is required to achieve its full
potential. The findings of this thesis suggest a few things that should be addressed to optimize
experiences in virtual green exercise. Presence should be targeted, possibly through increased
“tracking level” by allowing participants to freely explore the natural environment, due to its
association with psychophysiological outcomes. Some tweaking to minimize negative
outcomes is also required—for example, low image quality and cybersickness. On the content
side of things, a better understanding of which types of natural environments and nature
elements that elicit positive responses would be useful for creating effective virtual
environments. Luckily, VR technology should be an excellent tool to study the effects of
different natural environments to discover the most advantageous properties. During this
search for the optimal virtual nature experience, it is important to remember Levi and
Kocher’s (Levi & Kocher, 1999) warning that virtual experiences of optimal natural
environments may come at the cost of a devaluation of local natural environments. Measures
should be taken to avoid this scenario, such as using local natural environments as a template
for these virtual experiences. Researchers should also keep in mind the concerns expressed by
some authors that virtual nature may drive society towards a dystopian future where we
replace real nature with virtual nature (Kahn et al., 2009). However, it is unlikely that virtual
nature ever will be able to replicate the holistic experience of real nature, as it was stated by
one of the participants:

“Nature will always win for me. It is less stressful, you know where you are, you can stop

and look, for example, at birds anytime.”
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nature walk, sitting-IVE, and treadmill-IVE. The nature walk took place on a paved trail
along a large river. In the IVE conditions, the participants wore a head-mounted display
with headphones reproducing a 360° video and audio of the nature walk, either sitting on
a chair or walking on a manually driven treadmill. Measurements included environmental
perceptions (presence and perceived environmental restorativeness — PER), physical
engagement (walking speed, heart rate, and perceived exertion), and affective
responses (enjoyment and affect). Additionally, qualitative information was collected
through open-ended questions. The participants rated the IVEs with satisfactory levels
of ‘being there’ and ‘sense of reality,” but also reported discomforts such as ‘flatness,’
‘movement lag’ and ‘cyber sickness.” With equivalent heart rate and walking speed,
participants reported higher perceived exertion in the IVEs than in the nature walk.
The nature walk was associated with high enjoyment and enhanced affect. However,
despite equivalent ratings of PER in the nature walk and in the IVEs, the latter
were perceived as less enjoyable and gave rise to a poorer affect. Presence and
PER did not differ between the two IVEs, although in the treadmill-IVE the negative
affective responses had slightly smaller magnitude than in the sitting-IVE. In both the
IVEs, the negative affective responses were mainly associated with cyber sickness,
whereas PER was positively associated with enjoyment. From the qualitative analysis,
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it emerged that poor postural control and lack of a holistic sensory experience can also
hinder immersion in the IVE. The results indicate that IVE technology might in future be
a useful instrument in green exercise research and promotion, but only if image quality
and cyber sickness can be addressed.

Keywords: environmental perception, green exercise, physical activity promotion, restorative environments,

virtual reality

INTRODUCTION

By combining physical activity and exposure to nature, green
exercise can provide several health benefits (Pretty et al,
2003). Studies have, for example, shown that green exercise
can provide greater benefits compared to physical activity
performed indoors or in an urban setting, which include a
reduction in psychophysiological stress and enhanced mental
health (Bowler et al., 2010; Thompson Coon et al., 2011). In
particular, a meta-analysis (Bowler et al., 2010) showed that
green exercise studies consistently found significant reductions
in negative emotional states such as fatigue, anger and sadness.
Green exercise has also been consistently associated with lower
perceived exertion compared to exercising indoors while at the
same time inducing people to engage in more vigorous physical
activity (Focht, 2009; Calogiuri et al., 2015). This implies that
green exercise can increase the likelihood of higher exercise
intensities being reached, which in turn can lead to a number of
health benefits (Gladwell et al., 2013).

The attention-restoration theory (ART) of Kaplan (1989,
1995) has been used to explain the positive psychological effects
of green exercise. ART postulates that some environments can
elicit restoration from mental fatigue by triggering a spontaneous
(and therefore effortless) form of attention, which is referred to
as fascination. Some specific features of the natural world such
as clouds in the sky or leaves in a breeze are hypothesized to
have particular advantages in prompting attention-restoration
mechanisms. Moreover, being outdoors in a natural environment
can provide a sense of being away from everyday problems,
thus contributing to restorative experiences. The theory specifies
two additional components: extent and compatibility, the former
representing the degree to which an environment is perceived as
being coherently ordered and having substantial scope, while the
latter represents the degree to which the environment matches a
person’s inclinations at the time. A number of studies have found
that exercising in natural environments has greater potential
for restoration compared to indoor (Hug et al., 2009; Calogiuri
et al,, 2016a) and urban (Bodin and Hartig, 2003; Hartig et al,,
2003) environments, while also giving rise to improved cognitive
performance (Hartig et al., 1991, 2003), enhanced psychological
states (Hartig et al., 1991, 2003; Calogiuri et al., 2015), and
reduction of psychophysical stress (Hartig et al., 2003; Aspinall
etal., 2015; Calogiuri et al., 2015).

Immersive Virtual Environments (IVEs) consist of synthetic
sensory information that provide a surrounding and continuous
stream of stimuli, creating the illusory perception of being
enclosed within and interacting with a real environment (Loomis
et al, 1999; Smith, 2015). IVEs are becoming increasingly

popular, especially in the form of head-mounted displays (HMD),
a device with a motion sensor that allows a 360° vision of a virtual
world while eliminating the visual contact with external reality.
The popularity of IVEs and HMDs follows the introduction
of relatively affordable technology that not only provides the
opportunity to immerse oneself in pre-set IVEs, but also allows
the creation of new IVEs using special 360° cameras and freely
available and customizable applications. One of the potential
advantages of HMD is that they can provide relatively intense
immersive experiences. In IVE sciences, immersion is defined
as the extent to which a computer-generated environment is
“capable of delivering an inclusive, extensive, surrounding, and
vivid illusion of reality to the senses of a human participant”
(Slater and Wilbur, 1997), and it is commonly evaluated by
assessing participants’ feelings of presence. The concept of
presence, i.e., the subjective feeling of “being in the virtual
environment” (Slater and Wilbur, 1997), is therefore a key
element in research related to the effectiveness of virtual reality
technology, including (but not limited to) its application in the
physical activity and exercise sciences (Pasco, 2013).

Green exercise research faces a number of challenges,
especially in relation to the extent to which studies can control
for possible confounders when comparing indoor and outdoor
environments (Lee and Maheswaran, 2011; Rogerson et al., 2016).
Different weather conditions and terrains (e.g., a paved trail as
opposed to a treadmill), for example, might lead to differences
in physical engagement and influence psychophysiological
responses. IVEs, however, can engage research participants in
highly controlled immersive environmental experiences (Smith,
2015). Furthermore, IVE could, in the future, provide a simple
way of integrating experiences of nature into people’s everyday
lives, as well as supplement rehabilitation and health promotion
programs: in an urbanized society, a large number of individuals
do not (or cannot) engage in green exercise on a regular
basis: recent estimates show that in Norway, for instance,
almost half of the population do not engage in any green
exercise in a typical week (Calogiuri et al, 2016b), while in
the United Kingdom this reaches 80% (White et al, 2016).
Yet the application of and research into this technology in
relation to environmental or exercise sciences is still in its
infancy. In particular it is not clear, in terms of participants’
perceptions, to what extent IVE technology can reproduce
life-like experiences of green exercise. Research suggests, for
example, that watching images or videos of nature can provide
a similar, although smaller, burst of positive affect compared
with a walk in real nature (Plante et al., 2006; Mayer et al.,
2009). Furthermore, positive psychophysiological and cognitive
effects have also been demonstrated in a study by Valtchanov
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et al. (2010), in which the participants were exposed to a virtual
environment constructed as a photo-realistic forest (i.e., a high
quality computer-generated representation of a forest). However,
to the best of our knowledge, no research has yet investigated
how people respond and interact with IVEs that are more
encompassing and dynamic, such as watching a first-person 360°
video of a nature walk.

Engaging in physical activity while being exposed to virtual
nature might provide additional benefits: physical movement
might contribute to more positive affective responses as
compared with a sedentary exposure to virtual nature, as
in fact physical activity alone is known to provide affective
benefits (Ekkekakis et al, 2011); having the possibility of
moving might also elicit more immersive experiences in the
IVE, as this might provide greater engagement with the virtual
environment; furthermore, physical movement might prevent
discomfort caused by the gap between the movements of virtual
self and the movements of the real self. Studies have previously
tested experimental conditions in which participants exercised
on a treadmill or a stationary bike while watching images or
videos of nature displayed on a screen (Pretty et al, 2005;
Plante et al., 2006; Akers et al., 2012; White et al., 2015; Yeh
et al, 2017). However, despite attempts within the gaming
industry to combine HMDs with special ergometers and other
devices, how best to combine IVE and physical movement in a
controlled research environment remains underexplored. Since
the 1990s, using different types of IVE technology, researchers
have studied how to integrate physical movement with exposure
to IVEs and how IVEs can influence people’s physical activity
patterns (Slater et al., 1995; Jaffe et al., 2004; Sheik-Nainar and
Kaber, 2007; Peruzzi et al., 2016). However, to the best of our
knowledge, few of these studies have attempted to combine
physical activity with HMDs and none of them has investigated
whether the additional component of physical movement can
actually elicit feelings of presence or positive psychological states
to a greater extent than a sedentary exposure. Besides the
interest in understanding the extent to which physical movement
can elicit more immersive experiences, it is also important to
consider the effects that exercising in IVE conditions might
have on the way people move and exercise. Wearing a HDM
might, for example, lead participants to walking or exercising
at a slower pace than they would normally do in a real
natural environment, reducing some of the potential benefits
of simulated green exercise experiences. Moreover, because the
subjective experience of exercise intensity is often associated
with health outcomes as well as motivation for regular exercise
(Ekkekakis et al., 2011), it is important to consider people’s
responses to simulated green exercise in terms of perceived
exertion.

The purpose of the current study was to investigate the extent
to which commercially available IVE technology used under
laboratory conditions can simulate green exercise experience,
reproducing similar psychophysiological responses. In addition,
we investigated whether physical movement (i.e., walking on a
treadmill) could elicit greater engagement with the virtual natural
environment, leading to higher positive affective responses
compared to sedentary exposure.

MATERIALS AND METHODS

Participants

Participants were recruited among students and employees at
the Faculty of Social and Health Sciences at the Inland Norway
University of Applied Sciences through announcements on
the University’s webpage and presentations to students during
classes. The inclusion criteria for participation were: (1) age 20-
45 years; (2) able to walk for 10 min outdoors and on a treadmill;
(3) not being an elite athlete (i.e., individuals currently competing
in sports at a national level or above). Initially, 65 individuals
responded to the researchers’ invitation, 34 of whom met the
inclusion criteria and confirmed their intention to participate
in the study. Eight individuals dropped-out (i.e., did not attend
on the scheduled day of the experiment). Thus, the final sample
included 26 participants (14 males, 12 females; age: 26 =+ 8 years;
BMI: 23.12 + 5.03), all of whom completed the full set of
experiments and assessments. All participants were informed in
writing about the purpose of the study and associated risks before
they provided their written consent. The study was approved
by the Norwegian Centre for Research Data and was performed
according to the Declaration of Helsinki.

IVE Technology

The IVE was constructed as a 360° video reproducing a nature
walk in the exact same location used for the ‘outdoor walk’
condition; this allowed us to reduce confounders such as different
characteristics of the two environments (see section “Design and
Procedure”). The video was filmed using a Samsung gear 360 sm-
€200 camera 2 days before the beginning of the experimentations.
The audio was recorded simultaneously in order to capture
sounds such as footsteps, the voices of people passing by and
other natural events. The camera was mounted on a modified
Yelangu s60t handheld stabilizer. The video was then run through
two software stabilizing programs - first in Adobe After Effects
CC 2017, Warp Stabilizer VFX and then in Samsung Gear 360
ActionDirector, build 1.0.0.2423, in order to further improve the
stability of the images in the post-production phase. Finally, the
video was adjusted for being viewed using a 360 VR video in
Samsung Gear 360 ActionDirector. The playback was made via
Samsung S7, with Android 7.0, mounted on a Samsung Gear VR
mask. To reproduce the sounds and minimize external noises,
during the experimentation participants wore a Sennheiser HD
201 headset together with the head-mounted display.

Design and Procedure

A schematic overview of the experimental design and data
collection process is shown in Figure 1. All participants
underwent three conditions: (a) a walk outdoors in a natural
environment, (b) a sedentary exposure to a IVE video, and
(c) a treadmill walk whilst being exposed to the same IVE
video (Figure 2). Each condition lasted 10 min, as this
span was previously shown to provide the largest effects on
psychological outcomes in green exercise experiments (Barton
and Pretty, 2010). Furthermore, according to the World Health
Organization’s guidelines, bouts of at least 10 min constitute the
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FIGURE 1 | Experimental design and data gathering organization.

FIGURE 2 | Experimental conditions: (A) Outdoor (walk in real nature); (B) Sitting-IVE (sedentary exposure to virtual walk in nature); (C) Treadmill-IVE (virtual walk in
nature while walking on a manually activated treadmill). Written informed consent was obtained from the individual for the publication of these images.

minimum unit for health-enhancing physical activity (WHO,
2017). All participants completed the walk outdoors before
undergoing the two other conditions, which were administered
in a randomized counter-balanced order. Each participant
underwent all three conditions on the same day, with a
minimum break of 15 min provided between each condition
in order for participants to recover from potential discomfort.
After such time, participants were asked whether they felt
sufficiently recovered and were comfortable to proceed with the
experimentation, and additional resting time was provided if

required. All experiments took place in the period between May
2nd and 10th 2017, with the IVE video recorded 2 days before the
first session. The outdoor weather condition varied from sunny
to overcast, with the temperature ranging between 7 and 17°C.
The weather during the filming was sunny with a gentle breeze,
which could be heard at times in the playback. The temperature
in the laboratory was kept constant at 21°C.

The outdoor walk took place on a fairly straight paved trail
along a large river in proximity to the university, where the IVE
conditions were administered in the laboratory. The environment
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also included some built elements, such as buildings and a
football field. The participants met the researchers in a building
by the trail and were individually accompanied by one of the
researchers to the starting point of the walk. The participants
were equipped with a wristwatch with a heart rate monitor and
GPS (Garmin, Forerunner 310XT), which had an alarm set-up for
ringing after 5 min. They were instructed to walk at a comfortable
pace on the trail until the alarm rang, at which point they turned
around and walked back to the starting point. At completion
of the outdoor walk, the participants were accompanied to the
laboratory. In the treadmill condition, the participants walked
on a manually driven treadmill (Woodway, Curve) equipped
with a structure for the participants to hold on to by placing
their hands in front of them. Unlike engine-driven treadmills,
manually driven treadmills are activated by a person moving their
feet while walking, similar to what happens when walking over
ground. In this way, the participants could control their pace in
a spontaneous manner. All participants underwent a short trial
of walking on the treadmill before starting the IVE condition. In
the sitting condition, the participants sat on a chair, in a separate
room within the laboratory.

Instruments

Environmental Perceptions

Perceived environmental restorativeness was measured after
completion of each condition using two subscales of the
Perceived Restorativeness Scale (Hartig et al., 1997): ‘fascination’
(five items) and ‘being away’ (two items). The components
‘extent’ and ‘compatibility’ were not used, as preliminary
testing suggested that these two items were not applicable
to the IVE conditions and might have led to inaccurate
assessments. Each item was rated on an 11-point Likert scale
(0 = absolutely disagree, 10 = absolutely agree). When these
questions were administered after the IVE conditions, a caption
explicitly indicated “The following questions relate to the virtual
environment.” The scale showed, in general, adequate internal
consistency for ‘fascination’ (o = 0.85-0.92), though poorer
internal consistency was detected for the component ‘being
away (o = 0.56-0.87). Additionally, eight items were used to
assess the participants’ feeling of presence after the two IVE
conditions. Seven of these items were adapted from those used
by Nichols et al. (2000), while an additional item was included
that related to the extent to which participants experienced cyber
sickness (Table 1). The items were formulated as statements, each
participant being asked to rate the extent to which they agreed
with each of them on an 11-point Likert scale (0 = absolutely
disagree, 10 = absolutely agree).

Physical Engagement

Heart rate (HR) was continuously measured during all
experimental conditions wusing a HR-monitor (Garmin,
Forerunner 310XT), while ratings of perceived exertion (RPE)
were measured immediately after completing each experimental
condition using a Borg scale in a 20-point version (Borg, 1982).
The walking speed was also recorded using the Garmin GPS and
the treadmill computer in the outdoor and treadmill conditions,
respectively.

TABLE 1 | ltems used to assess presence in participants who underwent an
IVE-based ‘nature walk’2.

Short name Item

Being there In the computer generated world | had the sense of
‘being there’

Realism | thought of the virtual environment as equal to the real

environment

Sense of reality The virtual world became more real or present to me
compared to the real world. NB: by ‘real world” we

mean the room where you were undergoing the test

Awareness During the ‘virtual walk,” | often thought of the other

person(s) in the room with me

Other persons It would have been more enjoyable to engage with the

‘virtual world” with no-one else in the room

External noises Whilst | was doing the ‘virtual walk,” | paid much

attention to other noises around me in the room
Flatness The virtual world appeared flat and missing in depth
Movement lag The lag or delay between my movements and the
moving in the ‘virtual walk’ were disturbing

Cyber sickness During the ‘virtual walk’ | got dizzy

8Fach participant was exposed to the same IVE-based ‘nature walks,” once while
they sat on a chair and once while they walked on a manual treadmill.

Affective Responses

Enjoyment was measured after each experimental condition
using a single item question: “On a scale from 0 to 10, how
enjoyable is the activity you have engaged in?” Participants gave
their answer on a numbered line (0 = not enjoyable at all;
10 = absolutely enjoyable). Additionally, participants’ affective
responses were assessed by administering the Physical Activity
Affect Scale (PAAS) (Lox et al,, 2000) immediately before and
immediately after undergoing each experimental condition. The
PAAS consists of 12 items corresponding to different emotions
(e.g., “energetic;” “calm,” “miserable, and “tired”) and placed
them within four quadrants, in line with Russell’s circumplex
model of affect and arousal (Russell, 1980): positive affect,
tranquility, negative affect, and fatigue. Each item was measured
on a 5-point rating scale (0 = strongly disagree; 4 = strongly
agree). Reliability analysis, showed reasonably adequate internal
consistency for most assessments (¢ = 0.64-0.86), though
somewhat poor levels of internal consistency were detected for
negative affect in the pre-condition assessments (o = 0.46-0.52).

Qualitative Data

As little is known about how people respond to virtual
experiences of nature, especially in relation to the technology
used in this particular study, qualitative information was
collected using a series of open-ended questions, which were
presented to the participants after completion of all three
conditions and quantitative measurements. Such questions, to
which the participants responded in written form, were inspired
by the structure of the quantitative assessments: a question
was developed for each of the quantitative variables in order
to explore the meaning behind participants’ responses in more
detail, for example: “In the questionnaire, you were asked to report
the extent to which you felt the environments were fascinating’ and
gave you feelings of ‘being away.” Could you say how well (or how
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poorly) did the IVE video reproduce such characteristics, compared
with the outdoor/real environment?” and “When you answered the
question about how ‘enjoyable’ the activity was, what determined
where in the scale you put your mark? Please, describe the feelings
you experienced in all three conditions separately.”

Analyses

Data were first explored for distribution, possible outliers and
missing values. A one-way repeated measurements analysis of
variance (ANOVA) was used to establish possible effects of
‘condition’ (i.e., outdoor, sitting, and treadmill) for the different
study variables. For the PAAS components, a factorial (two-
way) repeated ANOVA was used to investigate possible pre-
post changes in interaction with the experimental conditions. If
significance was achieved in the within-subjects test, a post hoc
analysis with Bonferroni’s adjustment of alpha was applied
in order to examine possible differences across the individual
conditions. Additionally, Spearman’s rank correlation coefficient
(p) was used to examine possible associations among all study
variables. The PAAS components were run into the correlation
analysis in form of delta values (i.e., the difference between post-
values and pre-values). All statistical analyses was carried out
using IMB Statistics SPSS version 21 (IBM Corp., New York).
Significance was set at p < 0.05.

The qualitative data were analyzed in accordance with the
‘framework approach’ (Gale et al., 2013), which provides clear
steps for summarizing qualitative data in a way that sheds light
on the participants’ responses to the quantitative questions.
The method is systematic and transparent and provides a
clear trail from raw data to thematic codes and quotations.
These aspects of the method contribute toward evaluating the
trustworthiness of the analysis. In addition, the process allows
for the inclusion of more than one researcher at various points
to discuss the emerging framework of codes, categories and
themes. In this study, discussion took place between three
members of the team in order to arrive at a more refined
version of comments. Initially, a coding frame relating to the
different overarching domains of the questionnaire was used
(i.e., presence, perceived environmental restorativeness, physical
engagement, and affective responses). Reiterative reading and
recoding of the data led to refinement of the coding frame and
the development of overarching themes.

RESULTS

Presence and Perceived Environmental

Restorativeness

No significant difference among the three conditions was
found for the two components of perceived environmental
restorativeness, ‘fascination’ [F(2,22) = 2,89; p = 0.076] and
‘being away’ [F(2,22) = 2.41; p = 0.112]. In relation to the
feelings of presence assessed in concomitance with the IVE
conditions, the participants reported high ratings of ‘flatness’
medium-high ratings of ‘being there’ and ‘sense of reality, low
levels of realism as well as low levels for the items depicting
external disturbances such as ‘awareness, ‘other persons; and

‘noises.” Furthermore, the participants reported quite high ratings
of ‘movement lag’ and especially ‘cyber sickness’ (Figure 3). The
ANOVA showed no significant difference between the sitting and
the treadmill condition for all the presence domains, apart from
‘noises’ [F(2,24) = 11.60; p = 0.002], which had significantly
higher ratings in the treadmill condition compared with the
sitting condition.

Significant correlations were found among the different
domains of perceived environmental restorativeness and
presence, though different patterns of association emerged in
the sitting and the treadmill conditions (Table 2). ‘Fascination’
and ‘being away’ were highly correlated with each other in
both the sitting and the treadmill conditions. ‘Fascination’” was
positively associated with ‘being there’ and ‘realism’ in both the
sitting and the treadmill conditions, whereas it was positively
associated with ‘sense of reality’ and negatively associated with
‘awareness only in the treadmill condition. ‘Being away’ was
positively associated with ‘realism’ in both, the sitting and the
treadmill conditions, while it was associated with ‘being there’
only in the sitting condition and with ‘sense of reality’ and
‘other persons’ only in the treadmill condition. Moreover, in the
sitting condition, ‘being there’ was positively correlated with
‘realism’ and ‘sense of reality, while ‘awareness’ was positively
correlated with ‘noises.” In the treadmill condition, ‘being there’
was negatively correlated with ‘awareness’ and ‘movement lag;
‘movement lag’ was positively correlated with flatness’ and
‘cyber sickness, and ‘flatness’ and ‘cyber sickness’ were positively
correlated with each other.

The qualitative data supported the quantitative results,
showing that a number of factors could disrupt the sense of
presence: the noise of the treadmill (n = 9; e.g., “The noise from
the treadmill was way too loud”), the lag between the pace of
the individual and the pace in the IVE video (n = 13; e.g., “The
discrepancy in the movements gave me a feeling of not having
control”), cyber sickness or other physical discomforts (n = 19;
e.g., “It made me dizzy and sick”), and the poor quality of the
imaging (n = 21; e.g., “The video was very blurry”). The poor
quality of the video was especially related by several participants
with other elements of presence, such as cyber sickness (n = 4;
e.g., “The poor quality of the video made me [feel] sick”), a feeling
of (not) ‘being there’ (n = 6; e.g., “The poor quality of the
video made it less real”), and to a certain extent the perceived
environmental restorativeness (n = 1; e.g., “The [settings in the]
IVE were fascinating, but the poor quality of the video reduced
their potential”). It also emerged that because the IVE conditions
only provided visual and auditory cues, it tended to reduce the
achievement of a comparative outdoor nature experience (n = 5;
e.g., “Air, smell, vision. [In the IVE conditions] 1 felt deprived of
the elements of nature and senses”). The additional element of
movement (treadmill condition) did not appear to have helped
people feel more engaged with the natural environment, although
in some cases it elicited greater feelings of ‘being there’ (n = 2;
e.g., “[In the treadmill condition] you could really feel that you
were in that place because you can move while you are watching
the video”). On the other hand, the element of movement did not
seem to provide a consistent protection from experiencing cyber
sickness; in fact, only four participants reported they felt less sick
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FIGURE 3 | Ratings of presence in a ‘sitting-IVE’ condition and a ‘treadmill-IVE’ condition (M & SE; n = 26, repeated measurements). **p < 0.001 in a post hoc

in the treadmill condition than in the sitting condition, while two
reported the opposite, and the remaining reported that they felt
sick in "both IVE conditions” (n = 13).

Physical Engagement

Significant differences across conditions for HR mean
[F(2,24) = 70.84; p < 0.001] and HR max [F(2,24) = 71.71;
p < 0.001] were found. The pairwise comparison found a
significant difference when comparing the outdoor condition
with the sitting condition (p < 0.001 for both variables), but not
with the treadmill condition. Significant differences were also
found when comparing the two IVE conditions with each other,
with higher HR values in the treadmill condition as compared
with the sitting (p < 0.001 for both variables; Figure 4). There
were no differences in speed [min/km; F(1,25) = 3.52; p = 0.072]
when comparing the outdoor and the treadmill condition. On
the other hand, a significant effect across conditions was found
for RPE [F(2,23) = 17.84; p < 0.001], with higher RPE values
in the treadmill condition compared with both the outdoor
(p < 0.001) and the sitting condition (p = 0.003), while no
significant difference was found between the outdoor and the
sitting condition (Figure 4). As shown in Table 3, both HR mean
and HR max were positively associated with ‘movement lag’ in
the sitting condition, while in the treadmill condition, RPE and
HR mean were positively correlated with ‘cyber sickness.’

From the qualitative data it emerged that the possibility of
walking while being exposed to the IVE provided a ‘sense of
liberation’ which made the participants feel less passive and more
engaged with the virtual experience (n = 8; e.g., “[In the treadmill
condition] it was much better because I could move”; “[The sitting
condition was] challenging and stressful as you can’t move”). On
the other hand, some participants reported physical discomforts
due to poor postural control during the treadmill condition

(n = 4; e.g., “[The treadmill condition] was very stressful and tiring
because I had to hold on to the handlebar very hard”).

Affective Responses
Table 4 shows descriptive statistics for the affective responses,
alongside the outcomes of the ANOVA and post hoc analysis.
The ANOVA found significant differences across conditions for
enjoyment, with a post hoc analysis showing that compared
with the outdoor walk participants reported significantly less
enjoyment in both the sitting and the treadmill conditions.
The ANOVA also showed a significant interaction of ‘pre-post’
by ‘condition’ for positive affect, negative affect, and fatigue,
whereas the interaction was not significant for tranquility. The
affect profile assessed before the nature walk showed that the
participants reported low ratings of negative affect, fatigue,
and positive affect, whereas higher ratings were recorded for
tranquility. A post hoc analysis applying a Bonferroni’s correction
of alpha showed an improvement of the affect profile after
completing the outdoor walk, with a significant reduction of the
ratings of negative affect and fatigue. In contrast, the profile of
affect worsened after both IVE conditions, with a slightly larger
magnitude in the sitting condition: the ratings for positive affect
and tranquility reduced (change significant in both conditions),
whereas the ratings of negative affect and fatigue increased
(change significant only in the sitting condition). A post hoc
comparison on delta values across the different conditions
showed a significant difference between the outdoor walk and
both the IVE conditions for all PAAS components, whereas when
comparing the two IVE conditions with each other, it was found
that the reduction in positive affect was significantly larger in the
sitting than in the treadmill condition.

As shown in Table 3, ‘cyber sickness’ was consistently
associated with negative affective responses: ‘cyber sickness’
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FIGURE 4 | Heart rate (mean and maximum) and Ratings of perceived
exertion (RPE) in a walk outdoors, a ‘sitting-IVE’ condition, and a
‘treadmill-IVE’ condition (M £ SE; n = 26, repeated measurements).

**p < 0.001 in a post hoc comparison of the sitting or treadmill conditions
with the outdoor condition, applying Bonferroni’s adjustment of alpha.

was negatively correlated with enjoyment, positive affect, and
tranquility, whereas it was positively correlated with negative
affect and fatigue (the latter only in the treadmill condition).
Significant correlations were found also between different
psychological variables and ‘being there, ‘realism, ‘sense of
reality, and ‘fascination, though with different patterns of
association for the sitting and the treadmill condition (Table 3).

The different emotional responses experienced in the outdoor
walk and the IVE conditions were also found in the qualitative
data. For example, participants expressed positive emotions such
as feeling “relaxed” and “happy” (n = 13) during the outdoor
condition, whereas negative emotions such as feeling “stressed”
and “tired” were expressed (n = 10) in relation to the IVE
conditions. Furthermore, the IVE conditions were viewed as
“boring” (n = 4), compared to “fun” (n = 1) and “great/amazing”
(n = 2) for their experience outdoors. Furthermore, some
participants made reference to the physical reactions experienced
during the IVE conditions, especially cyber sickness, which
was viewed as having had a strong influence on their affective
experience (e.g., “How I felt during the IVE condition - sick and
dizzy - [determined my level of enjoyment]”). Some participants
reported, however, that the novelty of trying the IVE technology
by itself provided some degree of enjoyment (n = 3; e.g., “Just
the fact that you are using virtual reality [made it enjoyable]”).
Only two participants reported that the element of movement in
the treadmill conditions elicited more positive affective responses
(e.g., “The sitting IVE was boring ... Moving while the video was
playing [made it more enjoyable]”).

DISCUSSION

Our findings support, in part, the findings of previous
studies showing that green exercise experiences in real natural
environments, even in brief bouts (i.e., a 10-min walk), can lead
to enhanced psychological states (Barton and Pretty, 2010; Bowler
et al., 2010; Thompson Coon et al., 2011). We found in fact that
the walk in real nature was associated with an enhanced profile

of the participants’ emotional state, specifically in relation to a
reduction of fatigue and negative affect, alongside high ratings of
enjoyment. On the other hand, despite the participants reporting
levels of perceived environmental restorativeness (‘fascination’
and ‘being away’) and physical engagement equivalent to those
experienced in the real nature walk, alongside reasonably high
levels of some aspects of presence (e.g., ‘being there’ and ‘sense
of reality’), unlike the walk in real nature the IVEs led to
negative affective responses. These latter findings differ from
those of previous studies that have used non-immersive virtual
nature in combination with physical activity, i.e., walking on a
treadmill or cycling on a stationary bike whilst watching images
or videos of nature projected on a screen (Pretty et al., 2005;
Plante et al., 2006; Akers et al., 2012; White et al., 2015; Yeh
et al.,, 2017). These studies found in fact that virtual nature can
provide psychophysiological benefits such as improvement of
affect states and restoration of mental fatigue. However, such
benefits are not as large as those that can be obtained in real
natural environments, as shown in studies that had participants
visiting a real natural environment and/or viewing a video
of the same nature (Plante et al, 2006; Mayer et al., 2009
Olafsdottir et al,, 2017). Our findings also differ from those
found by Valtchanov et al. (2010), which showed restorative
effects in subjects who were exposed to an IVE using a HDM.
It is, however, important to note some fundamental differences
between our study and that of Valtchanov et al. (2010), which
are likely to have played a role in the different outcomes of
the two studies, especially resulting in our participants being
more exposed to risk of incurring in cyber sickness: first, in the
Valtchanov et al. (2010) study the participants sat at a computer
station and controlled their movements using a mouse, whereas
our participants were ‘passive’ observers of a first-person video;
secondly, in the Valtchanov et al. (2010) study the HDM used
allowed only a 65° vision, therefore not engaging the participants’
peripheral vision.

The negative affective responses that emerged in our study
seem to be mainly associated with participants’ experience with
IVE being commonly disrupted by the occurrence of cyber
sickness. Cyber sickness is known to be a common problem with
current IVE technology (Nichols et al.,, 2000), and a number
of theories have been proposed to explain why it occurs. In
spite of this, to date little is known about how to prevent
it. Two of the most well-known theories on cyber sickness
are the sensory conflict theory, which suggests cyber sickness
is mainly caused by conflicting signals received by the visual
and vestibular systems, and the postural instability theory, which
states that long periods without postural control will cause cyber
sickness (LaViola, 2000). In the present study, some participants
reported that they struggled to maintain postural control during
the treadmill condition, suggesting that postural control might
indeed have contributed to the development of cyber sickness in
some participants. However, triangulation of the qualitative and
quantitative data revealed that those participants who reported
challenges in maintaining postural control on the treadmill did
not consistently report higher ratings of cyber sickness in the
treadmill condition, and in all but one case, the ratings were
lower than in the sitting condition. On the other hand, during the
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study it was noted that the participants who reported the highest
levels of cyber sickness developed it very quickly after starting the
IVE sessions. Again, triangulating the quantitative and qualitative
data also revealed that, consistent with the sensory conflict
theory, complaints of movement lag and flatness (i.e., poor
quality of the imaging, including blurriness and lack of depth)
were commonly associated with higher ratings of cyber sickness.
This might also explain why the element of physical movement
(treadmill condition) was unable to attenuate cyber sickness: in
this condition, the participants still struggled with movement lag
and flatness, which might have triggered a conflict between visual
input and the vestibular system. It should be noted, however,
that it is likely that inter-individual differences exist in why and
how a person develops cyber sickness, and therefore different
theories may be applicable to different individuals under diverse
conditions (LaViola, 2000).

Our findings show that movement lag and, in particular, cyber
sickness, also emerged as factors influencing the participants’
affective responses, the latter being an important component
underpinning green exercise behaviors as well as possibly
mediating various health outcomes (Calogiuri and Chroni, 2014).
Thus, this issue has important implications for studying the
effectiveness of IVE technology in green exercise research. In
a recent study, Kokkinara et al. (2016) demonstrated that
watching a first-person IVE video of someone walking can
create an illusory sense of agency (i.e., the subjective awareness
of initiating, executing, and controlling an action), inducing a
person to perceive that the movement is initiated by him or
herself. It seems, however, that the discrepancy between a person’s
movements (or lack of movement, as in our sitting condition)
and movements observed in the video can nevertheless result
in uncomfortable, or even “frustrating” (as some participants
defined it), conflicts between the ‘real self” and the ‘virtual

self” Cyber sickness had an even more dramatic impact on
participants’ psychophysiological responses, and was consistently
associated with less enjoyment, reduced tranquility and positive
affect, increased fatigue and negative affect, and (in the treadmill
condition) higher HR and perceived exertion. The latter was
especially surprising. Previous research shows that individuals
tend to report higher RPE when walking/running on a treadmill
as compared with walking/running outdoors (Harte and Eifert,
1995; Focht, 2009; Calogiuri et al., 2015). In the present study,
it was hypothesized that being exposed to the IVE video whilst
walking on the treadmill would have mitigated this effect by
causing an ‘attentional shift’ from internal feelings of effort
toward the virtual environment, which previous research suggests
to be the reason for reporting lower RPE when engaging in green
exercise as compared with indoor exercise (Harte and Eifert,
1995). The results, however, did not support this expectation.
The higher perceived exertion might be linked to cyber sickness,
but also the increased feelings of fatigue or the poor postural
control that some participants experienced. The latter factor
might, especially, have caused the participants to retain the
attention focus toward internal feelings (e.g., keeping the balance
of controlling the movements), therefore hindering the shift
of focus towards the environment. More research is, however,
needed in this field to better understand the reasons that underlie
such phenomenon.

Despite the impact of cyber sickness and the different
psychophysiological responses observed, our findings suggest
some important lines of enquiry for future research and
application in this area. In particular, we found that the
IVE-related ratings of perceived environmental restorativeness
(i.e., the extent to which the participants perceived the virtual
environment as fascinating and providing the opportunity to
experience ‘being away’) were quite consistently associated with

TABLE 4 | Affective responses to a walk outdoors in a real natural environment and two virtual nature walks (M £ SD; n = 26).

Outdoor walk Sitting IVE Treadmill IVE Pre vs. Post Condition Interaction
Enjoyment 7.69+1.78 3.00 £ 2.592 3.96 £+ 2.322 — F(2,24) = 29.93** —
Positive affect
Pre 0.68 +£0.16 0.62 + 0.25° 0.57 + 0.24° F(1,25) = 25.304** F(2,50) = 20.232** F(2,50) = 14.836**
Post 0.70 £0.19 0.43 £ 0.25 0.49 £ 0.22
Delta 0.02 +0.10 —0.19 £ 0.17%° —0.08 £+ 0.15%¢
Tranquility
Pre 2.82 +£0.91 2.59 + 0.80° 2.54 +0.84P F(1,25) = 20.346** F(2,50) = 14.114** F(2,50) = 6.550
Post 2.83 +£0.75 2.03 +1.06 1.99 +0.89
Delta 0.01 +0.67 —0.56 + 0.692 —0.55 + 0.672
Negative affect
Pre 0.32 £ 0.41P 0.29 + 0.50° 0.28 £ 0.40 F(1,25) = 8.824 F(2,50) = 5.430* F(2,50) = 12.335**
Post 0.18 +0.33 0.87 +1.01 0.58 + 0.84
Delta —0.14 £ 0.21 0.58 + 0.692 0.29 4+ 0.742
Fatigue
Pre 0.86 + 0.69° 0.76 + 0.63° 0.69 + 0.65 F(1,25) = 2.345 F(2,50)=2.117 F(2,50) = 12.106**
Post 0.55 +0.55 1.15+0.87 1.00 £+ 0.81
Delta —-0.31 £ 0.56 0.40 £ 0.632 0.31 £0.712

*p < 0.05; **p < 0.001. aSignificant post hoc comparison with the outdoor walk, applying a Bonferroni’s adjustment of alpha. bS/gniﬁcant post hoc pre-post comparison,
applying a Bonferroni’s adjustment of alpha. ©Significant post hoc comparison between the two IVE conditions, applying a Bonferroni’s adjustment of alpha.
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the rating of enjoyment the participants assigned to the IVE
experiences. Perceived environmental restorativeness has been
found to correlate with ratings of enjoyment during green
exercise in real natural environments (Calogiuri et al., 2015).
Thus, this finding suggests that in future studies it could be
possible to elicit greater enjoyment by producing IVE videos
showing natural environments with higher restorative value, as
compared with the environment used in this particular study.
Furthermore, it is likely that, in the relatively near future,
technological developments will allow access to HMDs with
higher resolution, which might also limit the occurrence of cyber
sickness, and its consequent impact on affective responses.

Strengths and Limitations of the Study

The strength of our study is primarily ascribed to its novelty: to
the best of our knowledge, this study is one of few using a HMD in
combination with physical activity (i.e., walking on a treadmill),
and the very first using such technology to simulate green
exercise experiences. The within-subjects experimental design,
with two different IVE conditions administered in counter-
balanced order preceded by exposure to a corresponding real
environment, also represents a strength of our study. Our design
might, however, have led to some confounding effects: first,
due to the large number of comparisons, we had to apply
a restrictive significance level (i.e., Bonferronis adjustment),
which is likely to have increased the probability of incurring
type-II errors; second, varying weather conditions might have
influenced the participants’ experience of the outdoor condition
and, relatedly, the psychological outcomes. Most importantly,
because the technology used in this study is quite novel, specific
equipment that would have helped produce a more stable video
was not available. We had to adapt a generic handheld stabilizer,
but this was not optimal for a 360° camera, which is very
light and symmetrical in shape: additional weights had to be
added to the stabilizer, and we had to find solutions to avoid
it rotating on its own axis. Furthermore, the program used to
improve the stabilization of the video in post-production was
at an early stage of development. The development of second-
generation technology that will better address these challenges
will increase possibilities in this field and might produce different
findings.

CONCLUSION

Using commercially available IVE technology, we were unable
to reproduce psychophysiological responses similar to those
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walk. In a single-blinded trial, 50 participants were assigned to watch, using a head-
mounted display, one of two 10-min 360° videos showing a first-person nature walk:
one video contained small-magnitude scene oscillations associated with cameraman
locomotion, while in the other video, the oscillations were drastically reduced thanks
to an electric stabilizer and a dolly. Measurements of cyber sickness (in terms of both
occurrence and severity of symptoms), perceptions of the IVE (presence and perceived
environmental restorativeness), and indicators of psychophysiological responses [affect,
enjoyment, and heart rate (HR)] were collected before and/or after the exposure.
Compared to the low-stability (LS) condition, in the high-stability (HS) condition,
participants reported lower severity of cyber sickness symptoms. The delta values for
pre—post changes in affect for the LS video revealed a deterioration of participants’ affect
profile with a significant increase in ratings of negative affect and fatigue, and decrease
in ratings of positive affect. In contrast, there were no pre—post changes in affect for the
HS video. No differences were found between the HS and LS conditions with respect to
presence, perceived environmental restorativeness, enjoyment, and HR. Cyber sickness
was significantly correlated with all components of affect and enjoyment, but not with
presence, perceived environmental restorativeness, or HR. These findings demonstrate
that improved camera stability in 360° videos is crucial to reduce cyber sickness
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symptoms and negative affective responses in IVE users. The lack of associations
between improved stability and presence, perceived environmental restorativeness, and
HR suggests that other aspects of IVE technology must be taken into account in order
to improve virtual experiences of nature.

Keywords: green exercise, virtual reality, restorative environments, environmental perception, immersive virtual

environments

INTRODUCTION

Nature is believed to have intrinsic qualities that promote health
and well-being (Bowler et al., 2010; Bosch and Bird, 2018),
which has led to increased interest in nature exposure as a
research area. In the past two decades, interest and concerns
have been raised regarding the possibility of using virtual
nature to supplement exposure to real nature. Virtual nature
might be a tool to increase the exposure to restorative nature
experiences in an increasingly urbanized population and might
even contribute to the reconnection of people to real nature, as
studies show that acute bouts of green exercise (i.e., any physical
activity performed while being exposed to nature) can increase
people’s feelings of nature connectedness (Mayer et al., 2009) and
future intention to exercise and/or visit natural environments
(Hug et al., 2008; Calogiuri and Chroni, 2014; Calogiuri et al,,
2015). The effectiveness of this technology as an instrument in
palliative care has been documented (Chirico et al., 2016; White
et al., 2018). This technology could also address some of the
major methodological issues inherent to environmental research
(Smith, 2015), particularly in studies of natural environments
(Lahart et al., 2019), as research related to outdoor environments
does not allow strict control of confounding factors such as
weather conditions, temperature, ambient noises, etc. To date,
however, it remains unclear to what extent virtual nature can
provide benefits equivalent to those provided by experiences in
real nature, while on the other hand, concerns have been raised
regarding the possible undesired effect of further distancing
people from real nature (Levi and Kocher, 1999). Moreover, in
spite of the fact that virtual reality has become a phenomenon
of mass consumption, a series of side effects that can undermine
the quality of users’ experience yet remain to be addressed. These
side effects are also known to mask potential effects in studies
of virtual environments, thus limiting the usefulness of virtual
technology in environmental research.

The Effectiveness of Virtual Nature

The potential of and the interest in virtual nature have been
accelerated by the upcoming and continuous development of
immersive virtual environments (IVEs) technology. IVEs are
virtual environments that “surround an individual and create
the perception that they are enclosed within and interacting
with environments that provide a continuous stream of stimuli”
(Smith, 2015). Head-mounted displays, devices with a motion
sensor that allows a 360° vision of a virtual world while
eliminating the visual contact with external reality, are central
elements of IVE technology. These displays are considered
more immersive than traditional displays and are believed to

increase presence, i.e., the illusion of “being there” (Weech et al.,
2019), which is considered a key element of the effectiveness
of virtual environments (Steuer, 1992). The popularity of
IVEs and head-mounted displays follows the introduction of
affordable technology that not only provides the opportunity
to immerse oneself in pre-set IVEs, but also allows the
creation of new IVEs using special 360°cameras and freely
available and customizable applications. Static IVEs (i.e., IVEs
in which the perspective of the viewer is stationary, but
still allow a 360° range of vision) have been shown to be
able to replicate some of the positive psychological effects
of exposure to real nature (Chirico and Gaggioli, 2019; Yu
et al., 2018), such as helping people reduce stress (Liszio and
Masuch, 2018) or experiences of pain (Chirico et al., 2016;
White et al., 2018). The effectiveness of virtual environments
has further been confirmed in studies of urban environments,
in which virtual images and soundscapes are perceived as
comparable to the real environment (Maffei et al, 2016;
Hong et al., 2019).

While the literature provides increasingly strong support
for the effectiveness of static natural IVEs, more challenges
are encountered in relation to dynamic IVEs (i.e., IVEs in
which the perspective of the viewer moves while allowing
a 360° range of vision, for example, a simulated walk in
a natural environment). Previous studies have found some
psychological benefits of exposure to dynamic IVEs administered
either in sedentary conditions (Valtchanov et al., 2010) or in
combination with physical movement (Plante et al., 2003, 2006).
The head-mounted displays used in these studies, however,
only allowed a 60° to 65° range of vision, thus not fully
engaging the viewers peripheral vision. To the best of our
knowledge, only one study has used dynamic 360° IVEs
to compare a simulated nature walk (both in combination
and not in combination with actual physical movement) to
an actual outdoor walk in the same environment (Calogiuri
et al., 2018). The results from this study suggest that the
technology might have the potential to elicit psychological
responses similar to those experienced in real nature, as in
fact the participants assigned equivalent levels of perceived
environmental restorativeness in the IVE as in the real
environment and spontaneously walked at the same pace in
both conditions. However, the users reported a significant
deterioration of their psychological state after exposure to the
IVE, with a decrease in positive emotions (tranquility and
positive affect) and an increase in negative emotions (fatigue and
negative affect). Such dramatic psychological responses appeared
to be primarily associated with the experience of a phenomenon
known as cyber sickness.
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The Impact of Cyber Sickness on the

Effectiveness of Virtual Nature

Cyber sickness mimics the symptoms of motion sickness,
inducing feelings of dizziness, nausea, and general discomfort
(Smith, 2015), and can be viewed as a specific type of visually
induced motion sickness (Kennedy et al., 2010). There has
been an increase in reported cases of cyber sickness in recent
years, which may relate to the fact that more technologically
advanced displays, such as head-mounted displays, generally
induce higher levels of cyber sickness (LaViola, 2000; Sharples
et al., 2008). There are two prevailing theories regarding the
cause of cyber sickness. The sensory conflict theory postulates
that cyber sickness is caused by sensory conflict between visual,
vestibular, and proprioceptive inputs (Reason and Brand, 1975).
Another explanation to how cyber sickness may originate
is provided by the postural instability theory, which states
that long periods without postural control will cause cyber
sickness (LaViola, 2000). The negative effects caused by cyber
sickness is a concern in studies of virtual environments as
it is likely to act as a competing factor to the potential
benefits of exposure to virtual nature. For example, recent
research suggests that cyber sickness is inversely related to
presence and that reducing cyber sickness might improve
presence (Weech et al,, 2019). Cyber sickness may also compete
with the environmental perceptions. According to Rachel and
Stephen Kaplan’s Attention-Restoration Theory, environments
characterized by qualities of fascination, compatibility, extent,
and feeling of being away have the potential to elicit cognitive
restoration and positive affective responses (Kaplan, 1989, 1995).
However, Calogiuri et al. (2018) compared affective responses
after exposure to real and virtual natural environments and
found that the real environment induced a more positive affective
response compared to the virtual environment, despite the
fact that the participants perceived the virtual environment as
having restorative properties equivalent to those perceived in the
real environment. Calogiuri et al. (2018) further demonstrated
medium to high correlations between cyber sickness and
participants’ affective responses, which suggest that cyber
sickness disrupted any potential positive effects related to the
restorative value of the virtual environment. The discomfort
caused by cyber sickness and its potential impact on affect
and presence limit the application of VR in health promotion
and research purposes, and highlight the need for scientific
strategies to optimize virtual experiences. Interestingly, recent
advances in handheld stabilizing devices specifically designed
for 360° cameras provide a potential strategy. These stabilizing
devices reduce camera oscillations, which might reduce levels
of cyber sickness.

The Impact of Scene Oscillations on
Cyber Sickness

It has been hypothesized that the presence of scene oscillations
might play a central role in the generation of cyber sickness
during exposure to dynamic IVEs. Oscillations, which include
movements of the scene displayed in the head-mounted displays
on the horizontal and/or vertical axis (also known as “pitch
and yaw”), are an issue in the development of dynamic IVEs,

especially those developed using 360° cameras. Such oscillations
may be generated as a consequence of poor stabilization
of the camera (e.g., general vibrations) as well as vertical
movements associated with the locomotion of the camera
operator. Previous provocation studies, i.e., participants were
exposed to a stimulus that was expected to provoke a negative
response, have investigated the effect of oscillations using
head-mounted displays (Lo and So, 2001; Bonato et al., 2009).
In these studies, they intentionally created computer-generated
IVEs with severe levels of oscillations and found that an increase
in oscillations increases levels of cyber sickness (Lo and So,
2001; Bonato et al., 2009). It is not clear how the presence of
oscillations leads to increased levels of cyber sickness. However,
it has been suggested that when the viewer experiences the
scene moving in one direction, it causes a feeling of self-motion
(i.e., vection) in the opposite direction (Lo and So, 2001). This
sense of self-motion perceived by the visual sensory system
might cause sensory conflict with input from the vestibular
and proprioceptive systems, as these sensory systems would
not perceive any motion in this situation, thus linking the
sickness-inducing effect of oscillations to the sensory conflict
theory. Although this is just a theory and researchers debate
whether or not vection actually is related to cyber sickness
(Keshavarz et al., 2015), the studies of Lo and So (2001), and
Bonato (2009) have established that high levels of artificially
generated oscillations have a severe impact on cyber sickness.
However, it is still unknown whether this applies to more
practical situations and, in particular, to what extent minimizing
oscillations can reduce levels of cyber sickness in 360° videos that
are not intentionally designed to provoke a negative response.

The Present Study

The purpose of the present study was to assess the extent
to which improved camera stability, in dynamic 360°
videos simulating a nature walk, could reduce cyber
sickness and improve participants sense of presence and
psychophysiological responses.

Our primary hypothesis was stated as follows:

A 360° video simulating a nature walk with a high level of
camera stability will be associated with less severe symptoms
of cyber sickness compared to a less stable video.

Our secondary hypotheses were stated as follows:

1.1. If a highly stable 360° video simulating a nature walk
induces less cyber sickness, it will also be associated with
higher levels of presence compared to a less stable video.

1.2. If a highly stable 360° video simulating a nature walk
induces less cyber sickness, it will also be associated with a
more positive psychophysiological response compared to a
less stable video.

In addition, in relation to each hypothesis, we performed
an exploratory correlation analysis investigating possible
associations between the variables in order to evaluate
possible pathways that can help explain the complex
relation linking cyber sickness, environmental perceptions,
and psychophysiological responses.
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MATERIALS AND METHODS

This paper is structured in line with the CONSORT guidelines
(Schulz et al., 2010).

Participants

Estimation of required sample size was based on total score on
the simulator sickness questionnaire (SSQ) from a preliminary
pilot study done in our laboratory. The smallest meaningful
between-group difference in total SSQ score was set to 20, with
a pooled standard deviation of 30. a-level and desired power
was set to 0.05 and 80%, respectively. Based on this calculation,
an approximate sample size of 50 was deemed appropriate.
Participants were recruited by the first author among students
and non-scientific employees at the Inland Norway University of
Applied Sciences (Elverum), but also a few participants outside
the University during the months of June and August-October.
Inclusion criteria were as follows: being >18 years old,
having normal or corrected-to-normal vision, having limited
experience with VR (less than monthly use), and not having
previous diagnosis of balance impairments. The final sample
comprised 22 males and 28 females. Participants’ background
characteristics are presented in Table 1. All participants signed
a written informed consent prior to the experiment. The study
was approved by the Norwegian Center for research data
(reference number: 60451) and conducted according to the
declaration of Helsinki.

IVE Technology and Experimental

Conditions

The IVEs used for the experiment consisted of two 10-min-long
360° videos showing a first-person walk along a path in a natural
environment. The playback was made using Samsung S7, with
Android 7.0, mounted on a Samsung Gear head-mounted display
(Samsung Gear VR SM-R323). The environment contained a
fairly straight paved trial in natural surroundings alongside a
river in Elverum. In addition to natural elements such as trees,
grass, and water, the environment also included some buildings
and a football field. An actual walk of the same duration
along the same path has previously been reported to improve
participant’s affect state, with significant reductions in fatigue and
negative affect, but no changes in tranquility and positive affect
(Calogiuri et al., 2018).

TABLE 1 | Baseline characteristics of the participants (n = 50).

LS (n = 25) HS (n = 25)
Male (n) 11 11
Female (n) 14 14
Variables M (SD) M (SD)
Age (years) 30.6 (11.6) 30.0 (11.3)
BMI (kg/m?) 25.8 (3.5) 24.6 (3.1)
Weekly physical activity (METs) 54.8 (22.3) 59.6 (26.4)

LS = low stability video. HS = high stability video. BMI = body mass index.

The two videos showed the same nature walk and differed only
in the extent to which they contained frequent scene oscillations
of small magnitude. Both IVEs were recorded in the same
location using the same 360° video camera (Samsung gear 360
smc200, 3840 x 1920 resolution at 30 frames per second), in
pleasant weather conditions. Measures were taken to ensure that
all elements except camera oscillations would be as similar as
possible. This includes recording the scene segments at the same
time of year with similar levels of “greenness,” matching the
lighting postproduction based on the subjective evaluation of the
authors, matching start and end position of the videos, etc. The
low-stability (LS) video was created using segments from a video
used in a previous experiment (Calogiuri et al., 2018). To develop
that video, a 360° camera was mounted on a modified Yelangu
s60t mechanical handheld stabilizer and the video recorded was
run through two software stabilizing programs as described in
Calogiuri et al. (2018). This procedure was developed to minimize
camera oscillations, but due to the oscillations associated with
the camera operator locomotion as well as the mechanical nature
of the stabilizer, oscillations of small magnitude still occurred
along both the vertical and horizontal axis. In contrast, the
high-stability (HS) video was recorded by mounting the 360°
camera on an electronic gimbal handheld stabilizer (Feiyu Tech
G360), which provided a high degree of stability, especially in
the horizontal axis (pitch). The camera operator was also pushed
along the path on a dolly to further minimize oscillations in the
vertical axis (yaw). This procedure effectively eliminated pitch
oscillations though, in order to align the camera positioning
with the path, yaw oscillations of small magnitude still occurred
sporadically (six times during the entire duration of the video).
The two videos were similar in all aspects, but differed in both
frequency and magnitude of oscillations.

Instruments

Cyber Sickness

The occurrence of cyber sickness was measured with a
dichotomous question: “are you cyber sick,” followed by a
brief verbal explanation of the term, to which the participant
responded either “yes” or “no” (Merhi et al., 2007; Munafo et al.,
2017). The SSQ was used to measure the severity of the symptoms
related to cyber sickness (Kennedy et al., 1993). As the name
implies, the SSQ was designed to measure simulator sickness, but
the questionnaire has seen widespread use in studies of cyber
sickness as well (e.g., Draper et al,, 2001; Merhi et al., 2007;
Munafo et al., 2017). Participants were asked to rank, on a four-
point Likert scale, the severity of 16 different symptoms such as
“Headache” and “Increased salivation.” Scoring and analysis of
the SSQ data were performed according to the recommendations
of Kennedy et al. (1993). The scale showed adequate internal
consistency for the total score (o = 0.94).

Presence and Environmental Perceptions

To assess participants’ sense of presence in the IVEs, we used
a scale based on the approach of Nichols et al. (2000), which
includes eight items related to presence in virtual environments.
The items were formulated as statements as shown in Table 2,
and participants were asked to rate their level of agreement
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TABLE 2 | ltems used to assess presence.

Short name Item

Being there In the computer-generated world, | had the sense of “being
there”

Realism | thought of the virtual environment as equal to the real

environment

Sense of reality The virtual world became more real or present to me
compared to the real world. NB: by “real world,” we mean

the room where you were undergoing the test

Awareness During the “virtual walk,” | often thought of the other

person(s) in the room with me

Other persons It would have been more enjoyable to engage with the

“virtual world” with no one else in the room

External noises While | was doing the “virtual walk,” | paid much attention to

other noises around me in the room
Flatness The virtual world appeared flat and missing in depth
Movements lag The lag, delay or difference between my movements and

the movements in the “virtual walk” were disturbing

to each statement on an 11-point Likert scale. Alongside the
measure of presence, the extent to which the participants
perceived the IVEs as having a potential for environmental
restorativeness was assessed by administering the perceived
restorativeness scale (Hartig et al, 2003). In the context of
our study, this measure provided an indicator of the potential
of the IVEs to elicit cognitive restoration. The scale consists
of 16 items, rated on a 11-point Likert scale (0 = absolutely
disagree, 10 = absolutely agree), which assess the subjective
perception of four environmental qualities in line with Rachel
and Stephen Kaplan’s Attention-restoration theory (Kaplan,
1989, 1995): Being away, which refers to the extent to which the
environment provides a feeling of “being away” from everyday
demands and concerns (two items, e.g., “It was an escape
experience”); Fascination, the environments ability to capture
the viewers’ effortless attention (five items, e.g., “The setting
has fascinating qualities”); Coherence, the extent to which the
elements in an environment combines to a coherent whole (four
items, e.g., “There is too much going on”); and Compatibility,
which describes how well a place fits people’s inclinations and
interests (five items, e.g., “have a sense that I belong there”).
The caption on top of the items explicitly stated “The following
questions relate to the virtual environment.” The scale showed
adequate internal consistency (a = 0.74-0.86).

Psychophysiological Responses

The participants’ psychophysiological responses to the different
IVEs were evaluated in relation to enjoyment, pre-to-post
changes of affect, and heart rate (HR). Enjoyment was assessed
after exposure to the IVE using a single-item inquiring: “on
a scale from 1 to 10, how enjoyable was the activity you
engaged in?” This measure has been used in studies investigating
participants’ affective responses to green exercise, showing
high correlation with measurements of perceived environmental
restorativeness (Calogiuri et al., 2015, 2018). Participants’ affect
was assessed before (Pre) and after (Post) exposure to the IVE
using the Physical activity affect scale (Lox et al., 2000). The

scale consists of 12 items (e.g., “energetic,” “calm,” “miserable,”
and “tired”) that, in line with Russel’s circumplex model (Russell,
1980), are grouped in four components: Positive affect (positive
valence, high activation), Tranquility (positive valence, low
activation), Negative affect (negative valence, high activation),
and Fatigue (negative valence, low activation). The scale showed,
in general, adequate internal consistency for the different
subscales (o = 0.68-0.87), though somewhat poor levels of
internal consistency were found for Positive affect in the Pre
assessment (o = 0.56) and Negative affect in both assessments
(a0 = 0.56-0.56, in Pre and Post, respectively). Lastly, HR was
recorded continuously over a 6-min period during exposure
to the IVEs using a HR-monitor (Polar FT60M BLK WD)
and extracted as beats per minute as a physiological indicator
of stress (Allen et al., 2014; Duzmanska et al., 2018). It was
decided to exclude the first and last couple of minutes of
video exposure from the HR measurements to allow postural
adaptation of HR in the beginning of the video, as the
participants moved from a standing to a seated position, and
due to concerns that the fact that the examiner reentered the
experimental room at the end of the video would influence HR.
Mean HR (HRmean), the mean of all individual measurements,
and maximal HR (HRmax), the single highest value recorded,
were automatically recorded by the HR monitor and used for
further analyses.

Participants’ Background Characteristics

This information was collected in order to establish a general
indication of the health and fitness status of the participants,
and included sex, age, body mass index (BMI), and physical
activity habits. Sex and age were self-reported by the participants,
while BMI was calculated [body weight (kg)/height (m)?]
based on assessments of height and body weight performed
in the laboratory prior to participation in the experiment.
The participants physical activity levels were assessed using an
adjusted version of the leisure time exercise questionnaire (Godin
and Shephard, 1985), which was modified in the caption to
include transportation physical activity (i.e., walking or biking to
reach different destinations). This adjusted version of the leisure
time exercise questionnaire was used in a previous study and was
found to correlate with objective assessments of physical activity
by accelerometer (Calogiuri et al., 2013).

Design and Procedure

The study was designed as a single-blinded experimental trial
with two parallel groups. Participants were allocated to either
one of the two experimental conditions with a 1:1 allocation
ratio based on a predetermined sequence (i.e., the first participant
was assigned to the LS IVE, the second to the HS IVE, the
third to the LS IVE, and so on). This allocation procedure
was chosen to ensure that an equal amount of experiments
was carried out in each group in the same time period, as
some participants were tested in June and some in August-
October due to practical reasons. The allocation, which was
determined by the first author, was stratified by sex to assure a
balanced distribution of males and females in each group. This
allocation was strictly based on the predetermined sequence,
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which was developed when the researchers were still unaware
of the participants’ order, and never modified to accommodate
participants’ preferences or characteristics. All participants were
blinded to which condition they were allocated to and were
unaware of the difference between the two IVEs. The experiment
was performed in a controlled laboratory environment at Inland
Norway University of Applied Sciences (Campus Elverum),
with standardized temperature, ventilation, and lighting, and
a high degree of sound insulation. The participants viewed
the IVE while seated, and both videos lasted 10 min to
approximate the exposure duration that give the largest effects
on psychological outcomes according to the meta-analysis by
Barton and Pretty (2010). No changes to methods were made
after trial commencement.

The experimental procedures were performed as follows:
(1) measurement of height and weight; (2) pre-exposure
questionnaire, including physical activity affect scale and
background information; (3) exposure to the IVEs, with
continuous recording of HR from the third to the ninth minute
of the IVE; and (4) post-exposure questionnaire, including
SSQ, presence, perceived environmental restorativeness, physical
activity affect scale, and enjoyment. In addition to the ones
listed above, the study included additional measurements (i.e.,
a measure of future green exercise intention and assessments
of postural stability during the first and last minute of video
exposure), which are not presented in this paper.

Analyses

The data were preliminarily explored in order to examine
the frequency distribution of the various variables as well as
identify possible missing values and outliers. The assumption
of normality was evaluated by a Shapiro-Wilk test, which
revealed that none of the outcome variables were normally
distributed. Hence, a Mann-Whitney U test was used to
investigate possible differences between the two IVE conditions
for the SSQ scores, the eight items of presence, the four
components of perceived environmental restorativeness, the
four components of affect (expressed as delta values: post-
exposure - pre-exposure), enjoyment, and HR. Potential between
condition differences for the dichotomous measure of cyber
sickness were analyzed by a chi-square test. In order to
establish possible pre-to-post changes in the four different
components of affect, a Wilcoxon signed-rank test was also
applied to each of the affect components (Positive affect,
Tranquility, Negative affect, and Fatigue). Lastly, a Spearman’s
rank correlation coefficient (p) was used as an exploratory
analysis to evaluate potential associations between cyber sickness,
and presence, and all outcome variables. Because of the
large number of between- and within-group comparisons,
the level of significance was adjusted using the Benjamini-
Hochberg procedure with a false discovery rate of 5%. Adjusted
p-values are presented throughout the manuscript for between-
and within-group comparisons. The correlation analysis was
considered an exploratory analysis and, thus, the Benjamini-
Hochberg procedure was not applied (Victor et al, 2010).
All measurements were treated in accordance with standard
procedures normally adopted for each instrument, and the

overall statistical strategy was consistent with plans done prior
to implementation of the study.

All outcome variables are presented as median (Mdn) and
interquartile range (IQR). All statistical analyses were performed
in IBM SPSS statistics 24 (IBM, New York, NY, United States).
The significance level was set at p < 0.05.

RESULTS

The participants were generally considered active and healthy
individuals with a mean (4standard deviation) age, height,
weight, BMI, and modified leisure time exercise questionnaire
score of 29.8 (£10.8) years, 173 (£10) cm, 76.1 (£14.9) kg, 25.2
(43.3) kg/m?, and 57.2 & 24.3 units, respectively.

Three participants did not complete the full 10 min of
video exposure due to high levels of cyber sickness. All three
participants watched the LS video and discontinued after 3 min
56 s, 5 min 40 s, and 6 min 55 s. Data for all assessments were
obtained for these participants and were included in the analysis
(see flow diagram in Figure 1). Unfortunately, HR data were
missing for two participants due to technical difficulties, and both
of these participants were exposed to the HS condition.

Cyber Sickness

The dichotomous measure of cyber sickness revealed that 4 out
of 25 participants (16%) in the HS condition and 12 out of
25 participants (46%) in the LS condition reported being sick.
This effect was marginally not significantly different between
the two conditions (x? = 5.88, adjusted p = 0.055). As shown
in Figure 2, the Mann-Whitney U test on the total scores
from the SSQ showed that participants in the HS condition
reported significantly less severe symptoms of cyber sickness
compared to participants in the LS condition (LS: Mdn = 33.66,
IQR = 14.96-99.11; HS: Mdn = 18.70, IQR = 1.87-35.53,
U = 179.0, adjusted p = 0.039).

Spearman’s rank correlation showed no significant
correlations among SSQ scores and any of the components
of presence or perceived environmental restorativeness. On the
other hand, the analysis revealed medium to high correlations
between SSQ scores and enjoyment and all components of affect
(Table 3). No significant associations were found among the
SSQ scores and HR.

Presence and Environmental
Perceptions

As shown in Figure 3, the sense of presence in the IVEs was
similar in the two experimental conditions, with no significant
between-condition differences for any of the eight items of
presence (adjusted p = 0.179-0.899). Similarly, no significant
differences between the two experimental conditions were found
for the components of perceived environmental restorativeness
(adjusted p = 0.589-0.938, Figure 4).

Spearman’s rank correlation revealed significant correlations
between some items of presence and perceived environmental
restorativeness, the four components of affect, and enjoyment
(Table 4) including medium correlations between being there and
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FIGURE 1 | Flow diagram showing participants enrolled, allocated to condition, and included in the analyses (Schulz et al., 2010).

Analysed (n= 25)*
«+ Excluded from analysis (incorrect
video settings) (n=1)
*for analysis of HR data: n= 23

three components of perceived environmental restorativeness
and enjoyment, medium correlations between realism and
one component of perceived environmental restorativeness
and enjoyment, medium to high correlations between sense
of reality and two components of perceived environmental
restorativeness, a medium negative correlation between flatness
and one component of perceived environmental restorativeness,
and finally medium correlations between movement lag and the
two negative components of the physical activity affect scale

140
120 M Low stability video
High stability video
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FIGURE 2 | Comparison of the severity of cyber sickness symptoms
measured with the Simulator sickness questionnaire after exposure to a low-
or high-stability 360° video. SSQ Total = Total score (n = 50; medians and
IQRs). * = significant difference from low-stability video at the p < 0.05 level.

(Table 4). No significant correlations were found among the
items of presence (Table 4).

Psychophysiological Responses

The Wilcoxon signed-rank test showed that, after being exposed
to the IVE, the participants in the LS condition had a significant
deterioration of their affect state, with significant decrease in the
ratings of Positive affect (Pre-exposure: Mdn = 3.67, IQR = 3.67-
4.00; Post-exposure: Mdn = 3.33, IQR = 2.67-3.67; Z = —2.735,
adjusted p = 0.002) and Tranquility (Pre-exposure: Mdn = 4.33,
IQR = 4.00-4.67; Post-exposure: Mdn = 3.67, IQR = 2.67-
4.33; Z = —2.972, adjusted p = 0.021) and a significant increase
in the ratings of Negative affect (Pre-exposure: Mdn = 1.00,
IQR = 1.00-1.33; Post-exposure: Mdn = 1.67, IQR = 1.00-
3.00; Z = —3.194, adjusted p = 0.014). However, there was no
significant change in ratings of Fatigue after the LS condition
(Pre-exposure: Mdn = 1.67, IQR = 1.33-2.33; Post-exposure:
Mdn = 2.00, IQR = 1.33-3.33; Z = -2.338, adjusted p = 0.063) as
illustrated in Table 5. In contrast, no significant pre-post changes
were observed in the HS condition for any of the components
of affect (Positive affect, Pre-exposure: Mdn = 3.67, IQR = 3.00-
4.00; Positive affect, Post-exposure: Mdn = 3.33, IQR = 3.00-
4.00; Tranquility, Pre-exposure: Mdn = 4.33, IQR = 4.00-
4.67; Tranquility, Post-exposure: Mdn = 4.00, IQR = 3.33-
4.67; Negative affect, Pre-exposure: Mdn = 1.00, IQR = 1.00-
1.67; Negative affect, Post-exposure: Mdn = 1.00, IQR = 1.00-
1.67; Fatigue, Pre-exposure: Mdn = 2.00, IQR = 1.67-3.00;
Fatigue, Post-exposure: Mdn = 1.67, IQR = 1.00-2.67; adjusted
p > 0.05 for all comparisons). The Mann-Whitney U test of
delta values for affect revealed significant differences between the
two experimental conditions, with larger reductions of Positive
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TABLE 3 | Spearman’s rho correlation between total cyber sickness score (top
row) and the items of presence’, perceived environmental restorativeness?
(fascination, being away, coherence, compatibility), affect® (positive affect,
tranquility, negative affect, fatigue), enjoyment, HR, and background
characteristics (n = 50).

Total SSQ

Being there! —0.14
Realism! 0.09
Sense of reality’ 0.00
Awareness' —0.04
Other people’ 0.22
Noises' 0.19
Flatness' 0.02
Movement lag’ —-0.15
Fascination? —0.22
Being away? -0.19
Coherence? 0.16
Compatibility? —0.21
Positive affect® (A) —0.39%*
Tranquillity® (A) —0.35*
Negative affect® (A) 0.50**
Fatigue® (A) 0.63*
Enjoyment —0.48**
HRmean 0.11
HRmax 0.14
Sex 0.17
Age 0.04
BMI -0.15
Weekly PA —-0.11

BMI = body mass index. Weekly PA = weekly physical activity. A = delta values.
*Correlation is significant at the p < 0.05 level. **Correlation is significant at the
p < 0.01 level.

affect (U = 174.5, adjusted p = 0.031) and larger increments
of Negative affect (U = 146.5, adjusted p = 0.006) and Fatigue
(U = 171.0, adjusted p = 0.028) after LS condition compared to
HS. No significant difference between the two conditions was
found for Tranquility (U = 226.0, adjusted p = 0.196). Similarly,
the ratings of enjoyment after the HS condition (Mdn = 8.00,
IQR = 6.00-9.00) were not significantly different compared to the
LS condition (Mdn = 6.00, IQR = 5.00-7.00; U = 211.0, adjusted
p = 0.136). No significant differences were found between the
two experimental conditions for either average (LS: Mdn = 71.00,
IQR = 64.00-77.00; HS: Mdn = 66.00, IQR = 62.00-77.00;
U = 241.5, adjusted p = 0.551) or peak HR (LS: Mdn = 81.00,
IQR = 72.00-91.00, p = 0.342; HS: Mdn = 76.00, IQR = 68.00-
89.00; U = 252.0 adjusted p = 0.584).

DISCUSSION

The results of the present study demonstrate that the 360°
video characterized by high camera stability induced significantly
lower levels of cyber sickness compared to the 360° video
characterized by low camera stability, which is in support of
our main hypothesis. The lower levels of cyber sickness in the
HS condition were not accompanied by a significant difference

in presence, which contradicts our secondary hypothesis 1.1.
For our last hypothesis (1.2), which postulated that a reduction
in cyber sickness should be accompanied by an improved
psychophysiological response, the results are partly in favor of the
hypothesis as we found a more positive psychological response
in the HS condition, but the physiological measures were similar
between the two conditions. These results were obtained in two
360° videos that were perceived as having similar environmental
characteristics as indicated by the similar values reported
between the two conditions for the components of perceived
environmental restorativeness. Furthermore, our exploratory
correlation analysis revealed several possible pathways that
can help explain the complex relation linking cyber sickness,
environmental perceptions, and psychophysiological responses.

The total SSQ score was substantially lower after the HS
condition compared to LS, which suggests that improving camera
stability and thereby reducing camera oscillations reduce severity
of cyber sickness symptoms in 360° videos. These results support
the findings of previous provocation studies examining the
impact of severe levels of oscillations on cyber sickness using a
head-mounted display (Lo and So, 2001; Bonato et al., 2009). Lo
and So (2001) found that a severe increase in either pitch, yaw,
or roll increased symptom severity with no differences between
axis in a head-mounted display with a limited field of view (48°
horizontal, 36° vertical). Bonato et al. (2009) confirmed that
severe levels of oscillations induce cyber sickness, and further
revealed that oscillations along two different axes simultaneously
increased symptom severity compared to single-axis oscillation
in a head-mounted display with a 60° field of view. Our results
are in line with the findings of Lo and So (2001) and Bonato
et al. (2009) for 360° videos and further demonstrate that also
low levels of oscillations influence cyber sickness. This notion
is in line with the Sensory Conflict theory proposed by Reason
and Brand (1975). As outlined in the introduction, it is believed
that oscillations causes a sense of self-motion in the opposite
direction of the oscillation, which causes a conflict between visual
inputs and vestibular and proprioceptive inputs. In the present
study, the HS condition produced less camera oscillation along
all three axes, which may have reduced sensory conflict. This
potential reduction in sensory conflict may explain the lower
symptom severity after the HS condition. In contrast to symptom
severity, the occurrence of cyber sickness was not significantly
different between low and high stability. However, the effect
was borderline significant even after applying the Benjamini-
Hochberg procedure (p = 0.055), which suggests that scene
stability may influence occurrence of cyber sickness and that the
issue is worthy of further investigation.

The lower symptom severity (total SSQ score) and potentially
less sensory conflict suggest that the HS condition should have
induced higher levels of presence compared to LS, as a study by
Slater et al. (1995) suggests that reduced sensory conflict may
improve presence (Slater et al., 1995) and a recent review found
an inverse relationship between presence and cyber sickness
(Weech et al, 2019). This was not the case and participants
reported similar levels of presence regardless of which video
they had viewed. Early research in VR proposed the logical
argument that lower levels of sensory conflict would lead to
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FIGURE 4 | Comparison of ratings of the four components of the perceived
restorativeness scale (PER) associated with a low- or high-stability 360° video
(n = 50; medians and IQRs).

higher levels of presence (Slater et al., 1995). This proposal is
yet to be backed by rigorous scientific evidence, due to the
challenge of directly measuring sensory conflict, but the idea
has still carried on into more recent research (Weech et al.,
2019). As stated above, we proposed the idea that the HS
condition induced less sensory conflict compared to LS. These
potentially lower levels of sensory conflict were not accompanied
by higher levels of presence, which leads to one of two logical
conclusions. Either lower levels of oscillations do not induce
lower levels of sensory conflict or the idea that lower levels of
sensory conflict increase presence is false. Unfortunately, the
present study cannot make a definitive statement regarding this
matter. However, our results definitively challenge the proposed
relationship between cyber sickness and presence (Weech et al.,
2019), as the between condition difference in cyber sickness was
not accompanied by a difference in presence and there were
no significant correlations between the two concepts. The lack
of coherence with the conclusions by Weech et al. (2019) may
have several explanations. Most importantly, Weech et al. (2019)

acknowledges some limitations in the literature they reviewed:
most of the literature had methodological limitations, such as
limited sample size; most of the research identified supported
an inverse relationship, but several papers also supported a
positive relationship or no relationship; the review also identified
several potential moderators of the relationship, such as sex,
display factors, and context. In addition to the limitations in
current research identified by Weech et al. (2019), it is also
acknowledged that presence is a complex characteristic that is
influenced by a multitude of factors, such as environmental
interaction, synchrony of sensory stimuli, and fidelity of the
virtual environment (Weech et al., 2019). Thus, it is possible that
other aspects of the IVE, in addition to camera stability, must be
improved in order to increase presence. Nevertheless, the present
study does not support the proposed relationship between
cyber sickness and presence and suggests that improved camera
stability by itself does not result in higher levels of presence.

The fact that no differences were found between the HS
and LS condition with respect to perceived environmental
restorativeness is not surprising, as this measure is strongly
dependent on the characteristics of the environments in which
the 360° videos were filmed and should thus be interpreted as
our efforts to reproduce highly comparable IVEs being successful.
At the same time, this finding also suggests that, similarly to
what was found for presence, the level of camera stabilization
is unlikely to influence the viewers’ perceptions of the virtual
environment. Furthermore, the finding of the present study not
only shows the paramount impact of camera stabilization in
avoiding negative affective responses in the viewers of an IVE
but also confirms the central role of cyber sickness in explaining
such responses. It has to be stressed, however, that even though
the HS condition was associated with significantly more positive
affective responses than the LS condition, different from what
we would expect from an in vivo situation, it was yet unable
to induce significant improvements in the participants affect
profile. In a previous study, we found in fact that an actual
walk of the same duration in the same (real) environment where
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TABLE 4 | Spearman’s rho correlation between different components of presence (top row) and the components of perceived environmental restorativeness’, affect?,

enjoyment, HR, and background characteristics (n = 50).

Being there Realism Sense of reality Awareness Other persons Noises Flatness Movement lag

Fascination' 0.40** 0.34* 0.26 0.13 0.04 —0.06 —0.31* —0.14
Being away' 0.38** 0.26 0.46™* -0.17 —0.09 —0.10 -0.17 0.10
Coherence' —0.04 0.03 —0.04 0.19 —0.09 0.05 —0.05 0.23
Compatibility 0.36* 0.21 0.29* —0.01 0.00 —0.09 -0.18 0.06
Positive affect? (A) 0.21 0.14 —0.10 -0.15 —0.03 -0.21 -0.12 —0.24
Tranquillity? (A) 0.06 0.21 -0.12 —0.11 -0.19 -0.13 0.25 -0.13
Negative affect? (A) —0.07 —0.09 —0.06 0.12 0.07 0.04 -0.14 0.31*
Fatigue? (A) -0.18 —0.16 —0.01 0.07 0.17 0.15 0.02 0.40™*
Enjoyment 0.28* 0.30* 0.06 0.17 —0.09 0.17 -0.18 —0.19
HRmean —0.09 0.20 —0.09 0.10 0.07 —0.08 0.13 —0.20
HRmax —0.09 0.24 —0.09 0.09 0.09 —0.10 0.08 —0.21

A = delta values. *Correlation is significant at the p < 0.05 level. **Correlation is significant at the p < 0.07 level.

the 360° was filmed induced improvements in the participants’
affect state, who reported a significant reduction of Fatigue and
Negative affect after the walk as compared with before the walk
(Calogiuri et al., 2018). This is in contrast with a previous study
by Chirico and Gaggioli (2019), who found that the emotional
responses to viewing a natural landscape in vivo or in form of
IVE were not significantly different. In another study, Yu et al.
(2018) compared participants’ responses to viewing a natural
vs. an urban setting in IVE and found some similarities to
what would be expected in vivo (e.g., a reduction of negative
emotions in the natural IVE as opposed to an increase in fatigue
in the urban IVE). However, unlike trials in vivo, no difference
between the two IVEs was observed with respect to physiological
measurements (blood pressure, salivary a amylase, and HR
variability). In the present study, the lack of influence of improved
camera stability on presence (which remained somewhat limited)
may also contribute to explain the inability of the virtual walk

TABLE 5 | Pre—post changes of the four components of affect.

LS HS

Mdn IQR Mdn IQR
Positive affect
Pre 3.67 3.67-4.00 3.67 3.00-4.00
Post 3.33** 2.67-3.67 3.33 3.00-4.00
Tranquility
Pre 4.33 4.00-4.67 4.33 4.00-4.67
Post 3.67* 2.67-4.33 4.00 3.33-4.67
Negative affect
Pre 1.00 1.00-1.33 1.00 1.00-1.67
Post 1.67* 1.00-3.00 1.00 1.00-1.67
Fatigue
Pre 1.67 1.33-2.33 2.00 1.67-3.00
Post 2.00 1.33-3.33 1.67 1.00-2.67

LS = low-stability video. HS = high-stability video. * = significant difference from
pre-values at the p < 0.05 level. ** = significant difference from pre-values at the
p < 0.01 level.

in the HS condition to provide psychophysiological outcomes
similar to those expected in vivo. Presence is considered a key
element of a successful IVE (Steuer, 1992) and research within
various fields have linked an IVE’ ability to induce feelings of
presence to the ability to produce the desired effect of the specific
IVE, e.g., within analgesia (Triberti et al., 2014) and treatment of
anxiety and phobias (Ling et al., 2014; Botella et al., 2017). Since
ratings of presence were similar in the HS and LS conditions,
it was not surprising that the participants’ psychophysiological
responses were similar as well. Remarkably, and in line with our
previous study (Calogiuri et al., 2018), the ratings of enjoyment
and all components of the physical activity affect scale were
moderately to highly correlated with total SSQ score, which
emphasize the paramount role played by cyber sickness in
modulating the viewers’ affective responses to the IVE exposure.
At the same time, significant medium correlations were also
observed among enjoyment and two items of presence, namely,
being there and realism. Based on the assumption that presence
is a key element of an effective IVE, these findings suggest
that the feeling of being there and realism were particularly
important to the participants’ rating of enjoyment. Similarly,
three components of perceived environmental restorativeness
were moderately to highly correlated with several items of
presence, which suggest that improved feelings of presence are
closely associated with the restorative value of nature IVEs.

It should be noted that there were considerable individual
differences in the response to the IVEs presented in this study,
especially for SSQ. This phenomenon is clearly illustrated by
the size of IQRs and by the fact that three participants were
unable to complete the 10 min of exposure to the LS condition
due to high levels of cyber sickness, while others could view
the same video without experiencing any symptoms of cyber
sickness. Other studies have also reported large inter-individual
differences in the extent to which different individuals respond
to virtual environments in terms of susceptibility to cyber
sickness (Akiduki et al., 2003; Curtis et al., 2015; Gavgani et al.,
2017). These individual differences are not fully understood,
but research suggests that genetics (Hromatka et al,, 2015),
sex (Munafo et al, 2017), visual acuity (Allen et al, 2016),
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and postural control (Munafo et al., 2017) may explain some
of the inter-individual variability. In the present study, cyber
sickness was not associated with sex, or any of the participants’
background characteristics (age, BMI, and physical activity
levels), which suggests that other factors caused the inter-
individual variation. Further research that contributes to a better
understanding of this phenomenon, and how it relates to the
underlying causes of cyber sickness, is pivotal to shed more light
on the issue of cyber sickness in relation to the application of IVE
in green exercise research and practice, as well as and in the field
of VR in general.

Strengths and Limitations

The primary strengths of this study relate to important
characteristics of its design, such as blinding of participants and
rigorous experimental procedure, which allowed strict control of
most confounding factors such as expectations, carryover effects,
temperature, noises, and lighting. A possible limitation was the
fact that that the content of the IVEs was not exactly identical, as
the videos were recorded at different times. Although measures
were taken to make the content as similar as possible (see section
“IVE Technology and Experimental Conditions”), some minor
differences such as light conditions, ambient noises, placement
of objects, and activities of other people passing by were
unavoidable. These differences were considered minor and the
impact on the outcome of the present study should be minimal,
as corroborated by equivalent ratings of perceived environmental
restorativeness in the two conditions. The sample size in the
present study was calculated a priori for our main outcome (total
SSQ score) and the statistical power should be satisfactory for
this measure, but the sample size may still have been too small
to obtain adequate power for the other measures included in this
study. Generalizability of the findings might be limited, as our
participants were healthy adults, and it is uncertain whether the
findings apply to VR users with pre-recorded clinical conditions
(e.g., severe sight deficiencies, infections of the vestibular system,
or other health problems). The possibility of occurrence of type
I error should also be considered for the correlation analysis
given the relatively large amount of statistical tests performed.
However, this analysis was meant to reveal potential associations
to be considered for further investigation.

CONCLUSION

In the present study, we compared two different IVEs created
by filming 360° videos with different stabilization techniques,
leading to different amounts and frequency of small-magnitude
oscillations. The findings show that a higher degree of scene
stability in an IVE is paramount to reduce severity of cyber

sickness symptoms, thus avoiding negative affective responses.
Nevertheless, when comparing our findings to findings in
studies of real nature, it is clear that even a highly stable
IVE was ineffective in providing psychophysiological benefits
equivalent to those expected in vivo (i.e., during a real nature
walk). These findings not only demonstrate that technological
advancements can improve the effectiveness of IVE in green
exercise research and related areas but also show the complexity
of the human-technology interaction and that more research
and further technological advancement are needed before
green exercise experiences can be sufficiently replicated in
laboratory conditions.
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Virtual reality (VR) is known to cause cybersickness, and studies report that deteriorations of postural stability
coincides with the onset cybersickness. It is unclear whether these deteriorations are the cause or a consequence
of cybersickness. Thus, it is also unclear whether measures of postural stability may either predict susceptibility
(cause) or objectively measure (consequence) the malaise. To examine whether deteriorations of postural sta-
bility can either predict or objectively measure cybersickness, healthy active adults (n = 50) were exposed to one
of two different 10 min 360 VR videos. Postural stability was assessed, using a force platform, before exposure
with eyes open (baseline) and eyes closed, during the first and last minute of exposure, and approximately 10 min
after exposure. The deterioration of postural stability from baseline to the first minute of exposure was larger in
participants who reported cybersickness, compared to those who did not, for both total trace length (p = 0.017)
and standard deviation velocity (p = 0.008). However, there was substantial individual variation and overlap
between sick and well participants. Deteriorations of postural stability from baseline to the eyes closed condition
did not differ between sick and well participants (trace length, p = 0.270; standard deviation velocity, p =
0.112). There was a significant correlation between the severity of cybersickness and the change of postural
stability from the first to the last minute of VR exposure for trace length (r;=0.32, p = 0.027), but not standard
deviation velocity (r;=0.20, p = 0.187). The deteriorations had returned to baseline levels 10 min after exposure.
These findings suggest that deteriorations of postural stability was both a predictor and objective measure at a
group level. However, the large individual variation, substantial overlap between sick and well participants, and
the limited strength of correlations suggest that deterioration of postural stability has limited practical value as
both a predictor and objective measure. These findings emphasize the complicated nature of the relationship
between cybersickness and postural stability.

Motion sickness

Visually induced motion sickness
Postural instability

Sensory conflict

1. Introduction dizziness, sweating and general discomfort. These symptoms are

commonly evaluated by subjective means to quantify the severity of

The introduction of affordable head mounted displays (HMD’s) has
received a lot of attention and introduced the concept of virtual reality
(VR) to the public [[5], [11]]. This technology has seen widespread use
within several research areas as well [[6], [7], [17], [29]]. However,
this technology is known to cause some discomfort, i.e. cybersickness.
Cybersickness is a major issue in regards to the commercialization of
modern VR technology and many considers cybersickness as the biggest
threat to the success of VR. This malaise also influence and distort
research findings in studies that aim to use VR as a research tool [[8],
[16]]. Cybersickness is considered a type of visually induced motion
sickness [23], which causes a wide array of symptoms, including nausea,

E-mail address: sigbjorn.litleskare@inn.no.
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cybersickness [[24], [25]]. Unpleasant levels of cybersickness is a
common finding in the literature and are reported to occur in as much as
100% of participants depending on the contents of the virtual environ-
ment and the circumstances of exposure [[30], [32], [33]]. Due to the
impact of cybersickness on experiences in VR, studies have attempted to
both explain the phenomenon and to find practical strategies to reduce
its impact. Although some have successfully identified strategies to
reduce the symptoms of the malaise [[16], [18], [28], [30]], the elusive
origin of cybersickness is still unclear and a final solution does not seem
imminent, and researchers are still looking to expand our understanding
of theissue [[12], [18], [21], [31], [46]]. One way in which researchers
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have attempted to increase our understanding of cybersickness is by
investigating the proposed relationship between postural stability (i.e.
the ability to maintain an upright position) and cybersickness, as studies
have demonstrated that the onset of cybersickness coincides with per-
turbations in postural stability [[4], [34], [51]]. This research is
intriguing, as it may offer both insight in regards to cybersickness eti-
ology and uncover practical solutions to either predict or objectively
measure cybersickness.

1.1. Theories of cybersickness etiology

The etiology of cybersickness, and motion sickness in general, is
unclear, but several theories has been proposed [28]. The two theories
that has gained the most traction are the sensory conflict theory and the
postural instability theory. The sensory conflict theory postulates that
cybersickness is caused by a conflict between different sensory systems,
and between experienced and expected stimuli based on past experi-
ences [[37], [41], [42]]. During immersion in VR there is a conflict
between visual, and vestibular and proprioceptive inputs. According to
the sensory conflict theory, this sensory mismatch leads to an increase in
symptoms of cybersickness. This theory is supported by the fact that
patients with a dysfunctional vestibular system are particularly sus-
ceptible, while patients with a complete loss of vestibular functioning
experience less cybersickness compared to healthy individuals [38].
Experimental research using VR systems also report that navigation
modes and animations that may increase sensory conflict also increase
symptoms of cybersickness [49]. The original formulation of this theory
does not directly predict an association between cybersickness and
postural stability. However, since perturbations of postural stability
coincides with the onset of cybersickness [[4], [34], [51]], these per-
turbations may arise as a consequence of cybersickness and thereby
sensory conflict. Thus, if deteriorations of postural stability follows the
same trajectory as function of time during VR exposure as known
cybersickness symptoms, it would suggest that the deterioration of
postural stability is another symptom of cybersickness [[34], [36]]. This
assumption has some intriguing practical applications, as deteriorations
in postural stability could be used as an objective measure of cyber-
sickness. The postural instability theory, on the other hand, postulates
that situations associated with motion sickness are characterized by a
period where patterns of movement control are reorganized to adapt to
an unfamiliar stimulus. During this period, it is suggested that move-
ment control is less efficient, which in turn leads to postural instability.
The theory further postulates that this instability is a prerequisite for the
development of cybersickness and that cybersickness will only occur in
people who experience postural instability [[43], [48]]. In support of
this theory, studies such as Villard et al. [50] have shown that de-
teriorations of postural stability precedes the onset of motion sickness
when exposed to an oscillating virtual room in a projection-based sys-
tem. Studies also report that individuals that exhibit low levels postural
stability are more prone to motion sickness and that manipulation of
stance width reduce both postural instability and motion sickness [[47],
[48]]. If the postural instability theory is correct, measures of postural
stability before the onset of cybersickness could predict the onset this
malaise [43]. An accurate predictor of cybersickness onset would have
useful practical applications, such as identifying susceptible people for
exclusion or inclusion in studies of cybersickness and identify suitable
VR-content for the individual user. Another interesting aspect related to
the association between postural stability and cybersickness is the po-
tential impact of individual differences in dependency of visual input to
maintain postural stability . The results in some studies suggest that
people that are more dependent on visual input to maintain postural
stability are more likely to experience cybersickness [[27], [45]]. In
accordance with these findings, the change in postural stability from an
eyes open condition to an eyes closed condition could be used as a
predictor of cybersickness.

Physiology & Behavior 236 (2021) 113422
1.2. Postural stability and cybersickness

Research that have examined the relationship between postural
stability and cybersickness report limited or inconclusive findings. Un-
fortunately, few studies have employed an experimental set-up that
allow evaluation of deteriorations of postural stability as a symptom of
cybersickness. However, Murata [34] support the notion, while the re-
sults in other studies can be interpreted as evidence for postural stability
as both a symptom and a predictor [[10], [32], [35]]. Several studies
support the idea that perturbations in postural stability is a predictor of
cybersickness, either by demonstrating that perturbations in postural
stability precede the onset of cybersickness or by demonstrating that
naturally unstable individuals are more susceptible to sickness [[4],
[33], [40], [44]]. In contrast, the results in other studies indicate that
postural stability is not a predictor of cybersickness [[2], [13], [14]],
and some even indicate an inverse relationship and suggest that less
stable individuals are less likely to experience sickness [[1], [15], [51]].
Similarly, studies that have included measures related to the partici-
pants’ dependency on visual input to maintain postural stability report
conflicting results as well [[27], [45], [47]]. In summary, the exact
nature of the relationship is yet to be determined, and it is still unclear
whether postural instability is the cause, a symptom or just an unrelated
factor that happens to increase, or even decrease, when people are
exposed to VR. Thus, it is also unclear whether measures of postural
stability can be used as either a predictor or an objective measure of
cybersickness.

1.3. Methodological considerations

In regards to methodological considerations, studies that report a
significant relationship between postural stability and cybersickness
have included several measures of postural stability, which inflates the
probability of type I error, and measures that display significant asso-
ciations in one study or condition fail to reach significance in other
studies or conditions [[4], [33]]. In other words, the current research
evidence demonstrate a lack of measures and/or methodology that
consistently detects the proposed relationships between cybersickness
and postural stability across studies and conditions, which suggests that
studies of the relationship between postural stability and cybersickness
should include more than one type of VR exposure to identify consistent
measures. Furthermore, most studies that have examined the extent to
which perturbations in postural stability can predict cybersickness have
measured postural stability before exposure to VR [[4], [10], [12-14],
[33], [35], [40], [44], [51]]. This approach has some advantages, but in
line with the recommendations of Clifton and Palmisano [12] and Cobb
[13], it may be required to measure postural stability during exposure to
VR. This allows evaluation of the impact that VR exposure has on
postural stability and its potential as a predictor of cybersickness. This
approach has some additional advantages in relation to the sensory
conflict theory, as it allows examination of correlations between
cybersickness and decrements in postural stability as a function of
exposure duration. Unfortunately, only a limited number of studies have
measured postural stability during exposure to VR and evaluated the
relation to cybersickness, and the results are inconclusive [[1], [15],
[32]]. One commonality between these studies is a lack of comparison to
a baseline measurement of postural stability [[1], [15], [32]]. According
to the postural instability theory, it is required to measure the impact of
VR on postural control, as the theory postulates that instability occurs as
a result of exposure to a sickness inducing stimuli. Thus, measurements
during VR exposure should be compared to a baseline measurement in
order to evaluate whether postural instability has occurred as a result of
VR exposure.

1.4. Purpose of the study

The purpose of the present study was to examine whether measures
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of postural stability is either a predictor or an objective measure of
cybersickness across two different VR conditions. In line with the
methodological considerations and the theoretical framework outlined
above, there were formulated two hypotheses to evaluate whether
perturbations of postural stability could predict cybersickness (H1 and
H2), and one to evaluate whether perturbations of postural stability may
be regarded as an objective measure of cybersickness (H3):

H1. Participants that experience cybersickness will experience a
significantly larger deterioration of postural stability immediately
when exposed to VR than participants that do not experience
cybersickness.

H2. Participants that experience cybersickness are more dependent
on visual input to maintain postural stability compared to partici-
pants that do not experience cybersickness.

H3. Deterioration of postural stability during VR exposure will in-
crease as a function of time and this increase will be correlated with
the severity of cybersickness.

2. Materials and methods
2.1. Participants

The data for this study were collected in relation to a larger study
investigating the impact of scene oscillations when viewing dynamic
360 videos [30]. The participants in this study were mainly recruited
among students and non-scientific employees at the Inland Norway
University of Applied Sciences (Elverum), but did also include a few
participants outside the University. To be eligible for participation, the
volunteers were required to meet the following criteria: >18 years old,
normal or corrected to normal vision, limited experience with VR (less
than monthly use) and not having a previous diagnosis of balance im-
pairments [38]. The final sample comprised 50 participants (22 males
and 28 females). All participants signed a written informed consent prior
to the experiment. The study was approved by the Norwegian centre for
research data (reference number: 60,451) and conducted according to
the declaration of Helsinki

2.2. Design and procedures

The experimental procedures were designed as a pretest-posttest
experimental trial with two parallel groups. The introduction section
outlines the importance of including two different VR conditions
although the data were to be analyzed collectively for both groups. The
two experimental conditions consisted of two 360 videos of a nature
walk with different levels of scene oscillations. These two videos have
previously been shown to produce different levels of cybersickness,
which signifies that the two videos represent two distinct VR experi-
ences (total simulator sickness score of 33.7 vs 18.7; [30]). Both 360°
videos were presented to participants using a HMD. The participants
were allocated to one of the two experimental conditions, stratified by
sex [[26], [33]], with a 1:1 allocation ratio based on a pre-determined
sequence, and where not exposed to or informed of the video used in
the other experimental condition. The experiment was performed in
controlled laboratory conditions, and no changes to methods were made
after trial commencement.

The participants met at the laboratory separately and were carefully
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explained the experimental procedures (Fig. 1). Firstly, participants’
height, weight and physical activity levels were assessed, to be used as
background information, before stepping onto the force platform (FP4,
Hur labs Oy, Tampere, Finland). Postural stability was measured with
eyes open (EO1), with eyes closed (EC) and during the first minute of VR
exposure (VR1) in a standing position, with 60 s of rest between these
three trials. The break between EC and VR1 was used to don the HMD.
The participants were then seated, without removing the HMD, for eight
more minutes of VR exposure. The opposite procedure was performed
after the eighth minutes of VR exposure, as participants moved from a
sitting to a standing posture without removing the HMD, before
commencing a fourth measurement of postural stability (VR2). After
VR2, all participants removed the HMD and completed the simulator
sickness questionnaire (SSQ). The participants also completed addi-
tional questionnaires at baseline and after VR exposure which has been
reported in a separate paper [30]. Lastly, a fifth measurement of postural
stability, with eyes open, was performed before leaving the laboratory
(EO2). The duration between VR2 and EO2 was not standardized, but
the mean (+ standard deviation; SD) duration is presented in the results
section. The participant and the examiner where the only two people
present in the laboratory.

2.3. VR-technology and experimental conditions

The two videos used for this study was recorded using the same 360°
video camera (Samsung gear 360 smc200, 3840 x 1920 resolution and a
refresh rate of 30 Hz) and showed a 10-minutes first-person walk along a
path in a natural environment (Fig. 2). The two videos showed the same
nature walk, but differed in both frequency and magnitude of oscilla-
tions; a low stability video and a high stability video. The low stability
video was recorded with the camera mounted on a modified Yelangu
s60t mechanical handheld stabilizer, while the high stability video was
created by using an electronic gimbal handheld stabilizer (Feiyu Tech
G360). The mechanical nature of the Yelangu s60t makes it less stable
compared to the electronic stabilizer, and is particularly prone to os-
cillations caused by operator locomotion. The Samsung S7, with
Android 7.0, mounted on a Samsung Gear HMD (Samsung Gear VR SM-
R323) was used to present the videos to the participants.

2.4. Instruments and measurements

Postural stability — The participants’ ability to maintain postural sta-
bility was assessed using a force platform (FP 4, Hur labs Oy, Tampere,
Finland) and the associated software (HUR Labs Force Platform Soft-
ware Suite). The platform was placed three meters in front of a blank
wall, with a black circle placed at eye level (Fig. 2). EO1 (please refer
Design and procedure) was used as a baseline measurement, which all
consecutive measures were to be compared to in order to assess a po-
tential impairment of postural stability. To address H1 we assessed the
change of postural stability between EO1 and VR1, as a measure of the
immediate impact of VR on postural stability. The difference between
EO1 and EC was used as an indicator of the level of visual dependency on
postural stability to address H2, and the change in postural stability
between VR1 and VR2 was used to evaluate the change in postural
stability as a result of continuous VR exposure to address H3. Lastly, the
difference between EO1 and EO2 was partly used as an indicator of the
after-effects of VR exposure, but more importantly as a safety measure to

Height Postural | g0 seconds | Postural |60 seconds | Postural | 8 minutes of Postural Postural
Weight | =% | stability Test stability rest stability | VR exposure stability [——»| SSQ |~ ™| stability
LTEQ (EO1) EC) (VR1) (VR2) (E02)

Fig. 1. Overview of experimental procedures. LTEQ = Leisure time exercise questionnaire. EO1 = baseline measurement of postural stability with eyes open. EC =
measurement of postural stability with eyes closed. VR1 = measurement of postural stability during the first minute of VR exposure. VR2 = measurement of postural
stability during the last (ninth) minute of VR exposure. EO2 = measurement of postural stability with eyes open after completing the post exposure questionnaire.
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Fig. 2. Snapshot of the environment used in both VR conditions (left), and an overview of the laboratory environment and experimental setup while performing a
measurement of postural stability (middle) and seated exposure to the VR environments (right).

ensure that participants did not leave the laboratory while experiencing
severe levels of postural instability. During all conditions, participants
were asked to remove their shoes and step onto the platform, placing the
feet about a shoulder width apart and to look straight ahead. Postural
stability was then assessed over a 60 s period and participants were
asked to stand still with hands hanging effortlessly at their side during
the full 60 s [22]. All trials were supervised to ensure that no unnec-
essary movements other than those required to maintain balance
occurred. Total trace length (TL; mm) and standard deviation velocity
(STDV; mm/s) of the center of pressure during the 60 s measuring pe-
riods were used for further analysis, as research suggests that these
measures are reliable measures of postural stability [39]. TL represents
the total distance traveled by the center of gravity, while STDV repre-
sents the velocity of corrective postural actions.

Cybersickness — Participants were categorized as either “sick” or
“well” based on their response to the question “are you cybersick?”
[[32], [33]]. The Simulator sickness questionnaire (SSQ) was used to
measure the severity of cybersickness symptoms [24]. The SSQ consist of
a checklist of 16 different symptoms (e.g. “Headache” and “Increased
salivation”), and participants were asked to rank the severity of these
symptoms on a 4-point Likert scale (0 = none, 1 = slight, 2 = moderate,

= severe). Scoring of the SSQ data were performed according to the
recommendations of Kennedy et al., [24]. The scale showed adequate
internal consistency for post exposure values for the total SSQ score
(Chronbach’s o = 0.94).

Demographics and background information — The participants’ height,
weight, age, gender and physical activity levels were assessed and used
to describe the study sample. The participants’ level of physical activity
was assessed using a modified version of the leisure time exercise
questionnaire [20] that includes active transportation (e.g. walking or
biking as a mode of transportation). The adjusted version of LTEQ has
been found to correlate with objective assessments of physical activity
by accelerometer [9].

2.5. Analyses

The data were preliminary explored to examine frequency distribu-
tions and to identify potential missing values and outliers. Two outliers
were identified for both TL and STDV at both VR1 and VR2, and a
Shapiro-Wilk test [19] revealed that postural stability at two out of five
time points (VR1 and VR2) and the SSQ data were not normally

distributed. Thus, a Mann-Whitney U test was used to determine
whether participants categorized as sick experienced lager de-
teriorations of TL and STDV at VR1 and with eyes closed, to address H1
and H2 respectively. To address H3, a Spearman’s rank correlation co-
efficient (p) was used to determine a potential association between the
total SSQ score and the change of TL and STDV from VR1 to VR2. All
measurements were performed according to standard procedures for
each instrument and the statistical approach was not modified after
commencement of the experimental procedures. The statistical analysis
was performed in IBM SPSS statistics 25 (IBM., New york) and the level
of significance was set at p < 0.05. Three participants did not complete
the full 10 min of VR exposure due to high levels of cybersickness, and
thus the values for VR2 are missing for these individuals. However, they
completed the post exposure questionnaire immediately after termina-
tion of VR exposure, and they were included in all analyses not including
measures at VR2.

3. Results
3.1. Sample characteristics

The mean (+ SD) age, height, weight, BMI and modified LTEQ score
of females were 29.5 (£ 12.1) years, 166.5 (+ 5.7) cm, 66.1 (£ 9.8) kg,
23.9 (£ 3.5) kg/m2 and 55.8 (& 25.1) units, and in males 30.2 (£ 9.2)
years, 181.9 (+ 6.7) cm, 88.8 (+ 9.8) kg, 26.8 (£ 2.1) kg/m2 and 59.0 (£
23.7) units. Sixteen participants were categorized as “sick” and 34 as
“well” based on their response to the dichotomous question regarding
cybersickness. Twelve of the sick participants had seen the video with
high levels of scene oscillations and four the video with low levels of
scene oscillations.

3.2. Immediate impact of vr exposure on postural stability

The median (interquartile range; IQR) increase of TL from EO1 to
VR1 was 405.0 (230.4-636.3) mm in well participants and 844.7
(451.6-1312.7) mm in sick participants (Fig. 3). The Mann-Whitney U
test revealed that there was a significant difference between sick and
well participants (U = 157, p = 0.017), showing that the sick group had a
relatively larger impairment of TL after immediate VR exposure. A
similar pattern emerged with STDV, as the median (IQR) increase in
STDV from EO1 to VR1 was 3.2 (2.1-6.3) mm/s in well participants and
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Fig. 3. The median (IQR) change in measures of postural stability from the baseline eyes open condition (EO1) to immediate exposure to VR (VR1) in both sick (n =
16) and well (n = 34) participants. TL = total trace length of center of pressure. STDV = standard deviation velocity of center of pressure. * = significant difference

compared to well participants at the p < 0.05 level.

7.7 (4.0-12.5) mm/s in sick participants (Fig. 3). Again, a Mann-
Whitney U test revealed that there was a significant difference be-
tween sick and well participants (U = 145, p = 0.008), showing that the
sick group had a relatively larger impairment of STDV after immediate
VR exposure. There was a large dispersion in both groups for both
measures with individual values ranging from —101.2 to 7148.5 mm for
TL in well participants and from —3.0 to 2104.3 mm in sick participants,
and values ranging from —1.4 to 80.8 mm/s for STDV in well partici-
pants and from 0.2 to 18.8 mm/s in sick participants.

3.3. Dependency on visual input to maintain postural stability

The median (IQR) increase in TL from EO1 to EC was 340.3
(206.8-466.4) mm in well participants and 435.6 (257.0-816.1) mm in
sick participants (Fig. 4). The observed difference between sick and well
was not statistically significant (U = 219, p = 0.270). In regards to STDV,
the median (IQR) increase in from EO1 to EC was 2.7 (1.5-4.1) mm/s in
well participants and 3.6 (2.5-6.3) mm/s in sick participants (Fig. 4),
with no significant difference between groups (U = 196, p = 0.112). The
individual values for TL ranged from 95.4 to 985.2 mm in well partici-
pants and from —12.5 to 1866.2 mm in sick participants, and values
ranging from 0.1 to 19.0 mm/s for STDV in well participants and from
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0.5 to 6.4 mm/s in sick participants.

3.4. Association between postural stability during VR exposure and the
severity of cybersickness

The Spearman rank correlation revealed a significant positive asso-
ciation between the total SSQ score and the change in TL from VR1 to
VR2 for all participants combined (r; = 0.32, p = 0.027, n = 47),
showing that an increase in the severity of cybersickness symptoms was
associated with an increase in the total distance traveled by the center of
pressure. The correlation between total SSQ score and the change in
STDV did not reach statistical significance (r; = 0.20, p = 0.187, n = 47),
showing that the severity of cybersickness was unrelated to the velocity
of corrective postural actions.

3.5. After effects of VR exposure

Before performing the measurement of postural stability at EO2,
participants spent an average (+ SD) time of 9.9 (£ 3.2) minutes
completing the post exposure questionnaire. The median (IQR) change
of TL from EO1 to EO2 was —393.9 (—603.4 to —263.1) mm in well
participants and —387.6 (—547.9 to —118.0) mm in sick participants.

= Well
Sick

0

Fig. 4. The median (IQR) change in measures of postural stability from the baseline eyes open condition (EO1) to the eyes closed condition (EC) in both sick (n = 16)
and well (n = 34) participants. TL = total trace length of center of pressure. STDV = standard deviation velocity of center of pressure. No significant difference

between sick and well participants at the p < 0.05 level.
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The Mann-Whitney U test revealed that there was not a significant dif-
ference between sick and well participants (U = 210, p = 0.329).
Similarly, the median (IQR) change in STDV from EO1 to EO2 was 0.2
(—1.3 to 0.6) mm/s in well participants and —0.3 (—1.5 to 1.2) mm/s in
sick participants, with no a significant difference between sick and well
participants (U = 244, p = 0.811). The individual values ranged from
—1055.9 to 7.2 mm for TL in well participants and from —973.6 to 154.0
mm in sick participants, and values ranging from —3.5 to 2.5 mm/s for
STDV in well participants and from —3.1 to 4.2 mm/s in sick
participants.

4. Discussion

The results demonstrated that participants who reported cybersick-
ness experienced a larger deterioration of postural stability as a result of
immediate exposure to VR compared to well participants, across two
different VR conditions, but also showed that some participants expe-
rienced cybersickness without this deterioration. These results support
our first hypothesis (H1). Furthermore, the results showed that partici-
pants reporting cybersickness were not more dependent on visual input
to maintain postural stability, which contradicts our second hypothesis
(H2). Our third hypothesis (H3) is supported by the fact that there was a
significant correlation between the deterioration of TL as a function of
time during VR exposure and the severity of cybersickness symptoms.
Lastly, the deterioration of postural stability that some participants
experienced during the experiment had returned to normal levels
approximately 10 min after the VR exposure had ended.

4.1. Immediate impact of VR exposure on postural stability

Participants who experienced cybersickness exhibited a larger
deterioration of postural stability at VR1 compared to well participants.
Importantly, this finding was observed across two different VR condi-
tions and across both of the measures of postural stability included in
this study. Some deterioration was expected in both sick and well par-
ticipants since the HMD effectively eliminates the vision of the external
surroundings. The larger deterioration in sick participants can be
explained by the postural instability theory [43]. According to this
theory, the unfamiliar VR stimulus may have caused a reorganization of
patterns of movement control in participants who experienced cyber-
sickness. During this period of reorganization, the theory postulates that
movement control is less efficient, leading to the observed perturbations
of postural stability in the present study, which in turn caused the
cybersickness in sick participants [[43], [48]]. Furthermore, it is
reasonable to assume that the perturbations of postural stability
occurred before the onset of cybersickness, as they were measured at
during the first minute of VR exposure. Gavgani et al. (2018) have
evidently shown that the onset of cybersickness can occur before the one
minute mark in some participants during exposure to a severely pro-
vocative VR condition, but others have shown that the onset of cyber-
sickness occurs after the one minute mark in less provocative conditions
[1]. Assuming that the perturbations of postural stability in the present
study occurred before the onset of cybersickness, argues in favor of the
postural instability theory and against the hypothesis that perturbations
may arise as a result of cybersickness. However, there was a large
overlap in the size of the deterioration of postural stability at VR1 be-
tween sick and well participants, as indicated by the values for both IQR
and range in both groups. This substantial overlap limits the usefulness
of postural instability as a predictor of cybersickness, as individuals
cannot be categorized as either susceptible or not susceptible to cyber-
sickness based on the postural stability data, as previously suggested by
other studies [[2], [13-15]]. The heterogeneity in our findings does not
necessarily disprove the postural instability theory. It may be a case of
each individual having their own threshold for how much postural
deterioration they tolerate before developing cybersickness.
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4.2. Dependency on visual input to maintain postural stability

There was no difference between sick and well participants in their
dependency on visual input to maintain postural control, as indicated by
a similar deterioration of postural stability with eyes closed in both sick
and well participants. The idea that dependency of visual input would
increase susceptibility to cybersickness is logically appealing, since the
only sensory system involved in postural stability that is directly affected
by the HMD is the visual component. This assumption is also supported
by findings in previous research on visually induced motion sickness
[[27], [45]]. However, the findings in previous research are equivocal,
as others have rejected the notion by showing that there was not any
difference in visual dependency between participants that did or did not
experience sickness [47]. The present study adds to these conflicting
reports and suggests that visual dependency, when measured as the
change in postural sway from an eyes open condition to an eyes closed
condition, cannot be used as a predictor of cybersickness. These results
further suggest that the dependency of visual input to maintain postural
stability is not related to the cause of cybersickness, whether it be
postural instability or sensory conflict. However, it does not dismiss the
possibility that visual acuity to certain elements during VR exposure is a
predictor of susceptibility to cybersickness, as suggested by Allen et al.
[3].

4.3. Association between postural stability during VR exposure and the
severity of cybersickness

TL increased as a function of time from VR1 to VR2. Importantly, this
increase was significantly and positively correlated with the total SSQ
score, which show that the increase in the severity of known symptoms
were associated with the increase in the total distance traveled by the
center of pressure. In contrast to TL, the correlation between total SSQ
score and the change in STDV did not reach statistical significance,
showing that the severity of cybersickness was unrelated to the velocity
of corrective postural actions. These results suggest that TL is a more
sensitive indicator than STDV of the association between perturbations
of postural stability and severity of cybersickness. It is well known that
cybersickness symptoms increase as a function of exposure duration
[[16], [34], [44]], and some have demonstrated that this is also true for
perturbations of postural stability [[1], [32], [34]]. However, none of
these studies have correlated the two variables to examine whether
deteriorations of postural stability behaves similarly to known symp-
toms of cybersickness, which would indicate that postural stability is
another symptom. The significant correlation between TL and total SSQ
score in the present study show that the two variables are associated, but
the limited strength of the association suggests that they do not behave
similarly. This does not exclude the possibility that increased TL is a
symptom of cybersickness, but it complicates a clear interpretation. This
limitation may be explained by the fact that cybersickness severity is
shown to develop linearly as a function of time [44], while limited ev-
idence suggests that the total distance travelled by the center of pressure
follows a slightly curve-linear trajectory [34]. The potential differences
in the trajectory of these two variables would limit the strength of the
association when assessed via correlation, which also limits the useful-
ness of TL as an objective measure of cybersickness symptoms.
Furthermore, the lack of a precise measurement of the exact onset-time
of cybersickness in the present study complicates a clear interpretation
in favor of either the sensory conflict theory or the postural instability
theory.

4.4. After effects of VR exposure

The measurement of postural stability at EO2 was performed, on
average, approximately ten minutes after VR exposure. The results
demonstrated that postural stability had returned to baseline values, at a
group level, and that there was no difference between sick and well
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participants. None of the participants were considered at increased risk
of injury or accidents at EO2. These findings support previous research,
which have shown that postural stability returns to pre exposure values
within 10 min after exit from VR [[13], [14]]. This shows that the level
of postural perturbations observed in the present study quickly subsides
to baseline values after the exposure, even in participants that experi-
ence cybersickness.

4.5. Strengths and limitations

The strengths of this study include the use of two different VR con-
ditions to potentially identify a universal and consistent measure of the
relationship between postural stability and cybersickness that can be
used across different VR conditions. Additionally, measurements of
postural stability were conducted during VR exposure and compared to
baseline values to evaluate the impact of VR on postural stability. Un-
fortunately, the lack of a precise measurement of the exact onset-time of
cybersickness and the lack of a continuous measurement of postural
stability during VR exposure limits an evaluation of the temporal aspects
of both cybersickness and postural stability, which complicates in-
terpretations of our results to support either the sensory conflict theory
or the postural instability theory.

5. Conclusion

The findings in the present study emphasize the complicated nature
of the relationship between cybersickness and postural stability. On one
hand, the study support the notion that deteriorations of postural sta-
bility can be regraded as both a predictor and an objective measure of
cybersickness at a group level. On the other hand, the variability in the
individual responses to VR exposure and the limited strength of the
association between postural stability and cybersickness suggest that
deterioration of postural stability has limited practical value as both a
predictor and objective measure of cybersickness. These findings limits
practical application of measurements of postural stability, and com-
plicates interpretation of the findings as support for either the sensory
conflict theory or the postural instability theory, as the findings argues
both for and against both theories. These conclusions are not untimely in
relation to previous research, but rather adds to the conflicting con-
clusions in different studies (e.g. [[4], [34], [51]11). In other words, it’s
complicated. However, the findings clearly demonstrated that individual
differences in dependency on visual input to maintain postural stability
did not predict the occurrence of cybersickness, and that perturbations
of postural stability quickly returned to baseline levels after terminating
VR exposure.
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Abstract: Being exposed to natural environments is associated with improved health and well-
being, as these environments are believed to promote feelings of “being away” from everyday
struggles, positive emotional reactions and stress reduction. Despite these positive effects, humanity
is becoming increasingly more distanced from nature due to societal changes, such as increased
urbanization and the reduced accessibility of natural environments. Technology is also partly to
blame, as research suggests that people replace nature contact with increased screen time. In this
cross-section between nature and technology, we find technological nature which is progressing
towards a point where we may be capable of simulating exposure to real nature. Concerns have
been raised regarding this technology, as it is feared it will replace real nature. However, research
suggests that virtual nature may have a more positive impact on society than a mere replacement
of real nature, and this review propose several areas where virtual nature may be a beneficial
addition to actual nature (Enable), help people reconnect with the real natural world (Reconnect)
and “boost” human-nature interactions (Augment). Based on the current research and theoretical
framework, this review proposes guidelines for future research within these areas, with the aim of
advancing the field by producing high quality research.

Keywords: virtual reality; technological nature; immersive virtual environments; nature; green
exercise; nature based interventions; immersive virtual nature

1. Introduction

Human health is influenced by a wide range of factors, including the surrounding environment.
Some environments may have a detrimental effect on human health, while others, such as natural
environments, are believed to have a salutogenic effect. Research suggests that being exposed to
natural environments (e.g., forests, parks and beaches) is associated with improved health and well-
being [1-3]. For example, White et al. [3] reported positive associations between recreational nature
contact in the last seven days and self-reported health and well-being in a sample consisting of almost
20,000 participants. Compared to no nature contact in the previous week, the likelihood of reporting
good health or high levels of well-being became significantly greater when participants reported a
total duration of nature contact of 120 min per week or more. The health impact of 120 min of nature
contact was comparable to achieving the recommended levels of physical activity, living in a high
versus low deprivation area or being employed in a high versus low social grade occupation, which
signifies the importance of nature contact for public health [3].

Despite the positive effects associated with nature interactions, accumulating evidence suggests
that opportunities for nature experiences are decreasing globally [4]. According to the United Nations
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(UN), more than 55% of the world’s population is currently living in urban environments, and the
number is expected to increase to 68% by 2050 [5]. Furthermore, there are reports of a rapid loss of
biodiversity and a degradation of the natural world [6] largely due to deforestation and unsustainable
land use. In addition to reduced opportunities for nature contact, people are becoming less and less
connected with the natural world, a trend that may influence a range of factors such as happiness,
life satisfaction, as well as pro-environmental attitudes and behaviors [7,8]. All of this influences how
humans perceive and interact with the natural world. In the UK, less than 40% of people visit natural
environments during a regular week, of which only a small fraction consists of “active” visits [9].
Even in rural Norway, only 60% of adults engage in active visits in natural environment during a
regular week [10]. These numbers are expected to decline even further in the coming years, as today’s
children spend less time outside compared to the previous generation [11,12]. Technology is believed
to be part of this problem, as research suggests that many replace experiences in nature with
increased screen time [12,13]. However, technology might also be part of the solution.

Human-nature interactions are usually associated with the outdoors, but modern technology
has enabled people to bring nature experiences into their homes as well. This phenomenon is part of
a concept that Peter Kahn defines as technological nature, i.e., technologies that in various ways
mediate, augment and simulate our experience of the natural world [14]. The concept of technological
nature has received increased attention in the research community. In particular, attention has been
directed, often with some concerns, towards so-called virtual nature [15] and especially immersive
virtual environments technology [16]. The combination of these two concepts has been defined as
immersive virtual nature (IVN) [17], which combines visual and auditory stimuli to create an
immersive nature experience. In 1999, when the commercial availability of IVN technology was seen
as imminent, Levi and Kocher [15] investigated the potential impact of this technology on society.
They found that while IVN may have the advantage of bringing nature to people, as well as
increasing people’s support for national natural reserves, this may come at the cost of a devaluation
of local natural environments. Others have an even more cautious outlook on our future interactions
with nature and fear that technological nature will be a replacement, and a downgrade, of authentic
nature in a future where nature contact is severely limited [14]. Completely replacing authentic
nature with virtual nature would have severe consequences, as virtual nature lacks the ability to
provide important ecosystem services such as climate regulation and nutrient cycling. In spite of
these gloomy outlooks on the future of the human species and the potential for interactions with
nature, the present paper suggests that technological nature may be more than a mere replacement
of real nature and argues that it may rather be part of the solution to increase human-nature
interactions and improve public health. In particular, immersive virtual nature may (1) enable us to
prolong the positive effects of nature-interactions when we have left the outdoor natural setting; (2)
provide access to nature for individuals who may not be able to access it directly; (3) increase feelings
of connectedness with the natural world and (4) elicit greater awareness of environmental issues and
sustainability. The rapid technological development along with its increased accessibility (and
economical affordability) might thus provide a series of opportunities to enhance human-nature
interactions.

The purpose of this paper is to provide an overview of the possibilities and challenges of IVN,
and offer guidelines for further research. More specifically, this paper will: (I) present an overview of
Virtual Reality (VR) technology and IVN and present a general overview of issues associated with
IVN technology, (II) discuss three major areas of possible applications or “levels” in which IVN can
mediate humans’ interactions with real nature: Enable, Reconnect and Augment (ERA), and (III)
propose guidelines for further research based on existing evidence.

2. Possibilities and Challenges of Virtual Nature

2.1. Virtual Reality and Virtual Nature: Some Definitions

VR can, in short, be referred to as a computer-generated simulation of a three-dimensional image
or environment that allows a certain degree of interaction, creating the illusion of reality (See Table 1
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for a list of key terms). An important characteristic of VR is that it disconnects the viewer from the
external (real) world, which allows the viewer to get immersed in the virtual world. Different types
of VR exist, but the one that has gained the most interest in recent years is the type that is enabled by
so-called head-mounted displays (HMD), commonly known as “VR masks” or “VR googles”. The
introduction of affordable HMDs is a major part of the recent mass appeal of VR technology. HMDs
have the advantage of allowing 360° vision of the virtual world while eliminating the visual contact
with the external environment. These devices are the basis of the so-called immersive virtual
environment technology, which consists of a flow of synthetic sensory information that, through an
HMD, provides a surrounding and continuous stream of stimuli, creating the illusory perception of
being enclosed within and interacting with a real environment [16,18]. This type of technology is
considered more immersive compared to other forms of virtual nature, such as digital images and
videos, and is consequently likely to increase the viewers’ sense of presence in the environment. Both
immersion and presence are considered key elements of immersive virtual environments as outlined

below.
Table 1. Definitions of the key terms and key concepts relating to immersive virtual nature.
Term Definition Source
Refers to “areas containing elements of living systems that
include plants and non-human animals across a range of scales  [19] (pp. 121-
Nature
and degrees of human management—from a small urban park 122)
to “pristine wilderness.”
Green “Physical activities whilst at the same time being directly [20] (p.7)
exercise exposed to nature.” ]

“NBIs are programmes, activities or strategies that aim to

Nature-Based engage people in nature-based experiences with the specific [21] (p. 2)

Interventions goal of achieving improved health and wellbeing.”
“A medium composed of interactive computer simulation that
. senses the participant’s position and actions and replaces or
Virtual - .
. augments the feedback to one or more senses, giving the feeling  [22] (p. 13)
Reality (VR) . . . . .
of being mentally immersed or present in the simulation (a
virtual world).”
AR “supplements the real world with virtual (computer-
Augmented . o
: generated) objects that appear to coexist in the same space as the ~ [23] (p. 34)
Reality (AR) .
real world.
“The extent to which the computer displays are capable of
Immersion delivering an inclusive, extensive, surrounding and vivid [24] (p. 3)
illusion of reality to the senses of a human participant”
Presence “The (psychological) sense of being in the virtual environment.” [24] (p- 3)
Technological “Technologies that in various ways mediate, augment or
. ” [14] (p- 37)
Nature simulate the natural world.
Immersive Based on so-called immersive virtual environments technology,
Virtual provides the illusory perception of being enclosed within a [17] (p. 280)
Nature (IVN) natural environment.

Immersion is solely related to technical aspects of the virtual environment, such as the frame
rate, field of view and resolution of the display [25], and one can theoretically evaluate a system’s
level of immersion objectively. Presence, on the other hand, describes a person’s subjective feeling of
“being in the virtual environment” [24]. This concept relates to the psychological feeling of being
transported from the physical location to the virtual location. Immersion and presence are distinct
but interrelated concepts. It is believed that systems with a high level of immersion will increase the
likelihood of inducing feelings of presence. Furthermore, presence is considered pivotal to the
effectiveness of the virtual environment, as it relates to the virtual environment’s ability to fulfill its
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purpose [26-28]. In the case of IVN, this translates into the ability of the IVN to elicit similar responses
as interactions with real nature. A recent study provided support for this assumption, showing higher
levels of stress reduction and positive affect in an underwater VR experience compared to a desktop
counterpart [29].

Unfortunately, highly immersive virtual systems appear to have their limitations. For example,
cyber sickness is a well-known side-effect of virtual environments. This malaise is a specific type of
visually induced motion sickness [30] and may cause dizziness, nausea and general discomfort. The
most prevalent explanation for cyber sickness suggest that the symptoms arise from a sensory conflict
between visual, vestibular and proprioceptive signaling [31]. In other words, the visual input from
the HMD does not match the input from the surroundings as perceived by vestibular and
proprioceptive systems. Cyber sickness is reported to occur in as much as 100% of viewers depending
on factors such as the contents of the virtual environment, exposure duration and technological
fidelity [32-37]. Furthermore, recent research reports that cyber sickness and presence are inversely
related, which suggests that cyber sickness may have a negative impact on the feeling of presence in
virtual environments [38]. The issue of cyber sickness has recently become more relevant, as visual
displays that are considered more immersive, such as HMDs, are more prone to induce high levels
of cyber sickness [37]. This paradox must be solved in order to increase the usefulness of IVN, as the
most advanced displays may be needed to provide a sufficient degree of presence. Luckily,
researchers continue to identify factors that either increase or decrease the levels of cyber sickness,
such as habituation, scene oscillation, movement lag and exposure time [34,39-41].

Combining IVN and physical activity, a combination that may be defined as virtual green
exercise (i.e.,, physical activity in the presence of technological nature), introduces additional
challenges, mainly associated with the issue of maintaining balance and, thus, exacerbating the
sensory conflict leading to cyber sickness. In a study of virtual green exercise it was found that cyber
sickness had a severe detrimental effect on participants’ emotional responses, which lead to a
significant difference in participants” emotional states after a bout of real green exercise compared to
virtual green exercise [39]. Several participants also complained about the difficulties of maintaining
balance and reported frustration because their movements did not sufficiently match the movements
in the virtual environment [39]. Technology is advancing rapidly, and some of the challenges
mentioned above might be addressed in the near future. In fact, a recent study has successfully
reduced negative side-effects caused by cyber sickness by minimizing camera oscillations in 360°
videos of green exercise [34].

2.2.Is Virtual Nature as Good as the Real Thing?

Emerging research on technological nature tentatively confirms that these interactions are more
beneficial for health and well-being than an absence of human-nature interactions, but not as
beneficial as genuine nature exposure [42-44] (see Figure 1). Findings from a range of studies suggest
that virtual nature interactions produce some positive effects, but also show that virtual nature is
unable to fully reproduce the effects of real nature [44—47]. Similar reports are found in studies
comparing virtual to real green exercise. For example, a recent systematic review reported
inconclusive evidence concerning the extent to which virtual green exercise can provide similar
psychological or physiological health benefits as real green exercise [48]. The authors of the review
warn, however, about limited research rigor in the individual studies, as well as a large variety of
outcome measurements and the duration and mode of the physical activity interventions. It should
also be noted that among the reviewed studies there was a large variation with respect to the
technology used in the virtual nature conditions, with part of the studies using HMDs (only one of
which as using a full 360° IVN), while other studies used non-immersive types of virtual nature (i.e.,
images or videos on a screen). This insight gives hope for the future of virtual nature, as it is expected
that increased technological fidelity will improve both immersion and presence, which should
improve the psychophysiological effects of virtual nature (see Figure 1). Recent studies adopting
modern technology to create immersive nature experiences partly support this notion. For example,
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Chirico and Gaggiolo [49] created an IVN consisting of a static panoramic video of a natural
landscape and successfully replicated some of the positive psychological responses recorded when
the participants were exposed to the corresponding real landscape. Similarly, Yu et al. [50] found that
exposure to an IVN was effective in eliciting psychological responses similar to those that would be
expected in real nature. However the same IVN was unable to produce similar responses with respect
to physiological measurements. Browning et al. [51], on the other hand, found a similar physiological
response for IVN compared to a real natural environment, but also demonstrated a superior effect on
mood levels for the real natural environment.

Authentic Nature

Virtual Nature

Fidelity of Experience

Digital Nature

v

Psychophysiological Benefit

Figure 1. Predicted psychophysiological benefits from nature experiences at different levels of
fidelity.

The aforementioned research suggests that IVN is currently not able to fully reproduce the
whole range of psychophysiological responses that people experience in real nature. Further
technological and scientific progress may allow the use of highly immersive IVNSs to better recreate
the fidelity of authentic experiences of nature. IVN may represent a valuable compromise when
trying to balance people’s basic need to experience nature with the increasing distance between them
and real natural environments, as well as balancing methodological rigor and life-like experiences in
a research context. It is likely, however, that, no matter how much the technology improves, IVN will
never fully replicate the holistic, multi-sensory and potentially elating experience of the real outdoors.
The voice of one of the participants in our VR trials states the following in this regard: “Nature will
always win for me. It is less stressful, you know where you are, you can stop and look, for example,
at birds anytime.” ([39]; unpublished quote). Moreover, we should bear in mind Levi and Kocher’s
warning: “the problem with virtual nature—like the problem with plastic trees—is that the value of
nature is more than the experiential and recreational benefits it provides to people. Nature provides
a variety of benefits beyond human’s immediate experience; nature exists and has value separate
from human beings” [15] (p. 224). In addition, outdoor nature contact offers many additional benefits
which to date cannot be incorporated in VR, such as, for example, enhanced immunity from exposure
to microbiomes and phytoncides from trees (see [52]). Nevertheless, the opportunity that IVN can
provide should not be overlooked, and these possibilities will now be reviewed.
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3. Enable, Reconnect and Augment

3.1. Enable: Virtual Nature as a Supplement to Real Nature

Virtual nature may be used as a nature-based intervention for specific situations where exposure
to real nature is difficult or inconvenient. Research has already identified several areas where IVN
show particularly promising results and potential applications.

Palliative treatment in clinical settings—IVN has received a lot of attention in the field of clinical
care, especially within palliative treatment. The interest in using VR technology as a tool for
prevention and treatment of both mental and physiological health issues began in the 1990s [53,54].
Although some researchers have called for high quality studies to demonstrate the cost-effectiveness
of VR in clinical settings, research within this field has consistently demonstrated that the use of VR
technology is feasible and safe, and results in high patient satisfaction [55]. In a fact, a recent review
by White et al. concludes that IVN is a useful tool to integrate with traditional treatment situations in
which contact with real nature is not possible or unsafe, e.g., when the risk of injury outweighs the
health-promoting effect of real nature [54]. White et al. [54] further reports that IVNs can be effectively
applied in the following fields: pain management, neurological disorders, stroke rehabilitation,
distraction and relaxation tools in cancer treatment, cognitive rehabilitation and mental health and
well-being, including depression, anxiety, obesity, eating disorders and phobias.

Stress-management in the workplace—-According to the European Agency for Safety and Health
at Work [56], work-related stress is one of the biggest work-related health issues. Interestingly, a
recent review of the literature highlights the stress-reducing effects of indoor nature exposure (indoor
environments that contain real or representations of nature-based stimuli that engage a variety of
senses), and emphasizes that the health benefits of indoor nature exposure occur by facilitating both
the reduction of and recovery from stress [57]. IVN technology might further advance the field of
nature in indoor settings by generating a more immersive and life-like experience. Although there is
a general lack of research regarding the effectiveness of implementing IVNs in the workplace, some
research has demonstrated that IVNs can induce stress reduction in experimental trials on healthy
adults [50,58-60]. Moreover, exposure to IVN has been found to be a more effective tool to reduce
anxiety levels and improve mood states when compared to images of nature presented on a
traditional computer screen [29].

Mental health and cognitive development in school settings-Today’s children spend a limited
amount of time in contact with nature [11,12]. This is unfortunate as research demonstrates that
nature contact has a positive impact on both physical and mental health in children and adolescents.
For example, Mennis, Mason and Ambrus [61] showed that adolescents with immediate access to
greenspaces within their living environment experienced reduced levels of psychological stress.
Outdoor recreational activities have also been found to improve adolescents’ self-esteem, well-being
and perceived body image [62-64]. Nature interactions during childhood can also lead to a greater
engagement in nature-based physical activity in adulthood [10,65], and can thus promote lifelong
physical activity and improved physical and mental health. Although IVN may not provide all of the
beneficial elements of interaction with real nature, it may still provide some benefits, especially with
respect to cognitive restoration and enhanced psychological states [66]. There has also been increased
interest in using VR as a supplement to children’s school-based education [67]. In this regard IVNs
may represent a useful tool to supplement interactions with real nature in schools with limited access
to natural areas. VR provides safe environments for pupils and students to learn and gain skills, and
IVN might be used to facilitate initial positive experiences of mastery that might reduce children’s
fear or insecurities when exploring the outdoors. Inspiration for this particular type of IVN may come
from research within the field of nature advertisement and promotion, which provides useful
recommendations for designing advertisements to promote green exercise participation in different
groups of people [68]. These recommendations can be used to develop tailored IVNs that encourage
children to visit real natural environments.

Nature experiences for astronauts in space-missions—In such conditions, IVN represents the only
alternative for nature exposure. Space is an extreme environment for the human body and poses a
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serious threat to human health, as the lack of gravity leads to negative side effects such as muscular
atrophy [69]. IVNs might help astronauts coping with the stress associated with this extreme
environment as well as augment exercise routines in microgravity. This is an exciting line of research,
with recent studies already trying to explore the potential use of psychological interventions to assist
in the adaptation to and recovery from exposure to space and space-like environments [70].

3.2. Reconnect: Virtual Nature as a Strategy to Reconnect People to Nature

With the backdrop of land use change in the form of rapid urbanization as well as concerns
regarding environmental sustainability, the concept of nature connectedness (i.e., an individual’s’
feeling of being emotionally connected to the natural world) has emerged as a key aspect of the
human-nature relationship. Not only is nature connectedness an important component fostering
sustainable behavior [8], but individuals with more positive attitudes towards nature were also found
to spend more time in natural environments [10,71-73]. This may explain, at least in part, why nature
connectedness has been linked with a range of health outcomes. For example, a recent meta-analysis
showed that individuals who report higher levels of nature connectedness tend to experience higher
levels of positive affect, vitality and life satisfaction compared to those less connected to nature [7].
People who report more positive feelings towards nature were also reported to be more likely to meet
the minimum recommended levels of physical activity [10]. Exposure to and interaction with nature
seems to be a key element to promote greater feelings of nature connectedness. Childhood
experiences of nature, in particular, are known to be a strong predictor of positive feelings towards
as well as more frequent interactions with nature as an adult [10,65]. Pupils attending schools with
more opportunities for nature contact were found to be more empathetic and concerned for non-
human life forms, as well as more aware of human-nature interdependence [74]. Nature experiences
can also enhance nature connectedness in adult populations. For example, a tree-planting program
was found to enhance participants’ feelings of connectedness with nature, which in turn led to
increased engagement in pro-environmental behaviors [75]. Simpler forms of human-nature
interactions might lead to similar outcomes. For instance, in a series of experiments by Mayer et al.
[76], it was found that a single 10-min walk in a pleasant natural environment can lead to enhanced
nature connectedness in college students.

Limited research suggests that exposure to virtual nature may have a similar effect, although
scientific research in this field is extremely scarce. Mayer [76] found that participants” sense of
connectedness to nature was improved after watching short videos of pleasant natural environments,
with patterns that were similar, although with a smaller effect-size, to an actual walk in real nature.
Moreover, connectedness to nature and time spent outdoors are related [10,71-73]. Thus, by
triggering a greater feeling of nature connectedness, virtual nature may be used as an instrument to
re-connect people with nature in a broader sense, persuading them to visit real natural environments,
although, to the best of the authors’ knowledge, no study to date has investigated this hypothesis.
However, motivational theories are already in place to support the idea. For instance, Calogiuri and
Chroni [77] have proposed a model based on the Theory of Planned Behavior [78], which describes
that exposure to and experiences in natural environments can influence people’s attitudes towards
nature-based physical activity and their future intention and behavior. Positive experiences
associated with IVNs might serve as a type of positive reinforcement that can enhance people’s
attitudes towards nature-based activities. Research that aims to promote nature-based physical
activity has indeed emphasized the importance of presenting natural environments that are
considered highly restorative, in line with the Attention-Restoration Theory by Rachel and Stephen
Kaplan [68].

3.3. Augment: Virtual Nature to Boost the Benefits of Human-Nature Interaction

The effectiveness of virtual nature can go beyond facilitating interactions with simulated nature
(Enable) or even helping people reconnect with the real natural world (Reconnect). Virtual nature
may offer the possibility to “boost” human-nature interactions (Augment), leading to more
restorative experiences as well as enhanced knowledge and engagement. This can be accomplished
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by the inclusion of virtual elements such as markers to follow pre-set journeys, interactive
information-points for learning experiences, guided instructions for meditation, etc. All of these (and
many more) components can, rather than simply expose passive viewers to sceneries of nature,
trigger and direct users’ attention as well as encourage them to interact with the virtual world and
engage in reflections. By using these techniques, virtual nature can maximize restorative experiences.
Virtual nature experiences may be designed in a way that users may not only enjoy a pleasant walk
in nature, but could also, for example, learn about biodiversity, its importance and how it can be
protected (see also [21]).

It should be noted that these possibilities are not a specific prerogative of IVN, as they also apply
to other forms of non-immersive virtual nature. Non-immersive virtual reality or ‘mixed reality’
might be used for the same purposes and have the advantage of being easily integrated into people’s
everyday routines. This includes, for example, mobile apps and augmented reality (AR). AR
technology, in particular, has been emerging as a valuable supplement to traditional education tools
[79] as well as to engaging visitors to touristic locations, including natural parks [80]. More
specifically, AR applications have been shown to engage its users in natural environments as well as
teach them about environmental issues such as water quality and biodiversity to a greater extent than
other educational tools do [81,82].

On the other hand, given IVN’s potential to provide more immersive experiences and more life-
like perceptions, as well as its greater effectiveness in eliciting psycho-cognitive restoration as
compared to non-immersive virtual nature [29] and other virtual experiences [66], IVN may have the
advantage of engaging users’ attention to a greater extent and may lead to more intense emotional
responses. By disconnecting the viewer from the external (real) world and creating a limited and
controllable (virtual) environment, IVN provides particularly favorable conditions in which nature-
savoring (i.e., a person’s ability to attend to, appreciate and enhance the positive experience of being
in contact with nature; [83]) can be triggered and trained. Special IVN-based programs can be
designed to elicit and train users’ nature-savoring, an ability they can later apply in the presence of
real nature, maximizing the psychological benefits of the human-nature interaction. Thus, nature-
based interventions can not only provide an opportunity for the experience of nature but can in
addition provide specific learning on psycho-social skills or sustainability which can optimize future
human nature interactions [21].

Regarding how virtual nature can boost users’ nature experiences, gamification is another
important concept. Gamification is defined as “the use of game design elements in non-game
contexts” [84] (p. 2) and has the purpose to motivate and increase user engagement. While
gamification has been predominantly applied in business, marketing and corporate management, its
use is also increasing in the field of education [85] and health promotion [86]. Gamification might be
included within virtual nature systems to, for example, enhance users’ compliance with
psychological training programs (e.g., by adding rewards or competition elements) as well as
enhance their engagement in educational processes (e.g., through quizzes).

4. Future Perspectives for Research on (or Involving) Virtual Nature

This section will discuss the potential of IVN as a nature-based intervention in addition to
evaluating the methodological challenges and providing specific recommendations for researchers
in this field. Researchers within areas such as environmental psychology and public health have an
interest in understanding how natural environments affect human emotions, cognition, behaviors
and health. Such an understanding may have several uses, including designing outdoor or indoor
environments that induce stress recovery and helping policy makers and planners take informed
decisions about regulations related to planning and re-naturing public spaces [87]. This research can
also help in understanding the psychophysiological mechanisms underlying human-nature
interactions, as well as engagement in pro-environmental behaviors and sustainable lifestyles.
However, examining how people respond to natural environments, as compared with other indoor
or outdoor environments, is a difficult task. Conducting rigorous research requires that possible
confounders are eliminated or controlled for; this can be accomplished by conducting experimental
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trials in standardized environmental conditions (laboratory-based studies) and by performing
appropriate randomization and blinding procedures, which is often challenging or even impossible
to accomplish in natural settings. Thus, in this context, VR technology might be particularly useful.
Despite being a young research area, there are several known factors that should be considered when
conducting studies using IVN, and more can be deduced from theoretical frameworks. Based on these
factors, the following sections will present a generic methodology to consider when planning and
conducting research with IVNs based on 360° 2D images/videos to be presented using HMDs.

4.1. General Considerations

4.1.1. Study Design

A recent systematic review of the literature [48] found that studies of green exercise, including
virtual green exercise, are often characterized by a high risk of bias due to (I) inadequate/unclear
randomization procedures; (II) a lack of blinding of both participants and assessors to the
experimental conditions; (III) inadequate washout periods in trials with crossover design; (IV) and
potential contamination in control conditions. Furthermore, most trials had insufficient statistical
power, and the scarcity of preregistered trials limited the possibility of ruling out selective reporting.
Thus, it is recommended that future research on (or involving) IVN be conducted according to
general guidelines for randomized controlled trials [88]. Accordingly, performing appropriate
randomization procedures, as well as the blinding of participants and possibly also the examiner, is
paramount to reduce risks of bias in the assessments and analyses.

When planning trials with a crossover design, it is important to consider that the carry-over
effect is a real concern in studies involving IVNs. This may relate especially to negative emotional
and physical responses associated with cyber sickness. A review by Duzmanska [40] indicated that
symptoms of cyber sickness may last up to 4 h depending on the severity of the symptoms and the
duration of exposure. Thus, it is recommended that trials with a crossover design avoid
administering multiple IVN exposures within the same day.

The characteristics of the control and/or comparison conditions also require careful evaluation.
Some studies have used “true control conditions” such as sitting quietly staring at a blank wall (e.g.,
[51]). This may, however, be problematic. Whitehead [89] recommends using an “active control”
condition, in general, to sufficiently control for a potential placebo effect. This may be particularly
important when the IVN intervention involves physical activity, which can induce psychological
benefits in itself [90]. Furthermore, the true control condition may elicit feelings of boredom, which
may in turn lead to negative emotional states. For example, in a summary of 11 studies, Wilson et al.
[91] reported that sitting alone in a room doing nothing was perceived as non-enjoyable, to the point
that in one of the reported studies many preferred to administer mild electric shocks to themselves.
Many studies involving IVN or other forms of virtual nature have rather opted for comparison
conditions that retained some similarity with the treatment condition, e.g., exposure to virtual urban
environments [2,48,92].

4.1.2. Theory-Based Approaches

Theory-led investigations of virtual nature may be useful for advancing our understanding of
the mechanisms underlying benefits to health from nature contact. A multiplicity of possible
mechanisms have been proposed, but the majority of these assume direct rather than indirect (e.g.,
virtual) nature contact [4,21,52]. A recent review has attempted to explain the benefits and risks of
human-nature interactions by accounting for dose-response relations, exposure (referring to the
amount of contact that an individual or population has with nature), experience (includes interaction
and dose), and natural features [4]. More generally, contemporary conceptual frameworks [4,42] can
help generate additional testable hypotheses beyond the traditional approaches of the Stress-
Reduction Theory [93] and Attention-Restoration Theory [94].
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4.1.3. Natural Typologies

The presence, distribution and diversity of natural features in the environment, whether of a
virtual or authentic nature, have to be considered [95,96]. Features of nature that potentially influence
mental health include the size of the environment (total area), its composition (proportions of
different types of natural elements) and spatial configuration (e.g., degrees of fragmentation and
connectivity with other green spaces) [95,96]. Other relevant natural attributes may include the tree
canopy density, vegetation structure, species composition or biodiversity across a range of different
settings or typologies. These typologies include public green spaces, peri-urban nature reserves,
wilderness and pastoral landscapes [97]. Preferences for different typologies should be considered in
developing IVN stimuli. As Depledge et al. [98] suggested, “we are ignorant of how subtle changes
in these features, or the removal of certain sensory effects from an environment (“de-integration”),
are perceived by simulation users and what effects these may have on performance, engagement and,
indeed, well-being” (p. 4463). VR can provide a laboratory to dissect at least some of the stimuli we
receive from being outdoors in nature and to aid the evaluation of their relative contribution to well-
being.

4.1.4. Reporting Findings

The systematic review by Lahart et al. [48] calls for enhanced standards in reporting green
exercise (and virtual green exercise) studies. In line with such a call, the authors of this review
encourage researchers who perform IVN studies to report their findings in compliance with
internationally recognized guidelines (e.g.,, CONSORT statement). In particular, Lahart et al. [48]
encourage researchers to provide clear information regarding randomization procedures and
methodological transparency and rigor via the preregistration of study designs and statistical plans,
as well as by making data openly accessible.

In addition to these general recommendations, it is recommended that researchers report details
of the IVN technology used in their studies (brand and model of devices, hardware and processing
techniques), as well as detailed information on how the IVNs were developed, as research suggests
that the generalization between devices may be limited [99,100]. Information about the participants’
characteristics, especially in relation to possible confounding variables (see Section 4.2.3), should also
be clearly stated when reporting findings.

4.2. Specific Considerations

4.2.1. Duration of the IVN Exposure

The exposure duration should be carefully evaluated, as this might influence both the effect size
of the psychophysiological responses to virtual nature and influence the risk of cyber sickness.
Shorter bouts (e.g., 5 min) of nature experiences have been associated with the largest effect sizes on
self-esteem and total mood, while benefits on biological indicators of stress (e.g., blood pressure)
would peak at 10 min of exposure [62]. On the other hand, in IVN studies it is important to take into
consideration the possible impact of the IVN exposure on cyber sickness. In this regard, a review by
Duzmanska et al. [40] shows that cyber sickness symptoms generally increase with time, at least until
a certain threshold (~75 min). This means, for specific studies, that there may be a trade-off between
the optimal exposure duration to induce the desired effect and the optimal exposure duration to
minimize the impact of cyber sickness. In these cases, it may be crucial to conduct a pilot study in
advance to identify the ideal compromise.

4.2.2. Choosing the Appropriate Type of IVN

Different types of IVN exist, which differ in the way they are created as well as in their
resemblance with real nature. One way to create IVN is to use photorealistic representations using
video-game development technology. This type of IVN can achieve relatively high levels of realism,
and has been found to elicit psychological and cognitive restoration [60,101]. To the best of our



Int. ]. Environ. Res. Public Health 2020, 17, 1738 11 of 18

knowledge, however, this technology has not yet been applied to dynamic 360° systems. Another
way to create IVN is to use special 360° cameras. This alternative has become increasingly popular as
commercial 360° cameras are becoming more affordable and of a higher quality (higher resolution,
better in-built stabilization option, greater possibility to edit images and videos in post-production,
etc.), making it relatively easy to create IVNs based on existing locations. This technique allows the
creation of different types of IVN, each coming with advantages and disadvantages. 360° images may
be considered as not being very life-like, as they does not display any moving objects (e.g., leaves
moving in the wind or waves rolling). On the other hand, the lack of movement makes 360° images
less likely to induce sensory conflict, and thus less likely to induce cyber sickness [31]. Some studies
have applied this technique (see e.g., [50]) and show that 360° nature images were able to elicit some
of the expected benefits of nature exposure. Static 360° videos are similar to the 360° image, but they
also displays the movement of objects, which may make the IVN more ‘life-like’. This technique has
also been applied in previous studies (see e.g., [49]), finding that static 360° videos can induce
psychological responses similar to those experienced when exposed to real nature. Dynamic 360°
videos (i.e., 360° videos in which the viewer perspective moves in the virtual space) may provide the
advantage of recreating the feeling of exploring a natural environment and can be administered in
combination with physical activity, which is shown to improve the users’ feelings of presence [38],
but these videos also have some issues. In particular, they are more prone to inducing cyber sickness,
which can have a negative impact on the restorative benefits of the IVN exposure [39]. In this regard,
the stability of the sceneries in dynamic 360° videos seems to be crucial for avoiding cyber sickness
[34,102,103]. Improved stability can be achieved by using external or in-built stabilizers in
combination with a dolly or a hoverboard [34], and available computer software can further reduce
vibrations and oscillations in 360° videos. Research also suggests that the posture of the viewer
should match the perspective in the virtual environment, i.e., seated participants experience lower
levels of presence compared to standing participants when exposed to an environment where you
would typically be walking [33]. To further reduce sensory conflict and optimize the potential of
dynamic 360° videos, it is important that the pace of the user matches that of their virtual avatar [39].
This can be achieved either by externally controlling the users” pace (e.g., making them walk on a
treadmill at a predetermined speed that corresponds to the speed in the video) or connecting the
locomotion device (e.g., a manually driven treadmill or a cycle-ergometer) to the IVN system so that
the user can determine the pace. Both options come with advantages and disadvantages, e.g.,
externally controlling the users’ pace may allow for a better standardization in experimental trials,
but allowing the users to determine their own pace may increase the sense of presence.

4.2.3. Control of Confounders

In general, it is recommended that studies involving IVN be conducted in standard
environmental conditions, in order to control for general environmental confounders such as
temperature, humidity, lighting, etc. More specifically, the literature on VR and IVN has provided
evidence on a variety of user-related as well as technology-related factors that influence the way
people experience and respond to IVN exposure. In studies involving IVN, it is thus recommended
that the researchers control for as many of these possible confounders as possible (e.g., by considering
them when outlining the eligibility criteria or by including them as covariates in the statistical
analysis), or at least take into consideration the possible impact that they may have on the study
outcomes. Some of the key factors are reviewed below.

Individual Characteristics

To assess the effects of virtual nature it is important to evaluate how these effects are moderated
according to individual differences. Sex has been found to influence both cyber sickness and presence
in virtual environments, with men tending to experience lower levels of cyber sickness and higher
levels of presence [38]. Studies have identified other factors that may impact cyber sickness, such as
genetics [104], habituation [40], visual acuity [32] and postural control [105].
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Anindividual’s habitual physical activity levels have been recently found to influence the extent
to which a person is able to correctly estimate the visual speed of their avatar in a non-immersive
virtual environment [106]. In particular, as compared with people with more running experience,
people with lower levels of weekly physical activity were found to underestimate the visual speed
relative to their actual running speed more often. Noticeably, the underestimation of visual speed
was dependent on the actual speed (i.e., it was larger at higher speeds). This could be explained by
the fact that individuals who regularly engage in physical training show better functions related to
visual skills [107-109]. Although this phenomenon has been, to the best of our knowledge, shown
only in non-immersive virtual environments, it is likely that similar patterns could also be observed
in immersive virtual environments, such as dynamic IVNs. In this regard, some participants may
experience a feeling of mismatch between the actual walking/running/cycling speed on an ergometer
and the speed in the IVN, even though the speeds are designed to match, potentially leading to a
reduced sense of presence and increased levels of cyber sickness.

Personality has also been suggested as a factor that can influence how individuals experience
and respond to virtual environments. While it is established that individuals’ personality influences
the way they perceive and respond to different environments, recent studies have also found similar
patterns when individuals are exposed to IVNs (e.g., [110]). It has been proposed that presence might
play an important role in explaining the relationship between personality and the inter-individual
differences in VR experiences. However, this relationship was found to be largely dependent on the
instruments used to assess both personality and presence [111]. One individual factor that should be
considered is nature connectedness, which can easily be examined with standardised instruments
(e.g., NR6; [112]). As outlined above, nature connectedness influences people’s inclinations towards
nature, and this may extend to virtual nature. Similarly, it may be useful to assess other psychological
factors which have been subject to recent study in the broader green exercise literature. For example,
Flowers et al. [113] validated a tool to assess beliefs about green exercise which can help account for
placebo effects.

Novelty and habituation may also influence the results in studies of IVN. Habituation reduces
the impact of cyber sickness [40], which suggests that participants who are familiar with VR may
perceive IVN as a more positive experience. On the other hand, recent research reports that the
novelty effect also influences the results in studies on virtual and augmented reality [114,115], which
suggests that participants who are unfamiliar with the technology might view the experience as
positive based on the novelty of the technology alone. Although a study of IVN by Browning et al.
[51] concluded that the novelty effect did not influence the results in studies of virtual nature, it may
be too soon to make a definite conclusion regarding this matter. Demographic factors including age
and being a ‘digital native’ should also be considered depending on the goal of the study and the
target sample.

Characteristics of the IVN

With respect to recommendations regarding appropriate technology in IVN trials, Rebenitsch
and Owen [99] provide an exhaustive list of display characteristics that may influence the users’
experiences, and particularly cyber sickness. In general, high-resolution IVN systems would be
preferable, as qualitative reports indicate that a low resolution or sharpness of the image can be
associated with discomforts during the exposure [39]. The frame rate and latency are also shown to
influence both cyber sickness and presence [38]. In addition to display characteristics, the quality of
the sound also needs to be cautiously considered. Previous research shows that the sounds and
acoustics in both real and virtual environments have a prominent impact on people’s experiences.
The results from a pilot study by Annerstedt et al. [116] showed that virtual nature with sounds was
effective in eliciting stress-reducing effects, while the effect was absent in virtual nature without
sounds. Research on soundscapes has demonstrated that auditory input can influence both
psychological and physiological measures of health and well-being [117-119]. Soundscape refers to
acoustic environments as perceived by people, in context, and evidence is accumulating to support
the proposition that urban soundscapes contribute to the environmental quality of urban areas in the
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same way that microclimatic data does [120]. There are different techniques for creating sounds in
IVN, and some have been proven to create more realistic experiences as compared to others (for an
overview on this issue, see [121]). This accumulating evidence suggests that the type and quality of
the soundscape is important to consider when creating IVNs.

5. Limitations

The main limitation of this review is the narrative nature of the paper, as well as the fact that
some aspects that relate to IVN are only discussed briefly. However, a full systematic review and
detailed description of all aspects related to IVN is a monumental task and beyond the scope of this
paper. The focus of this review was to give an overview of key areas related to the creation and
implementation of IVNs. In addition, because VR, IVN and related research areas are still in their
infancy, it is expected that there are still several unknowns in the process of successfully
implementing IVNs both in research and in real-life situations.

6. Summary and Conclusions

Nature experiences in their various forms will continue to provide a pathway to enhanced well-
being and health, and the contribution of technological nature, and specifically IVN, has yet to be
fully elucidated. This paper suggested several uses for IVN. Some uses are backed by substantial
research, while other uses still await solid confirmation or disconfirmation. Nevertheless, the
diminishing access to authentic nature in urban settings should be a driver for further exploration of
IVNs’ ability to enable, reconnect and augment human-nature experiences. IVN as a research area,
and the technology it involves, are still in its infancy, which suggests that there is an untapped
potential that might be uncovered in the future. To tap into this potential, researchers and
manufacturers must identify strategies to deliver highly immersive experiences with high levels of
presence, while at the same time avoiding the issue of cyber sickness. In this regard, specific
recommendations for the next wave of research have been provided. Caution is advised, though, as
concerns have been raised regarding the risk of replacing real nature with virtual nature, and thus
accelerating the disconnection from the natural world. The long-term effects of using IVN are also
unknown; it is possible that the positive effects identified by short-term studies will diminish in the
long term.
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Abstract

Studies show that green exercise (i.e., physical activity in the presence of nature) can provide the synergistic psychophysi-
ological benefits of both physical exercise and nature exposure. The present study aimed to investigate the extent to which
virtual green exercise may extend these benefits to people that are unable to engage in active visits to natural environments,
as well as to promote enhanced exercise behavior. After watching a video validated to elicit sadness, participants either
performed a treadmill walk while exposed to one of two virtual conditions, which were created using different techniques
(360° video or 3D model), or walked on a treadmill while facing a blank wall (control). Quantitative and qualitative data
were collected in relation to three overarching themes: “Experience,” “Physical engagement” and “Psychophysiological
recovery.” Compared to control, greater enjoyment was found in the 3D model, while lower walking speed was found in the
360° video. No significant differences among conditions were found with respect to heart rate, perceived exertion, or changes
in blood pressure and affect. The analysis of qualitative data provided further understanding on the participants’ perceptions
and experiences. These findings indicate that 3D model-based virtual green exercise can provide some additional benefits
compared to indoor exercise, while 360° video-based virtual green exercise may result in lower physical engagement.

Keywords Green exercise - Virtual reality - Immersive virtual environments - Virtual green exercise - Mixed-methods

1 Introduction (White et al. 2019). In this regard, green exercise (any
physical activity in presence of nature; Pretty et al. 2003)
is considered particularly beneficial, as one may combine
the benefits of nature exposure with the benefits of physi-

cal activity. Compared to physical activity taking place

1.1 The salutogenic effects of nature and green
exercise

Research has shown that exposure to natural environ-
ments is important for human health and well-being. A
recent study estimated that individuals who spend at least
120 min in contact with nature during a regular week
achieve significant improvements of health and well-being
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indoors or urban settings, green exercise can provide
more positive effects on indicators of exercise experience,
physical engagement and psychophysiological recovery,
for example: higher levels of enjoyment (Focht 2009),
reduced sense of perceived exertion (Calogiuri et al.
2015; Harte and Eifert 1995), increased exercise intensity
(Mieras et al. 2014), reduced blood pressure (Pretty et al.
2005), cognitive restoration (Kajosaari and Pasanen 2021),
and improved mood or affect state (Calogiuri et al. 2015;
Focht 2009; Hartig et al. 2003; Lacharité-Lemieux et al.
2015). There is still some debate regarding the underlaying
mechanisms for the additional benefits of green exercise,
but the recent theoretical framework by Rogerson et al.
(2019) suggest that the psychological benefits associ-
ated with nature exposure (e.g., reduced mental-fatigue)
interact with the physiological effects of exercise (e.g.,
reduced cortisol levels), eliciting additional health benefits
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compared to when these two stimuli occur independently
(Rogerson et al. 2019). According to this framework, such
psychological and physiological benefits support health by
intertwining with behavioral factors, so that the resulting
psychophysiological benefits shape exercise behavior, for
example leading to higher exercise intensity (Mieras et al.
2014) and encouraging long-term exercise participation
(Calogiuri and Chroni 2014). Unfortunately, because of a
variety of reasons, including poor accessibility to safe and
physical activity-supportive natural environments, chal-
lenging weather conditions, and individual barriers such
as poor health, many people may not have the possibil-
ity to regularly engage in green exercise. For instance, a
English study found that only about 20% of the population
engaged in green exercise sessions of at least 30 min at
least once during a regular week (White et al. 2016), while
a Norwegian study found that about half of the population
engaged in green exercise for at least one hour during a
regular week (Calogiuri et al. 2016).

1.2 Virtual green exercise

Virtual green exercise is defined as physical activity
while being exposed to virtual representations of nature
(Litleskare et al. 2020). Virtual green exercise aims to
extend the benefits of nature exposure and green exercise
to people that are unable to engage in active visits to real
nature, such as residents in health care facilities or people
with limited accessibility to natural environments, as well
as to promote health through enhanced physical activity
and nature exposure (Litleskare et al. 2020). For this rea-
son, virtual green exercise received increased attention
within healthcare (White et al. 2018). A recent integrative
analysis by Calogiuri et al. (2021) proposed that virtual
green exercise may provide health benefits in line with
the framework proposed by Rogerson et al. (2019). In par-
ticular, by adding the element of nature exposure, virtual
green exercise could deliver psychophysiological (e.g.,
cognitive restoration, mood enhancement and stress relief)
and behavioral (e.g., enhanced exercise output) benefits
above and beyond indoor exercise. The integrative analy-
sis by Calogiuri et al. (2021), however, highlighted that,
to date, the evidence regarding health benefits of virtual
green exercise is still in its infancy. Accordingly, a recent
systematic analysis by Lahart et al. (2019) found no evi-
dence of consistent psychological or physiological benefits
of virtual green exercise compared to indoor exercise. This
review, however, emphasized the fact that studies in this
field was associated with a high risk of bias, and called for
more rigorous experimental trials on this topic.

@ Springer

1.3 The issue of immersion and cybersickness

In the context of virtual green exercise, different types of
technology have been used to create virtual representations
of natural environments, including computer screens (see,
e.g., Akers et al. 2012; Mayer et al. 2009; Pretty et al. 2005;
White et al. 2015) and head-mounted displays ( HMD; see,
e.g., Alkahtani et al. 2019; Calogiuri et al. 2018; Chan et al.
2021). By enclosing the user within the virtual environment
and replacing the sensory input from the real surroundings
with sensory input from the virtual environment (Slater et al.
1995), HMDs are believed to be a more efficient tool com-
pared to other displays, as they can provide higher levels of
immersion (Joseph et al. 2020; Litleskare et al. 2020). Immer-
sion is defined as a technology’s capability of delivering an
inclusive, extensive, surrounding, and vivid illusion of reality
to the senses of a human participant (Slater and Wilbur 1997).
Higher levels of immersion are believed to improve the VR
experience as it contributes to increased levels of presence, i.e.,
the subjective feeling of being within the virtual environment
(Slater and Wilbur 1997), ideally to such a degree that the
virtual environment feels more real than the actual surround-
ings. Presence is considered a key element for the success of a
virtual natural environment (Litleskare et al. 2020). In support
of these assumptions, studies show that exposures to virtual
representations of nature through HMDs can provides greater
relaxation and stress relief compared to non-immersive tech-
nologies (Knaust et al. 2021; Liszio et al. 2018).

Unfortunately, highly immersive displays are also more
prone to cybersickness (Chang et al. 2020; Guna et al. 2019;
LaViola 2000; Sharples et al. 2008; Yildirim 2020). Cyber-
sickness is considered a specific type of motion sickness and
is known to cause symptoms such as dizziness, nausea and
general discomfort (Kennedy et al. 2010; Smith 2015). The eti-
ology of cybersickness is still unclear, but the two most promi-
nent theories suggest that it is caused by either sensory con-
flict (Oman 1990; Reason 1978) or postural instability (Riccio
and Stoffregen 1991) during VR immersion. Cybersickness
may have a severe negative impact on experiences in VR and
hamper the users’ feelings of presence (Weech et al. 2019) as
well as distort research findings (Calogiuri et al. 2018). Recent
research provides some insight into how to alleviate the issue
of cybersickness. Synchronizing the treadmill speed with the
optical flow (Chang et al. 2020; Saredakis et al. 2020) and
minimizing scene oscillations (Litleskare and Calogiuri 2019)
has been shown to reduce the severity of cybersickness.

1.4 Challenges associated with virtual green
exercise

The use of HMDs in studies of green exercise is considered
a challenging endeavor, due to increased risk of inducing
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cybersickness in dynamic VR content, as well as the chal-
lenge of maintaining upright balance during virtual exercise
(Joseph et al. 2020; Litleskare et al. 2020). To the best of
the authors’ knowledge, only three published studies have
been conducted on the effects of a dynamic virtual green
exercise simulation using a HMD with a full field of view
(Alkahtani et al. 2019; Calogiuri et al. 2018; Chan et al.
2021). Calogiuri et al. (2018) compared a real green exercise
bout with a virtual homologue while simultaneously walk-
ing on a manually driven treadmill. While participants rated
the two environments with equal levels of environmental
restorativeness and spontaneously walked at the same pace
in both conditions, the experience was severely influenced
by cybersickness, which was associated with a decrement
of participants’ affect and an increased sense of effort com-
pared to the real green exercise bout (Calogiuri et al. 2018).
Alkahtani et al. (2019) compared two high-intensity inter-
val cycling sessions, with and without exposure to a video
montage of natural scenes. The study found no significant
differences between the two sessions for mood, thought there
was some indication of greater psychological distress in the
virtual green exercise condition (Alkahtani et al. 2019), pos-
sibly related to cybersickness. Chan et al. (2021) examined
changes in mood, nature connectedness, and heart-rate vari-
ability in both young adults and elderly exposed to a virtual
natural environment or a virtual urban environment, which
they could navigate using a “walk in place” system. In this
case, this study found that, compared with the virtual urban
walk, virtual green exercise provided greater psychophysi-
ological benefits.

1.5 The impact of developmental techniques
on virtual green exercise experiences

While the existing literature provides mixed findings regard-
ing the possibility to use HMDs for virtual green exercise
purposes, these mixed findings also suggest that the char-
acteristics of hardware, software, mode of locomotion etc.
are important to overcome the issue of cybersickness and
enhance the overall user’s experience. In particular, the
technique used to develop the VR scenery is emerging as
an important factor influencing the experience. Mostly,
two types of VR scenarios are uses for simulation nature
experiences; 360° videos created using 360° cameras, or
computer-generated virtual environments developed through
three-dimensional (3D) modelling. The VR sceneries used in
Calogiuri et al. (2018) and Alkahtani et al. (2019) consisted
of 360° videos. As this technique reproduces photographic
representations of actual environments, it can allow the crea-
tion of highly realistic virtual nature sceneries. On the other
hand, a recent review have highlighted challenges associated
with VR scenaries created using this technique, especially

in relation to cybersickness (Saredakis et al. 2020). In recent
years, 3D models based on video game development tech-
niques have emerged as an alternative to 360° videos when
creating representations of natural elements and landscapes.
Advances within this field allow for creation of 3D models
containing representations of nature that can achieve high
levels of realism. Studies using this type of VR sceneries in
the context of virtual green exercise have reported positive
psychophysiological responses as demonstrated by Chan
et al. (2021). However, to the best of the authors’ knowledge,
only two studies have directly compared 360° videos with
matching (or similar) 3D models. Nukarinen et al. (2020),
compared physiological and psychological responses associ-
ated with exposure to a static 360° video of a forest versus a
matching 3D model, with a third experimental condition in
the real natural environment being also included. While no
direct differences were found between the two VR conditions
for any of the tested parameters, the study found a significant
greater reduction in negative affect in the real nature condi-
tion as compared with the 360° video exposure, while such
difference was not observed for the 3D model. Yeo et al.
(2020) compared psychological responses associated with
exposure to a static 360° video versus a 3D model, both
showing a sequence of underwater tropical coral reef scenes.
The findings of this study indicated equivalent effects of
both VR sceneries for all psychological parameters included
except for positive affect, which showed greater improve-
ments in the 3D model as compared with the 360° video. In
conclusion, although some evidence suggests that a seden-
tary exposure to a 3D model may elicit more positive affec-
tive responses than those elicited by 360° videos (Nukarinen
et al. 2020; Yeo et al. 2020), such evidence is limited.

1.6 The present study

The purpose of the present study was two-fold. Firstly,
the study examined the participants’ perceptions and
experiences associated with two virtual green exercise
experiences created using different techniques (i.e., 360°
video and 3D modeling) as compared to treadmill walking
without VR exposure. Secondly, the study investigated the
extent to which the two virtual green exercise conditions
could elicit greater physical engagement and psychophysi-
ological recovery compared to treadmill walking without
VR exposure. By collecting and analyzing quantitative and
qualitative information, the study was set to provide both
statistical evidence in the context of a blinded experiment
and in-depth understanding of the participants perceptions
and experience.
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2 Materials and methods

This paper is structured in line with the CONSORT guide-
lines and the trial was pre-registered at ISRCTN (trial ID:
ISRCTN14275608).

2.1 Trial design

The study was designed as a double-blinded experimental
trial with three parallel groups (Fig. 3) to reduce the impact
of carry-over- and expectancy effects (Litleskare et al.
2020). The parallel group design is generally the recom-
mended design for this type of VR study (Joseph et al. 2020;
Litleskare et al. 2020). Participants were randomly assigned
(picked from a hat) to one of the three experimental condi-
tions. To minimize the expectancy effect in both the partici-
pants and the examiner, the randomization was performed
after the baseline- and pre-exposure assessments (Fig. 1),
meaning the participants and the examiner were blinded to
the allocated condition during assessments at baseline and
pre exposure, but not post exposure. The experiment was
performed at a Sport Physiology Laboratory with standard-
ized temperature (18 °C), ventilation, and lighting, and a
high degree of sound insulation. No changes to methods
were made after trial commencement.

2.2 Participants

Estimation of required sample size was performed using the
G*Power software, based on expected effect size for nega-
tive affect, which previous research has found to be a sensi-
tive measure for detecting impacts of virtual nature (Frost
et al. 2022; Yeo et al. 2020). The expected effect size was
set as medium (f=0.25), as previous research suggests that
the typical effect of real green exercise on negative affect is
equivalent of a medium effect size or larger (Lahart et al.

2019). Alpha was set to 0.05 and power was set to 90%. The
optimal sample size was estimated to be 54 participants. Six
additional participants were recruited to account for pos-
sible missing data. Participants (n=60) were recruited via
announcements on Facebook, the university’s official web-
page, and by word of mouth. All participants were required
to be 18 years or older, have normal or corrected to normal
sight and without any diagnose of balance impairments. The
study was approved by the Regional Ethics Committee for
Medical and Health Research (ref. number 134663) and was
performed according to the Declaration of Helsinki. The par-
ticipants were informed about the purpose of the study and
associated benefits and risks, before they gave their written
consent to participate.

2.3 Experimental conditions and VR technology

Three conditions were tested: (i) 360° video exposure; (ii)
3D model exposure; and (iii) control condition (walking on
treadmill while facing blank wall). The two VR conditions
(360° video and 3D model) reproduced the same environ-
ment, i.e., a walk by a river (Fig. 1). Previous research has
shown that an actual walk along this path, in the same sea-
son and similar weather conditions, elicited positive emo-
tional responses (Calogiuri et al. 2018). Participants viewed
a 2’50 film clip that is validated to elicit the feeling of
sadness prior to exposure to one of the three experimen-
tal conditions (Rottenberg et al. 2007). The purpose of this
film clip was to reduce individual variation in affect prior
to the experimental conditions and to invoke a state were
the restorative potential of virtual green exercise may tran-
spire. In all conditions, the participants walked on a manu-
ally driven treadmill (Woodway curve, Woodway Inc., USA)
for 10 min at self-selected speeds (the participants were
instructed to walk at a comfortable pace and to hold on to
the hand-rails of the treadmill to maintain balance) while
wearing the HMD or facing the blank wall. The manual

Fig. 1 Snapshot from the 360° video (left) and the 3D model (right)
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treadmill allowed participants to walk at a self-selected
speed to increase ecological validity (Focht 2009), and to
assess their behavioral response to the different experimen-
tal conditions and the corresponding psychophysiological
effects. The exposure duration of 10 min was chosen to com-
ply with the minimum time to elicit positive psychological
outcomes of real green exercise (Meredith et al. 2020). The
walking speed in both VR-conditions was synchronized with
the speed of the manually driven treadmill by using a USB
output from the treadmill to obtain the necessary data. Syn-
chronizing the treadmill speed with the optical flow of the
playback should reduce cybersickness (Chang et al. 2020;
Saredakis et al. 2020). The playback was made via a HTC
Vive Pro HMD (resolution of 2880 x 1600; refresh rate of
90 Hz) connected to a computer (Intel(R) i7-8700 k pro-
cessor, 16 gigabytes of RAM, NVIDIA Geforce RTX 2080
graphics card), and Sony WH-1000X M3 noise canceling
headphones (Sony Corporation, Tokyo, Japan). There was
no VR control condition, as research shows that there is no
difference between virtual control conditions and real con-
trol conditions (Yin et al. 2018).

The 360° video was developed using a GoPro Fusion
360° camera with a built-in stabilizer (5228 x 2624, resolu-
tion, 30 frames per second; GoPro, San Mateo, California,
USA). Following the approach by Litleskare and Calogiuri
(2019), the camera operator was moving along the path on a
hover board (AAG, MADD gear electric, Victoria, USA) to
improve the stability of the recording which should reduce
cybersickness severity (Litleskare and Calogiuri 2019). The
video was then run through a post-production editing pro-
cess. First, the video was edited in the GoPro Fusion Studio
(GoPro Inc., California, USA) to apply the Full Stabilization
filter, which locks the orientation of the camera on the hori-
zon. The edited video was imported to Adobe Premiere Pro
(Adobe Systems, California, USA) to adjust the colors for a
more realistic look compared to the slightly over-saturated
raw video clip. The 3D model was created using photogram-
metry techniques and assembled for real time playback in
Unreal Engine 4.22 (Epic Games, Cary, North Carolina,
USA). A high-resolution digital terrain model obtained
from hoydedata.no served as the basis to accurately recre-
ate the general landscape, elevation, and horizon. The path
and immediate surroundings were scanned with a drone in
4 K resolution (Phantom 4 Pro UAV, DIJI, Shenzhen, China).
The 3D model was reconstructed from the aerial drone pho-
tographs with the photogrammetry software RealityCapture
(Capturing Reality, Bratislava, Slovakia). The photogram-
metry data was optimized for real time playback, and the
retopologizing and UV mapping was done using the soft-
ware 3D Coat version 4.8 (Pilgway, Kiev, Ukraine). Other
objects like lamps and trash bins were reconstructed with
photo references using the digital content creation appli-
cation Maya (Autodesk, San Rafael, California, USA).

Bushes and grass models are based on purchased presets
from SpeedTree (Interactive Data Visualization Inc., Lex-
ington, South Carolina, USA). The optimized 3D assets were
imported into Unreal Engine where a lighting model was
created to match the geolocation. Due to performance issues,
some minor elements from the real location were not recre-
ated in the 3D model (e.g., grass/foliage by the river, see
Fig. 1). A surround microphone that captures sound in four
channels simultaneously was used to record sounds along
the path (Zoom H2, Zoom Corporation, Chiyoda-ku, Japan).
This soundtrack was used for both the 360° video and the 3D
model played back in full surround sound based on spatial
audio and the users head movement.

To adhere to current recommendations regarding descrip-
tions of the specific elements present in the environment
(Browning et al. 2020a, b), two videos of our prototype envi-
ronments were uploaded to YouTube (https://www.youtu
be.com/watch?v=hK3vzKaHDao and https://www.youtu
be.com/watch?v=8VKzMnU9Tno). Although the content
of the environments is representative of the final version,
the experimental setting, procedures, and conditions are not.

2.4 Instruments
2.4.1 Experience

Enjoyment — The participants level of enjoyment was
assessed after the experimental condition using the follow-
ing inquiry: “on a scale from 1 to 10, how enjoyable was
the activity you engaged in?” This measure has previously
been used in studies examining affective responses to green
exercise (Calogiuri et al. 2015, 2018).

Perceived environmental restorativeness — The perceived
restorativeness scale (PRS; Hartig et al. 1997; 2003) was
used as a measure of (virtual) environmental qualities that
may lead to psychological restoration. This scale consists
of 16 items assessing the subjective perception of four envi-
ronmental qualities in line with the Attention-restoration
theory (R. Kaplan 1989; S. Kaplan 1995): fascination, the
environments ability to capture the viewers’ effortless atten-
tion (five items, e.g., “The setting has fascinating qualities”);
being away, the environments ability to provide a feeling of
“being away” from everyday demands and concerns (two
items, e.g., “It was an escape experience”); coherence, the
extent to which the elements in an environment is perceived
as a coherent whole (four items, e.g., “There is too much
going on”); and, compatibility, the extent to which the envi-
ronment is compatible with the participants inclinations and
interests (five items, e.g., “have a sense that I belong there”).
The internal consistency for the different components were
adequate for fascination (a=0.87), coherence (x=0.78) and
compatibility (a=0.78), but somewhat poor for being away
(=0.66).
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Cybersickness — The severity of cybersickness symp-
toms were assessed by the simulator sickness questionnaire
(Kennedy et al. 1993) after the three conditions. The ques-
tionnaire was originally developed to measure simulator
sickness, but has been extensively used in studies of cyber-
sickness as well (Chang et al. 2020). Participants were asked
to rank the severity of 16 different symptoms on a 4-point
Likert scale. The total score of these symptoms was calcu-
lated according to the recommendations of Kennedy et al.
(Kennedy et al. 1993). The scale showed adequate internal
consistency for the total SSQ score (x=0.75).

Presence — The assessment of the participants’ sense of
presence in the two virtual environments was based on the
approach of Nichols et al. (Nichols et al. 2000), but slightly
modified to fit the purpose of this study. The participants
were asked to rate the level of agreement to eight state-
ments related to the presence in virtual environments, using
a 11-point Likert scale, as previously used in Litleskare and
Calogiuri (Litleskare and Calogiuri 2019).

2.5 Physical engagement

Walking speed — The walking speed was recorded during
the full 10 min of the experimental conditions by the built-
in treadmill computer. The average walking speed used for
further analysis.

Heart rate — Heart rate (HR) was recorded continuously
during the treadmill walk via a HR-monitor (Garmin Fore-
runner 310XT, Garmin International Inc., Olathe, Kansas,
USA) and extracted as beats per minute. The mean of all
individual measurements was automatically recorded by the
HR-monitor and used for further analyses.

Perceived exertion — Participants reported their ratings
of perceived exertion (RPE) immediately after completing
the experimental condition using the 20-point version of the
Borg scale with verbal cues (Borg 1982). The scale consists
of values ranging from 6-20 with a corresponding descrip-
tion of the level of exertion (e.g., 11 =fairly light).

2.6 Psychophysiological recovery

Affect — Participants’ affect was assessed at baseline (i.e.,
before the stress-elicitation), pre-, and post-exposure to the
experimental conditions using the physical activity affect
scale (PAAS; Lox et al. 2000). The scale consists of 12
items (e.g., “energetic”, “calm”, “miserable”, and “tired”)
that are grouped in four components according to Russel’s
circumplex model of affect (Russell 1980): positive affect
(positive valence, high activation), tranquility (positive
valence, low activation), negative affect (negative valence,
high activation), and fatigue (negative valence, low activa-
tion). The scale showed adequate internal consistency for
most of the components at most time points («=0.65-0.80);
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however, poor levels of internal consistency were found for
positive affect at baseline (0 =0.39) and pre («=0.57).

Blood pressure — The Watch BP Office Target semi-
automatic blood pressure kit (Microlife, Taipei, Taiwan)
was used to measure blood pressure at four different time
points; after five minutes of sedentary time at baseline; at
5 min after viewing the film clip designed to elicit sadness;
at 5 and 15 min after completing the experimental condition,
as a previous study has shown that blood pressure was sig-
nificantly lower 15 min after exercise in a projection-based
virtual green exercise trial (Duncan et al. 2014).

2.7 Participants’ background characteristics

Information regarding the participants’ sex, age, body mass
index (BMI), physical activity habits, and connectedness to
nature was collected and used as background characteristics
to describe the participant’s health status, levels of physi-
cal activity, and inclinations toward nature. Sex, age, and
height were self-reported by the participants (due to Covid-
19 restrictions), while weight was measured using a Seca
877 (SECA GmbH, Hamburg, Germany). The participant’s
physical activity levels were assessed using a version of
the leisure time exercise questionnaire (LTEQ; Godin and
Shephard 1985) modified to include transportation physical
activity (i.e., walking or biking as a means of transporta-
tion). This adjusted version of LTEQ correlates well with
assessments of physical activity by accelerometer (Calogiuri
et al. 2013). The participants baseline level of nature con-
nectedness was assessed by a version of the connectedness
to nature scale (CNS) modified to measure state (Mayer et al.
2009).

2.8 Qualitative information

As little is known about how people perceive and respond
to virtual green exercise, in addition to the quantitative
data described above, qualitative information was collected
among the participants who underwent one of the two VR
conditions. This allowed to capture possible themes not
dominated by a priori categories, as well as to gain a more
nuanced understanding of the quantitative findings. The
qualitative information was collected in form of written
essays guided by open-ended questions, which were pre-
sented to the participants after completing the VR conditions
and subsequent quantitative assessments. In order to facili-
tate the integration of the quantitative and qualitative find-
ings, the questions were developed based on the overarch-
ing themes of the quantitative assessments- a question was
developed for each of the quantitative variables in such way
that the participants could elaborate further on the responses
provided in the questionnaire. Questions were phrased to
allow for negative, positive as well as neutral viewpoints,
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for example: “What emotions are you experiencing right
now, after having completed the virtual walk?” and “When
you answered the question about how “enjoyable” the activ-
ity was, what determined where on the scale you put your
mark?”.

2.9 Procedures

An overview of the experimental procedures is presented
in Fig. 2. After meeting at the laboratory, the participants
remained seated for 5 min while completing the baseline
questionnaire, which included the LTEQ, CNS, and PAAS.
After completing the questionnaire, a baseline measure-
ment of blood pressure was taken and the participants sub-
sequently watched the film clip validated to elicit feelings
of sadness (Rottenberg et al. 2007). The participants then
remained seated for 5 min while completing the pre-expo-
sure PAAS assessment, after which the pre-exposure meas-
urement of blood pressure was taken. Next, the participants
were randomly allocated to one of the three conditions, by
picking a number from a hat, and the participant received
the information corresponding to that condition only. Par-
ticipants were briefly familiarized with the treadmill and
the HMD before performing the allocated condition. After
completion of the treadmill walk, the post-exposure ques-
tionnaire was administered, which consisted of RPE, PAAS,
enjoyment, SSQ, presence, PRS, and the open ended ques-
tions (the three latter were administered only to the par-
ticipants in the two VR-conditions). Blood pressure was
measured 5 and 15 min after completion of the treadmill
walk. Lastly, the participants were weighed and reported
their height to the closest centimeter. All measurements
were performed according to standard procedures for each
instrument. The questionnaires included additional questions

regarding future green exercise intention and nature con-
nectedness that are not presented in this paper.

2.10 Analyses

To analyze the quantitative findings, one-way ANOVA
with post hoc analysis was used to assess possible effects of
“condition” (360° video, 3D model and control) on enjoy-
ment, SSQ, and walking speed. An ANCOVA with post hoc
analysis was used to analyze possible effects of “condition”
on HR and RPE, while correcting for walking speed. An
independent-samples Student’s t-test was used to analyze
potential differences between the two VR conditions for PER
and presence. A mixed between-within subjects ANOVA
with post hoc analysis was used to test for possible effects of
“time” (baseline, pre exposure, post exposure) and “time by
condition” interaction on the different components of PAAS
and blood pressure. All post hoc analyses were performed
applying a Bonferroni’s correction of alpha. The statistical
approach was in accordance with the strategy set prior to
experiments. The results are presented as means and stand-
ard deviation (M £ SD). The level of significance was set at
p <0.05. The statistical analyses were performed in SPSS
version 25 (IBM corp., New York, USA).

The purpose of the qualitative analysis to extend and
deepen the understanding of the quantitative findings. The
qualitative data were analyzed thematically, with an coding
frame being defined a priori based on the main domains
of the quantitative instrument (i.e., experience, physical
engagement, and psychological recovery) and the psycho-
logical constructs contained within each of these overarch-
ing themes (e.g., enjoyment, perceived exertion, and changes
in psychological states). Reiterative reading and recoding of
the data led to refinement and extension of the coding frame.
In this way, the themes that emerged from the analysis were

Fig.2 Overview of experimen- Video clip
tal procedures (LTEQ =leisure
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time exercise questionnaire;
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CNS = Connectedness to nature sadness treadmill only assessment
scale; PAAS =physical activity
affect scale; BP=blood pres-
sure; RPE =rating of perceived LTEQ PAAS Walking speed RPE
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ness questionnaire; PRS = per- .
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substantively grounded in the data, while being informed
by the domains of the quantitative instrument, which
served the purpose of facilitating the following integration
between quantitative and qualitative findings. To be noted
that, although the qualitative analysis was informed by the
quantitative constructs, the emerged themes are independ-
ent of the quantitative findings. A first draft of the analysis
was performed by one author (GC), which was then further
developed in collaboration with another author (SAKJ). A
third author (AH) acted as a “critical friend.”

In the Results chapter, for each overarching theme (expe-
rience, physical engagement, and psychological recovery),
the quantitative and qualitative findings are presented sepa-
rately and independently from each other—i.e., first the out-
comes of the statistical analysis are presented, followed by
the themes emerged from the qualitative analysis, without
any integration between the two strands. The integrated dis-
cussion of the quantitative and qualitative findings is eventu-
ally presented in the Discussion chapter, with emphasis on
the similarities and differences of these two approaches. The
quantitative findings shall be seen as having most weight,
especially with respect to providing statistical evidence of

Fig.3 Flow diagram show- _Enrollment __
ing the number of participants
enrolled, allocated to experi-
mental conditions and included
in the analysis
Allocation

the effectiveness of the VR conditions as compared with
treadmill walking alone as well as possible differences
between the two types of VR (360° video vs. 3D model).
Although the qualitative findings shall be seen as secondary,
they are important to enhance and extend the understanding
of the quantitative findings, especially with respect to the
participants’ perceptions and experiences.

3 Results

Study enrolment and allocation are presented in Fig. 3. The
participants in this study were considered healthy and active
individuals with fairly high levels of connectedness to nature
(Table 1).

3.1 Experience

The mean values of enjoyment were 6.9 +2.4 in the 360°
video, 8.3+ 1.9 in the 3D model, and 5.9 +2.6 in control.
The one-way ANOVA revealed a significant effect of condi-
tion on enjoyment (F(2,57)=5.357, p=0.007, np=0.158),

Assessed for eligibility (n=60)

A 4

Excluded (n=0)

Randomized (n=60)

A4

A 4 A 4

Allocated to 360° video (n=20)
~ Received intervention (n=20)

Allocated to 3D model (n=19)
“ Received intervention (n=19)

Allocated to control (n=21)
- Received intervention (n=21)

Analyzed (n=20)

Analyzed (n=19) Analyzed (n=21)

Table 1 Gender distribution, age, body mass index (BMI), levels of physical activity (LTEQ—Ieisure time exercise questionnaire) and levels of
nature connectedness (CNS—connectedness to nature scale) for all participants in each experimental condition

360° video (n=20)

3D model (n=19) Control (n=21)

Males/females (1) 12/8

Age (years) 31.2+13.7
BMI (kg/m?) 24.8+3.8
LTEQ 58.6+22.9
CNS 3.9+0.7

9/10 11/10
31.6+15.3 27.1+£7.3
24.8+4.0 25.0+£2.6
54.9+24.9 57.1+28.3
4.0+0.7 4.0+0.6

Means + standard deviation
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with post hoc analysis demonstrating that the 3D model was
perceived as more enjoyable compared to control (p =0.006).
No significant differences were found between 360° video
and control (p =0.533) or between 360° video and 3D model
(»=0.189). Overall, satisfactory ratings were observed for
all the PRS components (Fig. 4). No significant differences
between the two VR conditions were found for any of the
PRS components (fascination: t(37)=-—81, p=0.078;
being away: t(37)=--91, p=0.064; coherence: t(37)=0.34,
p =0.733; compatibility: t(37)= —1.64, p=0.110). The
SSQ score was 25.24+15.6 in the 360° video, 21.1 +£15.0
in the 3D model, and 16.2 + 14.7 in control, indicating rela-
tively low levels of cybersickness. The ANOVA showed no
significant differences among conditions in relation to SSQ
score (F(2,57)=1.801, p=0.174, np=0.059). Rather high
levels of presence, especially in relation to “being there” and
“sense of reality”, were found in both VR conditions, though
rather high ratings for “flatness” and “movement lag” were
also reported (Fig. 5). The t-test showed no significant dif-
ferences between the 360° video and the 3D model for any
of the eight items of presence (p > 0.05 for all eight items),

Fascination

=
o

360° video m 3D model

|
|

Coherence

o B N W B U1 O N 0 VO

Being away Compatability

Fig.4 Ratings of the four components of the perceived restorative-
ness scale in the 360° video and the 3D model (M +SD). NB: Low
values of “coherence” indicate high perceived coherence

Fig.5 Ratings of presence

in the 360° video and the 3D 10
model (M +SD) 9
8
7
6
5
4
3
2
1
0
Being Realism
there

1]

but there was a tendency for the item “being there” in favor
of the 3d model (t(37) =-—1.85, p=0.072).

In relation to the overarching theme “2.4”, for each of
the quantitative domains that initially informed the analysis,
two sub-themes emerged: “excitement versus. boredom” and
“break the routine” (enjoyment); “appreciating the naturalis-
tic scenario” and “familiarity with the place” (environmental
qualities); “dizziness negatively affecting the experience”
and “challenges with postural stability” (cybersickness);
“feeling Immersed” and “not like real nature” (presence).

It appeared that most of the participants enjoyed the expe-
rience, which was recurrently labelled as “fun,” “exciting”,
or “interesting”. However, in both VR conditions, a few
participants described the virtual walk as little stimulating
(“A little boring”, “There was little going on”), while some
participants appeared to be more excited by the novelty of
the technology. This was especially the case among partici-
pants who never had tried VR before (e.g., “It was fun to
try something new”’; “The technology was fascinating”), but
also by one who had previous familiarity with VR:

“VR is something I have tried before, and being able to
actually move over longer distances while it happens in VR
was a new and exciting experience... the simulation itself
was not very impressive, but the movement aspect made
the VR experience new and exciting.” (Man, 32 years, 360°
video).

Some participants stated that the virtual walk gave them
an opportunity to “disconnect” from daily routines in such
a manner that was remarkably similar to what is associated
with experiences in real nature. A few participants (all in the
3D model condition) described experiences that are indica-
tive of a flow-like state:

“For a few minutes I almost forgot where I was and just
focused on walking and did not think about anything else.”
(Woman, 36 years, 3D model).

Although some participants found the virtual environ-
ment rather plain and little stimulating, several participants
made explicit references to the fact that the environment

360° video
3D model

L

Other Noises Flatness ~ Movement
people lag

Sense of  Awareness

reality
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(and most recurrently, the nature elements) triggered their
curiosity, as exemplified by these quotations:

“There was little to look at. I felt like there was nothing
I could focus on, as opposed to being in a forest where one
can see new trees/animals/lakes around every corner” (Man,
22 years, 360° video).

“What caught my attention during the walk were the
trees, the buildings, but also the river that flowed slowly
past” (Woman, 24 years, 3D model).

The nature elements in the virtual environments were
also recurrently associated with liking the setting (e.g., “The
weather, the birds’ singing and the river’s rushing sound.
Green grass and leaves [made the experience enjoyable
for me]”), as opposed to elements of the built environment
(e.g., “The less traffic noise the more pleasant”; “It was not
very fascinating due to the large football pitches”). Several
participants reported to have enjoyed the fact that the VR
settings gave them an opportunity to experience a day of
spring/summer and nice weather (... it was nice to walk in
daylight, now that it is dark early in the afternoon”).

Many participants also mentioned the fact that they were
familiar with the place, which was associated with pleasant
feelings of safety (“It was a safe and friendly environment™)
and attachment with the place (“I felt a sense of belonging”).

“I ‘walked’ in a familiar environment where I often find
myself and it was interesting to see it this way... [ was in a
place where I often visit and with which I have good rela-
tionships... The [virtual] environment attracted my attention
because I have often visited that place myself, and quickly
recognized myself there ... I felt a sense of belonging
because I often visit the virtual environment even in real
life.” (Man, 22 years, 360° video).

Some participants (all in the 360° video condition) expe-
rienced dizziness during the VR experience. In most cases,
the feelings of dizziness appeared relatively mild and/or
temporary, though for two participants it was more severe:

“[I felt] a little uncomfortable... was a bit dazed and a bit
dizzy during the walk and the last minutes I was just look-
ing forward to be finished.” (Woman, 26 years, 360° video).

A few participants, in both the VR conditions, reported
some challenges in relation to postural stability. It should
be noted, however, that while the two participants in the
3D model condition appeared to have experienced relatively
mild and/or temporary challenges, the experience of the one
participant in the 360° video condition was more severe:

“I held on pretty tight with my hands [on the handrails]
and certainly could not have managed to walk without hold-
ing myself ... may have felt a little discomfort with my sight
... during the [first half of the walk] it was easier to walk
than the [last half].” (Woman, 20 years, 360° video).
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About one third of the participants (and slightly more
frequently in the 3D model condition), described experi-
ences indicative of very high levels of presence, with several
reporting that they felt disconnected from the real place (i.e.,
the laboratory room) and, in some cases, even appeared to be
completely present in the virtual environment:

“I felt like I was out in the virtual environment and
focused on it, so I did not know what was happening in the
room... It was fascinating how real it was ... so I felt like I
was walking for real.” (Man, 22 years, 360° video).

The most frequently reported factors contributing to
reduced feeling of being in nature were poor graphics, feel-
ings of mismatch between one’s movements and those of
their virtual selves’, and poor soundscape or presence of
external noises (e.g., the noise from the treadmill). A few
participants mentioned the lack of a virtual body, or that
they experienced some discomfort in relation to the equip-
ment (e.g., the weight of the headset). Several participants
complained that the virtual world appeared visibly artifi-
cial (e.g., “It was so clear it was not real”), and some also
noticed the lack of sensorial elements typically associated
with experiences in real natural environments, such as feel-
ing smells and the wind blowing (e.g., “It was ... not some-
thing I would do again as I like to feel the smell and wind of
nature when I walk’), but also the absence of other people:

“The only thing I might have missed a bit in the virtual
environment was more activity from people and/or animals,
as I felt quite alone... the virtual environment seemed a bit
cold and lonely” (Man, 36 years, 3D model).

3.2 Physical engagement

The mean walking speed was 6.6 + 1.4 km/h in the 360°
video, 7.7+ 1.5 km/h in the 3D model, and 8.3 km/h+ 1.8
in control. The one-way ANOVA revealed an effect of
condition on walking speed (F(2,57)=6.694, p=0.002,
np =0.190), with the post hoc analysis showing a signifi-
cantly lower walking speed in the 360° video condition com-
pared to control (p =0.02), and a potential trend compared
to the 3D model (p =0.064). No statistically significant
differences were found between the 3D model and control
(p=0.762). The ANCOVA found no differences among
conditions for HR (98.4 + 17.4 beats/min in the 360° video,
112.6 +£ 16.6 beats/min in the 3D model and 121.8 beats/
min +23.8 in control; (F(2,56)=2.345, p=0.110, np=0.08)
or RPE (9.9 +3.0 in the 360° video, 11.2+2.2 in the 3D
model and 10.5+2.5 in control; F(2,56)=1.284, p=0.285,
np =0.04) when adjusting for walking speed. Three themes
emerged with respect to the overarching theme “2.4.1”:
“challenges with walking on treadmill,” “appreciating the
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possibility of self-pacing,” and “feeling the exercise.” Some
participants, all in the 360° video condition, experienced
some challenges with balance and walking on the treadmill,
something that may have forced the participants to walk at
a slower pace (e.g., “It was difficult to increase the speed”).

“I held on rather strongly with my arms [on the hand-
rails] and certainly could not manage to walk without hold-
ing myself. I felt like I worked-out more with my arms than
my legs in the end ... the [first part] was easier to walk than
the [second part]” (Woman, 20 years, 360° video).

On the other hand, the possibility of self-pacing appeared
to be appreciated by other participants, who perceived it as
something that allowed them to have control of the experi-
ence and enjoy the surroundings:

“I liked that one could walk at the pace one wanted, and
it was a big plus. I'm used to VR experiences that just move
at a set thythm.” (Man, 29 years, 360° video).

“... as I could adjust my pace it was possible to look
around” (Woman, 67 years, 3D model).

Some participants, all in the 3D model condition, reported
to have experienced moderate levels of physical exertion:

“It feels a bit like I've been out for a little walk” (Woman,
29 years, 3D model).

“I feel in my body that I walked” (Man, 25 years, 3D
model).

Fig.6 Ratings (M +SD) of 5
the four components of the
physical activity affect scale in a
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control (means and standard
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3.3 Psychophysiological recovery

Figure 6 shows the ratings (M + SD) for all the components of
affect in the different assessment points and different experi-
mental conditions. The mixed between-within subjects ANOVA
revealed a significant effect of “time” on all the components of
affect: positive affect (F(2,114)=56,71, p<0.001, np=0.499),
tranquility (F(2,114)=18,79, p<0.001, np=0.248), negative
affect (F(2,114)=15,69, p<0.001, np=0.216), and fatigue
(F(2,114)=18,45, p<0.001, np=0.245). However, no sig-
nificant “time by condition” interaction was found for any
of the components of affect (positive affect: F(2,56)=2.376,
p=0.102, np=0.018; tranquility: F(2,56)=0,736, p=0.483,
np=0.023; negative affect: F(2,56)=1.399, p=0.255,
np=0.017; fatigue F(2,56)=2.178, p=0.123, np=0.015).
A post hoc analysis showed that pre-exposure values were
significantly lower compared to both baseline and post expo-
sure for positive affect (baseline vs. pre: p<0.001; pre vs.
post: p<0.001) and tranquility (baseline vs. pre: p <0.001;
pre vs. post: p<0.001). A reversed pattern emerged for nega-
tive affect, as pre values were significantly higher compared
to both baseline and post (baseline vs. pre: p=0.001; pre vs.
post: p<0.001). The results for fatigue followed a slightly dif-
ferent pattern, with significantly lower values in post exposure
compared with pre and baseline (post vs. baseline: p <0.001;
post vs. pre: p<0.001), indicating a reduction in feelings of
fatigue throughout the three assessment time-points. In regards
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Fig.7 Values (M + SD) for systolic (top) and diastolic (bottom) blood
pressure at four different time points; baseline, pre, post 5 min and
post 15 min. Systolic blood pressure was significantly reduced at post
15 min compared to baseline, pre and post 5 min, and systolic blood
pressure at pre was significantly reduced compared to baseline. No
significant differences were observed for diastolic blood pressure

to blood pressure (Fig. 7), the mixed between-within subjects
ANOVA found a significant effect of “time” for systolic blood
pressure (F(3,171)=13,55, p<0.001, np=0.192), but not a
significant “time by condition” interaction (F(6,171)=1.21,
p=0.310, np=0.041). The post hoc analysis showed a sig-
nificant difference between baseline versus pre (p=0.016),
baseline versus. 15 min post exposure (p <0.001), pre versus.
15 min post exposure (p=0.004), and 5 min post exposure ver-
sus. 15 min post exposure (p <0.001). No significant effects
of “time” (F(3,171)=2.11; p=0.101, np=0.036) or “time by
condition” interaction were found for diastolic blood pressure
(F(6,171)=0.374, p=0.895, np=0.013).

From the qualitative analysis, in relation to the overarching
theme “psychophysiological recovery,” two themes emerged:
“enhanced positive affect,” and “relaxation.” While only a
few participants, all in the 360° video condition and all men,
reported to not have perceived a substantial change in their
emotional state from before to after the virtual walk (“I feel
pretty much like before doing the [virtual walk]”’), many more,
and in both conditions, made explicit references to experiencing
positive emotional states as a result of the virtual walk. Such
emotional states were identified as either within the domain of
positive affect (high arousal and positive valence, e.g., “excited”
or “energetic”’) or within the domain of tranquility (low arousal
and positive valence, e.g., “relaxed” or “‘calm”). The voice of
one participant depicts the impact of the virtual walk in facili-
tating the psychological recovery after viewing the sad movie:

“[1 feel] happy. Little surprised of how quickly I forgot
about the sad movie” (Woman, 35 years, 3D model).
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4 Discussion
4.1 Effectiveness of virtual green exercise

The overall results of this study show that, by using appropri-
ate techniques to develop virtual natural environments, virtual
green exercise can provide psychophysiological benefits with
negligible side effects. In particular, the quantitative findings
indicate that virtual green exercise was associated with high
levels of enjoyment, relatively high levels of perceived envi-
ronmental restorativeness and presence, and improvements in
affect and blood pressure. The qualitative findings supported
and extended these findings, indicating overall positive expe-
riences, with participants reporting positive emotions (either
in form of relaxation or positive affect), excitement, and feel-
ings of “breaking from the routine.” Moreover, the qualita-
tive reports emphasized how participants appreciated viewing
naturalistic scenarios and/or familiar places, which triggered
curiosity and sense of belonging. The qualitative findings also
supported the quantitative findings regarding presence, indicat-
ing that participants felt like “being in” the virtual world, and
in some few cases even completely loose the sense of reality
(i.e., forgetting they were in the laboratory). Altogether, these
findings indicate an improvement of the virtual conditions
compared to those used in previous studies, which typically
report adverse effects of virtual exposure (Alkahtani et al.
2019; Browning et al. 2020a, b; Calogiuri et al. 2018; Frost
et al. 2022; Mostajeran et al. 2021). In the present study, both
VR conditions were associated with low levels of cybersick-
ness symptoms, as indicated by the similar SSQ ratings in the
VR conditions as compared to control, but also by the fact that
only few participants mentioned experiencing cybersickness
(either in form of dizziness or impaired postural stability) in
the qualitative reports. In this regard, it should be noted that
some of the items of the SSQ, such as fatigue and sweating,
can be influenced by the participants’ responses to physical
exercise. Some participants walked at such speeds that they
started sweating despite the conservative temperature in the
laboratory (18°C), and this may have inflated the reported SSQ
scores. The relatively low prevalence and severity of cyber-
sickness observed in the present study compared to previous
studies (Calogiuri et al. 2018), may be attributed to high lev-
els of scene stability and matching of walking speed between
the treadmill and the movement in the virtual environments
(Chang et al. 2020; Litleskare & Calogiuri 2019; Saredakis
et al. 2020).

4.2 Effects of virtual green exercise compared
to control

The quantitative analysis revealed that virtual green
exercise elicits higher levels of enjoyment compared to
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control (though, significant only in the 3D model condi-
tion). This finding is in line with previous studies on real
green exercise versus. indoor exercise, which generally
report higher levels of enjoyment after green exercise
(Focht 2009; Lahart et al. 2019). Our results demonstrate
that this effect may extend to virtual green exercise as
well. The positive effects of virtual nature exposure on
enjoyment was further bolstered by the large effect size
(np=0.158) and qualitative reports that highlighted how
the natural elements in the virtual environments were
recurrently associated with enjoyment and even flow-like
states. Since enjoyment is a strong motive for exercise
participation (Dishman et al. 1985), also in the specific
context of green exercise (Calogiuri & Chroni 2014),
these results support the idea that virtual green exercise
might be a useful tool to increase exercise participation
(Litleskare et al. 2020).

In line with previous research, the present study found
limited evidence of other additional benefits of virtual
green exercise compared to control (Lahart et al. 2019).
Apart from enjoyment, no additional benefits of virtual
green exercise were observed among the quantitative
measurers, including perceived exertion, heart rate, and
psychophysiological recovery in the form of pre-post
changes in affect and blood pressure. This suggest that the
beneficial changes in affect and blood pressure after the
VR conditions were primarily associated with the physi-
cal activity rather than the virtual nature experiences.
These findings challenges previous analysis proposing
that synergic benefits occur when combining physical
activity and (virtual) nature exposure, leading to greater
benefits compared to when each of these occur individu-
ally (Calogiuri et al. 2021). In this regard, one impor-
tant issue to consider is whether virtual nature can elicit
restorative effects similar to real nature. Some research-
ers have found that nature experiences mediated through
technology is not as restorative as real nature experiences
(Kahn et al. 2008), while others show that virtual nature
experiences can be restorative (Liszio et al. 2018). In the
present study, exposure to both virtual environments elic-
ited fairly high levels of perceived environmental restor-
ativeness, which were contrasted by qualitative reports
referring to the virtual environments as artificial. These
reports were not only related to graphics, but also to lack
of detail and lack of sensorial elements that are typically
associated with real nature. This was recurrently associ-
ated with lower ratings of presence and, in some cases,
a general feeling that the virtual environment could not
reproduce an authentic experience of real nature. Thus,
the virtual environments limited ability to fully reproduce
an authentic nature experience may impede the associated
psychophysiological outcomes compared to real nature.

4.3 Differences between 360° video and 3D model

To date, very little published evidence exists on the way
users perceive and respond to virtual green exercise settings
developed with different techniques, such as 360° videos and
3D models. To the best of the authors’ knowledge, only two
studies have compared 360° nature videos with a matching
3D model (Nukarinen et al. 2020; Yeo et al. 2020), and the
findings in these studies indicate that the latter elicited (to
some extent) more positive psychological responses than the
former. Although these studies investigated such differences
in a predominantly sedentary context (i.e., either while the
participants sat on a chair (Nukarinen et al. 2020) or while
they could stand and move in a limited space (Yeo et al.
2020), the findings of the present study are partly in line
with this previous literature. More specifically, compared
with control, the 3D model elicited higher levels of enjoy-
ment, while the 360° video was associated with a slower
walking speed. However, statistically significant differences
were not observed for either of these measurements when
comparing directly the 360° video and 3D model conditions.
From the qualitative analysis, indications also emerged sug-
gesting higher levels of presence and lower incidence of
cybersickness in the 3D model compared to the 360° video,
though these findings should be treated with caution, as
they were not supported by the quantitative findings (albeit
a non-significant statistical tendency was observed for the
item “being there”). In particular, the qualitative reports
indicated that some participants in the 360° video condition
experienced cybersickness in the form of dizziness and chal-
lenges in maintaining balance while no participant in the 3D
model condition mentioned such challenges. The potential
for more issues related to cybersickness in the 360° video
video would be in agreement with a recent review of factors
influencing cybersickness, which highlighted that 360° vid-
eos are more susceptible to cybersickness than 3D models
(Saredakis et al. 2020). Furthermore, researchers have pro-
posed the idea that realistic looking simulations that fail to
meet people’s expectations when it comes to accurate move-
ment control may increase the risk of cybersickness (Ven-
katakrishnan et al. 2020). 360° videos are arguably realistic
looking, which might make them susceptible to such effects.
Although these issues related to cybersickness were minor
in the present study it might have impacted other outcomes
in the 360° video condition (namely enjoyment and walk-
ing speed), which emphasize the importance of identifying
strategies to minimize negative aspects of VR exposure, such
as cybersickness, in order to improve the effectiveness of
experiences in VR.
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4.4 Strengths and limitations

Strengths of this study include the blinding of participants
and examiner, and the controlled laboratory environment.
The low levels of cybersickness should also be considered
a strength, due its negative impact on other outcomes in
similar studies. The only added benefit of virtual green exer-
cise compared to control was higher levels of enjoyment
following exposure to the 3D model. The lack of an experi-
mental condition applying a virtual non-natural environment
limits our ability to attribute this finding specifically to the
environment and not to the VR-technology alone. This was
in particular highlighted by the qualitative reports that the
novelty of the technology contributed to the ratings of enjoy-
ment. However, the lack of a similar improvement of enjoy-
ment after the 360° video, and the qualitative reports that the
natural elements in the virtual environments contributed to
enjoyment, suggest that the novelty of VR in and of itself
does not result in high levels of enjoyment. Another issue in
the present study was that HR was not expressed as a per-
centage of each individual’s maximal heart rate, which limits
its precision as a measure of exercise intensity. This was a
calculated tradeoff because a measurement of maximal heart
rate requires a highly intense and exhausting experience.
In turn, this might have influenced the type of volunteers
enlisting for this study and would definitely increase the load
and the time commitment for the participants. Age-predicted
maximal HR was not considered due to the limitations of
these equations (Shookster et al. 2020).

5 Conclusions

Both virtual green exercise conditions were generally well
received by participants without causing concerning levels
of negative side effects, such as cybersickness and nega-
tive affective responses. However, compared with treadmill
walking with no exposure to VR, only one of the installa-
tions (the 3D model) provided some additional benefits (i.e.,
greater enjoyment), while the 360° video was associated
with negative behavioral outcomes in the form of slower
waking speed leading to reduced exercise output. Neither
of the virtual conditions provided greater health benefits in
terms of psychophysiological recovery compared with tread-
mill walking. Nevertheless, the findings of this study provide
important insights regarding to the possibility of adopting
virtual green exercise as a tool within health care settings,
physical activity promotion, and research projects. In par-
ticular, the use of 3D model based virtual green exercise
within physical activity promotion may be a promising area
to explore, as enjoyment is an important component of exer-
cise motivation. More research is, however, needed in this
field, especially to establish possible long-term behavioral
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benefits of virtual green exercise interventions. This study
also highlights limitations in the ability of virtual green
exercise to fully reproduce the effects of experiences in real
nature. Further research and optimization of virtual experi-
ences of natural environments is required to achieve the full
potential of this technology, preferably in accordance with
current recommendations for this specific field of research
(Joseph et al. 2020; Litleskare et al. 2020).
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