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Abstract

Mixed Reality (MR) Pharmacy aims at examining psycho-physiological e�ects of exposure
to and interaction with a collection of MR-based therapeutic applications. The scope of the
research was narrowed down to personal prevention and management of specific disorders,
which mainly fall in the category of mental disorders, i.e., Anxiety Disorders, Psychotic
Disorders, Mood Disorders, Alcohol Use Disorders, and Cognitive Disorders. Moreover, in
order to take into account the ageing population, a particular age-related category of disorders,
namely Balance Disorders was included in this work as well.

For each of these disorders, MR-based therapeutic interventions were designed, developed,
and evaluated. Along the way, some of the clinical-MR challenges, such as validation, us-
ability, and acceptance were tackled. To measure di�erent aspects of these interventions,
including their e�ects on human psychology, physiology, and cognition, several user studies
were conducted. Additionally, the developed MR-based interventions were validated against
in-vivo, control, or non-immersive alternative conditions. The usability of the applications
was also measured along with the user experience and acceptance.

The results show that MR provides enormous advantages over tested alternatives. De-
pending on the disorder and the needs of the therapy receivers, MR-based interventions can
be used to decrease or increase psycho-physiological reactions such as anxiety. For instance,
for treating Social Anxiety Disorders, one can increase Social Anxiety in training situations,
whereas for treating Depressive and Mood Disorders, one can elevate mood and decrease anx-
iety levels. Moreover, we observed positive e�ects of exposure to virtual natural environments
on human cognition. The MR-based applications were well accepted as well, as users found
them novel, encouraging, and stimulating. Furthermore, obtained functional brain connectiv-
ity between brain regions as a result of training in MR, imply that MR may be most suited
for long-term brain training interventions. Finally, the outcomes of this research provide
evidence for practice and facilitate forming the foundations of planning future clinical trials.
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Zusammenfassung

Mixed Reality (MR) Pharmacy zielt darauf ab, die psychophysiologischen Auswirkungen der
Exposition gegenüber und der Interaktion mit einer Sammlung von MR-basierten thera-
peutischen Anwendungen zu untersuchen. Die Forschungsarbeit wurde auf die persönliche
Prävention und Behandlung bestimmter Störungen fokussiert, die hauptsächlich in die Kate-
gorie der psychischen Störungen fallen, d.h. Angststörungen, psychotische Störungen, Stim-
mungsstörungen, Alkoholkonsumstörungen und kognitive Störungen. Um den demografischen
Wandel zu berücksichtigen, wurde in dieser Arbeit darüber hinaus eine bestimmte altersbed-
ingte Kategorie von Störungen einbezogen, nämlich Gleichgewichtsstörungen.

Für jede dieser Störungen wurden MR-basierte therapeutische Interventionen entworfen,
entwickelt und bewertet. Insbesondere wurden klinische MR-Herausforderungen wie zum
Beispiel Validierung, Benutzerfreundlichkeit und Akzeptanz addressiert. Es wurden mehrere
Benutzerstudien durchgeführt, um verschiedene Aspekte dieser Interventionen zu messen, ein-
schließlich ihrer Auswirkungen auf die menschliche Psychologie, Physiologie und Kognition
sowie Benutzerfreundlichkeit und Akzeptanz. Zusätzlich wurde die Wirksamkeit der entwick-
elten MR-basierten Interventionen gegen Real-, Kontroll- oder nicht-immersive Alternativen
validiert.

Die Ergebnisse zeigen, dass MR enorme Vorteile gegenüber den Alternativen bietet.
Abhängig von der Störung und den Bedürfnissen der Therapieempfänger*innen können MR-
basierte Interventionen verwendet werden, um psychophysiologische Reaktionen wie z.B.
Angstzustände zu verringern oder zu verstärken. Zum Beispiel lässt sich zur Behandlung
von sozialen Angststörungen die soziale Angst in Trainingssituationen erhöhen, während
sich zur Behandlung von depressiven und Stimmungsstörungen die Stimmung verbessern
und das Angstniveau senken lässt. Wir beobachteten positive Auswirkungen der Exposi-
tion gegenüber virtuellen natürlichen Umgebungen auf die menschliche Kognition. Die MR-
basierten Anwendungen wurden durch die Benutzer*innen als neuartig, ermutigend und anre-
gend wahrgenommen. Darüber hinaus impliziert die sich aus dem MR-Training ergebene funk-
tionelle Gehirnkonnektivität zwischen Gehirnregionen, dass MR am besten für langfristige
Gehirntrainingsinterventionen geeignet sein kann. Somit liefert diese Arbeit die Grundlage
und wichtige Erkentnisse für die Planung künftiger klinischer Studien.
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1 Chapter 1

Introduction

1.1 Digital Health Interventions

According to the United Nations (UN), health is a global issue [371], as at least half of the
world’s population does not receive essential health services [403]. Within the UN system,
the World Health Organization (WHO) leads the e�orts to address this global issue [372].
According to WHO [401], health systems are associated with eight categories of challenges,
which a�ect both consumers as well as providers of health goods and services. Table 1.1
provides a list of these global Health System Challenges (HSC).

Fortunately, Information and Communication Technologies (ICT) have enormous potential
to bear positively on HSC [398]. In fact, ICT is increasingly being integrated into health
systems and services worldwide and improvements in health as a direct benefit of ICT are
being made every day across the world [399].

WHO has also acknowledged the growing importance of digital health and thus, has carried
out a number of key actions to facilitate its integration in health systems and services [398].
For instance, the Global Observatory for eHealth (GOe) has been initiated to monitor digital
health progression and guide its developments around the world [400]. WHO has also provided
a classification of Digital Health Interventions (DHI), which are being used to support health
system needs [401]. In order to e�ectively show how ICT can address identified health needs,
it has been recommended to use DHIs in tandem with the identified HSCs.

In particular, DHIs have great potentials to address some of the HSCs by overcoming the
limitations of traditional health interventions and bringing additional advantages to this do-
main [95, 13, 346, 233]. For instance, they could provide anonymous, cost-e�ective, and flexi-
ble (in self-direction and self-pacing) solutions, which can make interventions more accessible
and acceptable to the general public [95, 65, 345, 13]. In addition, multi-sensory (e.g., visual
and auditory) interactions can make these interventions more appealing and attractive [95],
addressing, for instance, the “insu�cient patient engagement” HSC (see Table 1.1).
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Table 1.1: Health System Challenges (adapted from [401]).
Challenge Example
Information • Lack of population denominator

• Delayed reporting of events
• Lack of quality/reliable data
• Communication roadblocks
• Lack of access to information or data
• Insu�cient utilization of data and information
• Lack of unique identifier

Availability Insu�cient supply of:
• Commodities
• Services
• Equipment
• Qualified health workers

Quality • Poor patient experience
• Insu�cient health worker competence
• Low quality health commodities
• Low health worker motivation
• Insu�cient continuity of care
• Inadequate supportive supervision
• Poor adherence to guidelines

Acceptability • Lack of alignment with local norms
• Ignorance of individual beliefs and practices

Utilization • Low demand for services
• Geographic inaccessibility
• Low adherence to treatments
• Loss to follow up

E�ciency • Inadequate workflow management
• Lack of or inappropriate referrals
• Poor planning and coordination
• Delayed provision of care
• Inadequate access to transportation

Cost • High cost of manual processes
• Lack of e�ective resource allocation
• Client-side expenses
• Lack of coordinated payer mechanism

Accountability • Insu�cient patient engagement
• Unaware of service entitlement
• Absence of community feedback mechanisms
• Lack of transparency in commodity transactions
• Poor accountability between the levels of the health sector
• Inadequate understanding of beneficiary populations

1.2 Mixed Reality Technologies

The technological concept of Virtual Reality (VR) was first formulated at the mid of 1960s by
Ivan Sutherland, who described VR as an “ultimate display”, through which a user perceives
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a Virtual Environment (VE) as if it is real [356]. Ever since, several definitions have been
formulated for VR, which all highlight three common features: (i) immersion, (ii) sense of
presence, and (iii) interaction with the VE [130, 120, 82, 42, 226, 227, 151, 43, 24, 333, 334,
354, 338].

Immersive VR systems provide users with an omnidirectional view of the VE, enabling
them to perceive, feel, and interact similar as in reality [338]. This is usually achieved by
combining multiple sensory channels, such as sight, sound, and touch. Typically, immersive
VR systems include a Head-Mounted Display (HMD), a.k.a., VR glasses or goggles, which
displays VEs while blocking the users’ Field of View (FOV) to the physical world. The head
tracking sensors of a typical VR system compute head position to corresponding views in
the VE. Additional input devices (a.k.a., VR controllers) enable interaction with VE through
touching, grabbing, or manipulating the virtual objects [348].

An essential feature of VR is its ability to evoke a sense of presence, i.e., a sense of being
physically present in the VE [337]. This characteristic leads to a human behavior that is
similar to the behavior shown in real world settings. Importantly this sense of presence may
facilitate transfer of knowledge and skills acquired in VR to similar real world situations, which
would make VR an ideal choice for therapeutic interventions [51]. In addition, experiments,
training, and therapy sessions that use immersive VR would be able to reach a high level of
ecological validity for situations, which may be too dangerous, expensive, or impossible to
create otherwise [292]. Moreover, experimenters and therapists may benefit from a systematic
control over the experiment and/or therapy. The low-cost VEs, which can be duplicated and
distributed easily, would also make VR-based therapeutic applications accessible at a larger
scale [293]. Thus, VR can complement the human research by maximizing the benefits of
lab-based (e.g., control over independent variable) and field-based (e.g., realistic stimuli)
experiments [340].

In contrast to VR, in which user’s entire FOV to the real world is blocked, in Augmented
Reality (AR), users can see the real world (either through cameras or see-through displays)
augmented with additional virtual objects [314]. Therefore, AR systems should register real
and virtual objects with each other while running interactively and in real-time [22]. Typically,
virtual objects in AR environments should provide an indistinguishable simulation of the
reality. For instance, an augmented virtual spider should appear as real as in the real world
and an augmented Virtual Human (VH) should look and behave as similar as to a real human
being. This way, AR may evoke similar to reality human behaviors towards augmented virtual
objects [49, 175, 59, 404].

The concept of VR and AR systems might be best explained by the Reality-Virtuality
(RV) Continuum (see Figure 1.1), which was introduced by Milgram and Kishino [241] in
1994. Fully real and virtual environments span a continuum and any display, which merges
any degree of reality and virtuality, lies in between and can be explained by the general
term of Mixed Reality (MR). Therefore, AR is created when some degree of virtuality is
added to reality, whereas Augmented Virtuality (AV) is created by means of adding some
degree of reality to purely virtual worlds. Since the pure virtuality as conceptualized by Ivan
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Figure 1.1: Reality-Virtuality Continuum (adapted from [242]).

Sutherland, in which, for example, a “virtual bullet would be fatal”, has not been achieved
so far, the general term of MR could be used to include AR and all current VR systems.

1.3 Clinical-MR

MR technologies, in particular, VR and AR have enormous potentials to contribute to health
services by, for instance, being used as DHIs. In fact, these potentials have been realized as
early as mid 1990’s and until today, numerous scientific findings have been reported on the
applications of VR for therapy and rehabilitation [76]. Ever since, quite a number of scientific
journals, conferences, and handbooks have been dedicated to the subject of clinical-VR as
well [51].

Successful application of VR in clinical contexts have been demonstrated, for instance, for
treating psychological disorders [292, 75], pain remediation [158], neurocognitive therapy [51],
and rehabilitation (e.g., recovery after stroke [68]). It has been also suggested that users show
higher preference and acceptance of VR versus in vivo therapy. For instance, 81-89% of the
subjects of a study on Arachnophobia (i.e., fear of spiders) [126] and 76% of the participants
of another study on specific phobias [125] prefer Virtual Reality Exposure Therapy (VRET)
over in vivo exposure. In the latter study by Garcia et al. [125], the refusal rates for the in
vivo Exposure Therapy (ET) (27%) were also significantly higher than for the VRET (3%).
Therefore, VR provides a preferred alternative and could potentially increase the number of
individuals, who seek and undergo treatment.

Compared to VR, AR has a more recent research and application history [76]. Nonetheless,
its e�cacy in di�erent research fields including clinical treatments such as the treatment of
phobia to small animals through Augmented Reality Exposure Therapy (ARET), has been
shown by researchers of the field [49, 175, 59, 404].

Reported advancements in clinical-MR research has been also reflected in practice and
practical guidelines, such as the American Psychological Association’s Practice Guideline for
the Treatment of Patients with Acute Stress Disorder and Post-traumatic Stress Disorder [36]
as well as its Presidential Task Force on Evidence-based Practice in Psychology [258]. In
addition, a survey with 70 psychotherapy experts has revealed that VR will be among the top
five intervention methods, which will be increasingly used in practice, with other computer-
supported methods, such as smartphone applications, occupying four out of the top five
methods [254].

As a matter of fact, significant investments in ICT has shifted the VR research towards
the so-called clinical-VR era in which clinical applications of VR have become the leading
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Table 1.2: Clinical-MR Challenges (adapted from [380]).
Challenge Example
Validation of Clinical E�cacy • Poor study design

• Small sample sizes
• Lack of control groups
• Variable technical standards
• Lack of data regarding adverse reactions
• Lack of focus on economic feasibility
• Varying MR hardware and software
• Lack of data regarding long-term e�ects
• Need for quantification of e�cacy

associated with MR vs. conventional treatments
• Need for “virtual pharmacy”

Cost/Accessibility • Cost of MR equipment
• Expense of developing MR software
• Rapid obsolescence of MR equipment
• Potential ine�cacy of lower-end equipment
• Unpredictable reimbursement by health insurance

Usability • Technical glitches and malfunctions
• Need for training to achieve technical proficiency
• Cybersickness
• Limited exposure to reduce cybersickness
• Ergonomics (e.g., weight and bulkiness) of HMDs
• Di�culty interacting with MR interface
• Tripping hazard created by MR equipment
• Lack of computer/video-game literacy
• Need for dedicated space/interferes with

usability of environment for other purposes
• Potential for interference by pets or children
• Interference of MR with other electronic equipment
• Calibration of MR equipment

Technical Capabilities • Limitation of technical capabilities
• Limitations of input data via user’s voice
• Limitations to incorporate data from patient portals
• Uncanny valley e�ects of unrealistic avatars

Acceptance • Unclear application in everyday clinical practice
• Unknown extent of patient acceptance
• Reluctance of older patients to use MR
• Patient discouragement from confusion, discomfort,

and di�culty operating MR equipment
• Perception of unclear benefits by patients
• Preference for traditional educational approaches

research field, making it one of the most investigated ever topics in the field [76].

Yet, there are several challenges, which hinder comprehensive use of MR potentials for
therapy and rehabilitation. Ventola [380] has summarized these challenges for clinical-VR
(see Table 1.2), which could be relevant for clinical-MR technologies in general.
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1.4 MR Pharmacy

The main motivation of this thesis is to advance the research on DHIs, in particular, MR
application for physical and mental health. As addressing all HSC is out of the scope of this
work, the focus was narrowed down to some main challenges. To shed a light on these chal-
lenges, a number of interviews, discussions, and focus groups with health professionals were
performed. The data was collected from interviews with the local (i.e., The University and
Clinical Center Hamburg-Eppendorf (UKE)), national (e.g., The Rehab Hospital Hansenbarg,
The Clinic Bremen-Ost, The University and Clinical Center Freiburg), and EU-wide (e.g.,
The National and Kapodistrian University of Athens, University College London) clinics and
poly-clinics as well as a charity in London (i.e., Age UK London). As a result, the following
challenges were identified as relevant within the scope of our collaborative projects:

• limited availability of the trained health professionals,

• low adherence and motivation of the therapy receivers and patients to the therapeutic
plans, and

• limited availability and high costs of individualized interventions.

These challenges confirm some of the previously mentioned HSC regarding Availability,
Quality, and Costs (see Table 1.1). Thus, they were chosen as the main challenges to focus
upon in this work.

Furthermore, in consultation with the clinical experts, the scope of the health conditions
was narrowed down to personal prevention and management of a few disorders, which mainly
fall in the category of mental disorders based on the International Classification of Diseases
(ICD) [402]. Thereby, one disorder from some selected categories of mental disorders, i.e.,
Mood Disorders (Chapter 3), Cognitive Disorders (Chapter 4), Anxiety Disorders (Chapter 5),
Psychotic Disorders (Chapter 6), and Alcohol Use Disorders (Chapter 7) were studied.

Moreover, the continuous improvement of the health systems has successfully extended the
human longevity globally [403]. This phenomena along with reduction in levels of fertility
has resulted in an inevitable increase of the ageing population and a shift in the distribution
of the population age from younger to older ages [373]. Therefore, to take this unignorable
increasing group of individuals into account, a particular age-related category of disorders,
namely Balance Disorders (Chapter 8), was included in this work as well.

For each of these disorders, MR-based DHIs were designed, developed, and evaluated.
Along the way, some of the clinical-MR challenges (see Table 1.2), such as Validation, Us-
ability, Technical Capabilities, and Acceptance were tackled as well. Several user studies
were conducted to measure di�erent aspects of MR-based therapeutic applications, including
their e�ects on human psychology, physiology, and cognition. Additionally, the developed
MR-based interventions were validated against in-vivo, control, or non-immersive alternative
conditions (Chapters 2 - 7). The usability of the applications was also measured along with
the user experience and acceptance (Chapter 7 and Chapter 8).

To summarize, the contributions of this thesis are:
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• design and development of a collection of therapeutic MR interventions for di�erent
disorders,

• inclusion of clinical as well as Human-Computer Interaction (HCI) measures in the
evaluation,

• validation of MR techniques against in-vivo, control, or non-immersive alternatives for
clinical applications, and

• inclusion of end users in the design, development, and evaluation process.

1.4.1 Publications

Major parts of this thesis have been published in peer-reviewed journals and conference pro-
ceedings.

Main Authorship

To the following list of publications, I contributed as main author, responsible for experiment
design, development, data collection, analysis, and authoring the paper:

• F. Mostajeran, J. Krzikawski, F. Steinicke, and S. Kühn, “E�ects of exposure to im-
mersive videos and photo slideshows of forest and urban environments,” Scientific Reports,
vol. 11, no. 3994, pp. 1–14, Nature Publishing Group, 2021.

• F. Mostajeran, F. Steinicke, O. J. Ariza Nunez, D. Gatsios, and D. Fotiadis, “Augmented
reality for older adults: Exploring acceptability of virtual coaches for home-based balance
training in an aging population,” in Proceedings of the 2020 CHI Conference on Human
Factors in Computing Systems, pp. 1–12, Association for Computing Machinery (ACM),
2020.

• F. Mostajeran, M. B. Balci, F. Steinicke, S. Kühn, and J. Gallinat, “The e�ects of virtual
audience size on social anxiety during public speaking,” in Proceedings of the 2020 IEEE
Conference on Virtual Reality and 3D User Interfaces (VR), pp. 303–312, IEEE, 2020.

• F. Mostajeran, N. Katzakis, O. Ariza, J. P. Freiwald, and F. Steinicke, “Welcoming a
holographic virtual coach for balance training at home: two focus groups with older adults,”
in Proceedings of the 2019 IEEE Conference on Virtual Reality and 3D User Interfaces
(VR), Presented at IEEE VR Workshop on Applied VR for Enhanced Healthcare (AVEH),
pp. 1465–1470, IEEE, 2019.

• F. Mostajeran, A. Kirsten, F. Steinicke, J. Gallinat, and S. Kühn, “Towards gamified
alcohol use disorder therapy in virtual reality: A preliminary usability study,” in Proceedings
of the 2019 IEEE Conference on Virtual Reality and 3D User Interfaces (VR), Presented
at IEEE VR Workshop on Applied VR for Enhanced Healthcare (AVEH), pp. 1471–1476,
IEEE, 2019.
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• F. Mostajeran, A. Kirsten, F. Steinicke, J. Gallinat, and S. Kühn, “Virtual alcohol use
disorder therapy: a pact analysis and two focus groups,” in Mensch und Computer 2019-
Workshopband, pp. 595–599, Gesellschaft für Informatik e.V., 2019.

Co-Authorship

In addition, I was not the lead author of the following publications. Yet, this dissertation
makes use of parts of them as I contributed to the critical parts of the works such as experiment
design and development, data collection and analysis, as well as authoring the paper:

• L. Ascone, K. Ney, F. Mostajeran, F. Steinicke, S. Moritz, J. Gallinat, and S. Kühn,
“Virtual reality for individuals with occasional paranoid thoughts,” in Extended Abstracts
of the 2020 CHI Conference on Human Factors in Computing Systems, pp. 1–8, Association
for Computing Machinery (ACM), 2020.

• T. Androutsou, I. Kouris, A. Anastasiou, S. Pavlopoulos, F. Mostajeran, D.-E. Bamiou,
G. Genna, S. G. Costafreda, and D. Koutsouris, “A smartphone application designed to
engage the elderly in home-based rehabilitation,” Frontiers in Digital Health, vol. 2, p. 15,
Frontiers, 2020.

• K. M. Tsiouris, D. Gatsios, V. Tsakanikas, A. A. Pardalis, I. Kouris, T. Androutsou,
M. Tarousi, N. Vujnovic Sedlar, I. Somarakis, F. Mostajeran, N. Filipovic, H. op den
Akkeri, D. D. Koutsourisa, and D. I. Fotiadis, “Designing interoperable telehealth plat-
forms: bridging iot devices with cloud infrastructures,” Enterprise Information Systems,
pp. 1–25, Taylor & Francis, 2020.

• C. G. Forlim, L. Bittner, F. Mostajeran, F. Steinicke, J. Gallinat, and S. Kühn, “Stereo-
scopic rendering via goggles elicits higher functional connectivity during virtual reality
gaming,” Frontiers in Human Neuroscience, vol. 13, p. 365, Frontiers, 2019.

Other

Finally, the following list presents my further publications as main or co-author, which are
not used as part of this dissertation:

• J. P. Freiwald, Y. Göbel, F. Mostajeran, and F. Steinicke, “The cybersickness susceptibil-
ity questionnaire: predicting virtual reality tolerance,” in Proceedings of the Conference on
Mensch und Computer, pp. 115–118, Association for Computing Machinery (ACM), 2020.

• T. Machulla, A. Treskunov, F. Lang, S. Rings, C. Prasuhn, F. Mostajeran, H. Klapperich,
M. Hassenzahl, and C. Geiger, “Virtuelle und augmentierte realität für gesundheit und
wohlbefinden,” in Mensch und Computer 2019-Workshopband, pp. 576–578, Gesellschaft
für Informatik e.V., 2019.
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• J. Zhang, N. Katzakis, F. Mostajeran, P. Lubos, and F. Steinicke, “Think fast: Rapid
localization of teleoperator gaze in 360 hosted telepresence,” International Journal of Hu-
manoid Robotics, vol. 17, no. 03, p. 1950038, World Scientific Publishing Company, 2020.

• J. Zhang, N. Katzakis, F. Mostajeran, and F. Steinicke, “Localizing teleoperator gaze in
360 hosted telepresence,” in Proceedings of the 2019 IEEE Conference on Virtual Reality
and 3D User Interfaces (VR), pp. 1265–1266, IEEE, 2019.

• N. Katzakis, L. Chen, F. Mostajeran, and F. Steinicke, “Peripersonal visual-haptic size
estimation in virtual reality,” in Proceedings of the 2019 IEEE Conference on Virtual Reality
and 3D User Interfaces (VR), pp. 1010–1011, IEEE, 2019.

• F. Mostajeran, P. Joschko, and J. Göbel, “Heuristic optimisation and simulation as deci-
sion support for operation and maintenance of o�shore wind farms,” in Proceedings of the
International Conference on Harbour, Maritime and Multimodal Logistic Modelling and
Simulation, organized within the International Mediterranean and Latin American Mod-
elling Multi-Conference, 2017.

• F. Mostajeran, P. Joschko, J. Göbel, B. Page, S. Eckardt, and T. Renz, “O�shore wind
farm maintenance decision support,” in Proceedings of EnviroInfo, pp. 241–247, 2016.

• F. Ritter, R. Porzel, F. Mostajeran, and R. Malaka, “Brain-computer-interface for soft-
ware control in medical interventions,” in Proceedings of Die Deutsche Gesellschaft für
Computer- und Roboterassistierte Chirurgie (CURAC), 2015.
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2 Chapter 2

Stereoscopic Rendering via Goggles
Elicits Higher Functional
Connectivity During Virtual Reality
Gaming

This chapter presents a study to address the question of whether brain connectivity di�ers
between VR stimulation via goggles and a presentation from a screen via mirror projection.
In addition, the question of whether stereoscopic goggle stimulation, where both eyes receive
di�erent visual input, elicit stronger brain connectivity than a stimulation in which both
eyes receive the same visual input (monoscopic) was investigated as well. The motivating
assumption is that the condition that elicits higher brain connectivity values should be most
suited for long-term brain training interventions given that, extended training under these
conditions could permanently improve brain connectivity on a functional as well as on a
structural level.

To do so, multiple analyses approaches were taken so that di�erent aspects of brain con-
nectivity could be covered: fractional low frequency fluctuation, independent component
analysis, seed-based functional connectivity and graph analysis. As a result, in goggle presen-
tation (mono and stereoscopic) as contrasted to screen, di�erences in brain activation in left
cerebellum and postcentral gyrus as well as di�erences in connectivity in the visual cortex and
frontal inferior cortex (when focusing on the visual and default mode network) was found.
When considering connectivity in specific areas of interest, higher connectivity between bilat-
eral superior frontal cortex and the temporal lobe, as well as bilateral inferior parietal cortex
with right calcarine and right lingual cortex was observed. Furthermore, superior frontal
cortex and insula/putamen to be more strongly connected in goggle stereoscopic vs. goggle
monoscopic was found.
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2.1 Introduction

The study presented in this chapter was conducted to test to what extent VR technology for
games presented via goggles can be used in a Magnetic Resonance Imaging (MRI) scanner. It
was set out to investigate whether VR visual stimulation using MRI compatible goggles with
3D stereoscopic stimulation (in which the image is rendered separately for each eye creating
the illusion of depth and 3D e�ect) di�ers in terms of brain connectivity from more commonly
applied presentation forms using goggles with Two-dimensional (2D) monoscopic presentation
(in which both eyes receive the same visual input) and a conventional screen back-projection
via a mirror. It was hypothesized that the condition that elicits higher brain connectivity
values should be most suited for long-term brain training interventions given that, extended
training under these conditions could permanently improve brain connectivity. To study
potential brain connectivity di�erences elicited by Three-dimensional (3D) stereoscopic, 2D
monoscopic and screen stimulations, multiple methods were chosen, each of them being able
to reveal di�erent aspects of brain connectivity: Independent Component Analysis (ICA) a
data-driven technique to extract whole brain networks, Seed-based Functional Connectivity
(SeedFC) that calculates the brain network related to specific regions of interest and graph
analysis that characterizes the topology of the brain networks. Additionally, brain activation
in the domain of low frequency fluctuation of the BOLD signal using fractional Amplitude of
Low-Frequency Fluctuation (fALFF) was tested. Before the publication of this study, there
was no previous research using games and functional connectivity in MRI to address this
question. Most of the previous studies either used di�erent stimulus material to investigate
di�erent degrees of spatial presence [30, 31, 91, 148, 214] and/or used Electroencephalography
(EEG) [31, 86, 148, 194, 339]. Gaebler and colleagues [123], employed the same movie as
stimulus delivered in 3D stereoscopic and monoscopic 2D and evaluated subject experience
and inter-subject correlation of brain activity finding higher immersion and more realistic the
stimulus was associated with higher inter-subject correlations. Nevertheless, the connectivity
between brain areas was not investigated.

Most interesting for the present endeavor and the question whether VR elicits higher brain
connectivity, is an EEG study that compared brain signals during navigation either on a
desktop PC (2D) or on a large wall projection in 3D [194]. The 3D condition was accompa-
nied by higher cortical parietal activation in the alpha band, whereas the 2D condition was
accompanied by stronger functional connectivity between frontal and parietal brain regions,
indicating enhanced communication. In two additional EEG studies, in which di�erent modes
of presentation have been compared, but in which brain activity instead of connectivity was
the focus of investigation, contradictory evidence has been gathered. Likewise in a navigation
task comparing a condition in which participants wore 3D glasses and watched a screen vs.
a 2D screen condition, higher theta power in frontal midline structures was observed in the
3D VR condition [339]. In contrast a study investigating paper folding (origami) learning
with 3D glasses vs. with a 2D film showed that the 2D condition displays a higher so-called
cognitive load index computed as the ratio of the average power of frontal theta and pari-
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etal alpha. A last study focused on intra-hippocampal EEG recordings comparing real world
navigation vs. VR navigation and demonstrated that oscillations typically occurs at a lower
frequency in virtual as compared to real world navigation [46]. Brain regions that have repeat-
edly received attention in the endeavor to explain di�erences between VR-related presence
experiences in comparison to 2D or less immersive environments are the prefrontal cortex,
the parietal cortex as well as the hippocampus [30, 31, 35, 46, 86, 194]. For this reason, we
used whole brain connectivity analysis approaches as well as Region of Interest (ROI)-based
approaches focusing on the e�ects of the type of the display (conventional 2D screen, MRI
goggles with monoscopic view e�ect, MRI goggles with stereoscopic view e�ect) which capture
two di�erent degrees of immersion in a technical [338] and subjective [123] point of view.

2.2 Methods

2.2.1 Participants

Twenty-six healthy participants were recruited from a local participant pool. After complete
description of the study, the participants’ informed written consent was obtained. Exclusion
criteria for all participants were abnormalities in MRI, relevant general medical disorders and
neurological diseases. Additional exclusion criteria were movement above the threshold of
.5 [276] during the scanning section and completion of all 3 conditions. After the exclusion
criteria were applied, the number of subjects dropped to twenty three (mean age = 26.5, SD =
4.8 years, female:male = 11:12). The protocol was approved by the local psychological ethics
committee of the University Medical Center Hamburg-Eppendorf, Germany. All subjects gave
written informed consent in accordance with the Declaration of Helsinki.

2.2.2 Game description and procedure

While situated in the scanner participants played our FloVR game (see Chapter 3, Section 3.3
for more details). In brief, FloVR was designed to induce positive mood and reduce depres-
sivity. In the game, players should fly through a nature scene with the goal of making the
landscape blossom (Figure2.1). This can be achieved by the player flying close to flowers,
which are surrounded by a coloured halo, to virtually pollinate them so that more flowers
grow in the surrounding area. Visual and auditory elements associated with positive a�ect
were integrated in the game.

Before entering the scanner, the participants were given information about the gameplay.
The participants did not practice outside the scanner. They were asked to imagine to be a
bee, whose goal is to make the landscape flourish by flying above it and touching flowers or
trees which are surrounded by a bright halo. That would lead to pollen popping out of the
flowers and new flowers, bushes or trees growing all around. They were told to follow the path
of the flowers and collect as many flowers as possible, however, they were likewise instructed
to not mind when missing out on a flower. The number of pollinated flowers was not counted
and no score was kept. For this reason no behavioural measures of the game were reported.
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Figure 2.1: A screenshot of the player’s view when flying in the virtual landscape. The colorful
halos indicate the positions of the next flowers to be pollinated.

Participants used an MRI compatible button box with four buttons in a row from Nordic
Neuro Lab to navigate in the game. The user had to hold the controller with both hands and
use the two left buttons for flying upwards and downwards and the other two for flying to
the left and right. Regardless of the number of pollinated flowers, the speed of the flight was
kept constant and each run lasted about 5 min.

Participants underwent three conditions, one in which the game was projected from a
screen via mirror projection, one in which MRI compatible goggles were used either with a 3D
stereoscopic stimulation (in which the image is rendered separately for each eye creating the
illusion of depth and 3D e�ect) and a 2D monoscopic presentation (in which both eyes received
the same visual input). MRI compatible goggles used were the VisuaStim digital [166], with a
resolution of 800◊600 (SVGA) and FOV of 30 degrees horizontal and 24 degrees vertical. The
order of the conditions was randomly assigned to the participants. Due to subject exclusion
the order of condition, monoscopic-stereoscopic – screen were performed for 3 subjects instead
of 4 (23 subjects distributed among 6 orders of condition).

2.2.3 Scanning Procedure

Structural images were collected on a Siemens Prisma 3T scanner (Erlangen, Germany) and
a standard 32-channel head coil was used. The structural images were obtained using a
three-dimensional T1-weighted magnetization prepared gradient-echo sequence (MPRAGE)
(repetition time = 2500 ms; echo time = 2.12ms; TI = 1100 ms, acquisition matrix = 240 ◊
241 ◊ 194, flip angle = 9¶; 0.8 ◊ 0.8 ◊ 0.94 mm voxel size). Resting state data was acquired
after the T1 image. We acquired whole brain functional images while participants were asked
to keep their eyes closed and relax for 5 min. We used a T2*-weighted Echo-Planar Imaging
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(EPI) sequence (repetition time = 2,000 ms, echo time = 30 ms, image matrix = 64 ◊ 64,
field of view = 216 mm, flip angle = 80¶, slice thickness = 3.0 mm, distance factor = 20
%, voxel size = 3 ◊ 3 ◊ 3mm

3, 36 axial slices, using GRAPPA). Images were aligned to the
anterior-posterior commissure line.

2.2.4 Functional MRI Data Analysis

Preprocessing

To ensure for steady-state longitudinal magnetization, the first 10 images were discarded. Slice
timing and realignment were performed in the remaining images. The individual anatomical
images T1 were coregistered to functional images and segmented into white matter, gray
matter, and cerebrospinal fluid. Data was then spatially normalized to Montreal Neurological
Institute (MNI) space and spatially smoothed with an 8-mm FWHM to improve signal-to-
noise ratio. Signal from white matter, cerebrospinal fluid and movement were regressed. To
reduce physiological high-frequency respiratory and cardiac noise and low-frequency drift data
was filtered in the bandwidth of (0.01 – 0.08 Hz) and, finally, detrended. All steps of data
preprocessing were done using SPM12 (Wellcome Department of Cognitive Neurology) except
filtering that was applied using REST toolbox [343]. In addition, to control for motion, the
voxel-specific mean Framewise Displacement (FD) was calculated according to Power and
colleagues [276]. We excluded from the analyses participants who had an FD above the
recommended threshold of 0.5.

Fractional Amplitude of Low-Frequency Fluctuation (fALFF)

fALFF is not a measure of connectivity between areas, but rather it accounts, voxel-wisely,
for changes in the amplitude of low frequency spontaneous fluctuations in the Blood-Oxygen-
Level Dependent Imaging (BOLD) signal in the whole brain. fALFF represents the relative
contribution of low frequency oscillations to the total detectable frequency range and is cal-
culated taking the power within a frequency range and dividing it by the total power in the
whole detectable frequency range [413]. For that, first the voxel time series are transformed
into the power domain, then the amplitudes within a specific low frequency bandwidth are
summed. Finally, this value is divided by the sum of the amplitudes in the entire detectable
frequency range. To create standardized maps, each subject maps is transformed into Z-
scores. We calculated the fALFF using REST toolbox [343]. Subject-specific fALFF maps
were taken to the second level analysis in SPM12.

Independent component analysis (ICA)

ICA a data-driven technique to extract whole brain networks. We examined the resting-state
networks given by the spatial grouping of voxels with temporally coherent activity calculated
in a data-driven fashion using ICA. ICA decomposes blindly, in multiple independent com-
ponents, the brain activity. Each component is a spatial grouping of voxels with temporally
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coherent activity (connectivity) and according to this spatial grouping of voxels, the compo-
nents are associated with sources that can be either related to brain activity or to noise such
as movement, blinking, breathing, and heartbeat. The main brain activity-related sources
resemble discrete cortical functional networks and are named Resting State Networks (RSN).
The RSN comprise the Default Mode Network (DMN), basal ganglia, auditory, visuospatial,
sensory-motor, salience, executive control, language and visual networks. Here ICA was per-
formed in GIFT software [1] using Infomax algorithm. The number of spatially independent
resting-state networks (N) was estimated by the GIFT software (N=26). The identification of
the networks was done automatically using predefined GIFT templates and later the resting-
state networks of interested, the DMN and visual networks, were chosen by two specialists.
For every resting-network of interest, subject-specific spatial connectivity maps were taken to
the second level analysis in SPM12.

Seed-based Functional Connectivity (SeedFC)

Functional Connectivity (FC) is one of the most popular methods to infer connectivity in
neuroimaging. When FC is calculated by means of the temporal correlations (Pearson’s cor-
relation) between a region of interest to the other voxels in the whole brain, it is known as
Seed-based Functional Connectivity (SeedFC). In this way, SeedFC calculates the brain net-
work related to specific regions of interest. We investigated the seed-based connectivity maps,
using as seed the brain regions of interest in VR, namely, bilateral superior and middle frontal
cortex, bilateral hippocampus, bilateral superior and inferior parietal cortex, areas shown in
previous works that may be explain di�erences between VR-related presence experiences and
less immersive environments [30, 31, 35, 46, 86, 194]. The seed areas were defined using the
Anatomical Automatic Labelling (AAL) atlas. Seed-based connectivity maps were obtained
by correlating the seed timeserie with all voxels in the brain. For that, first we extracted
the timeserie of all voxels within the corresponding region of interest delimitated by the AAL
atlas and then we took the average. Next, we calculated the Pearson’s correlation coe�cient
between the seed timeserie and all other voxels in the brain. Finally, Fischer transformation
were applied to the individual FC maps obtaining Z scores to improve normality. The indi-
vidual SeedFC maps were calculated in MATLAB R2012b [4]. The Z score maps were taken
to the second level in SPM 12 [388].

Graph analysis

To examine di�erences in the topology of the brain networks we performed graph analysis [63].
The first step was to construct the functional connectivity matrices, where nodes and links
should be defined. Nodes were brain regions created based on the AAL116 atlas [369] and
the links were the connectivity strength between nodes calculated using Pearson’s correla-
tion coe�cient. The node-averaged time series used to infer the connectivity strength were
extracted for each subject using the REST toolbox [343]. To avoid false positive links, con-
nectivity values that were not statistically significant (p-value Ø .05) were excluded. Once
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the functional matrices are built, graph analysis can be applied in order to characterize their
topology. At this stage, thresholding was applied, namely density threshold ranging from
0.1 to 0.8 in steps of 0.1. Thresholding means that only links with the highest connectivity
strengths are kept until the desired density is reached, e.g. a threshold of 0.1 means 10% of
the links with the highest connectivity were kept and the remaining ones were set to 0. Graph
analysis were then applied to these thresholded matrices using the Brain Connectivity toolbox
(brain-connectivity-toolbox.net). The main graph measures were chosen: betweenness cen-
trality that measures the fraction of all shortest paths that pass through an individual node;
characteristic path length which accounts for the average shortest path between all pairs of
nodes; e�ciency which is the average inverse shortest paths and transitivity that measures
the relative number of triangles in the graph, compared to total number of connected triples
of nodes. For a complete description of the graph measures please refer to [63, 300].

Statistics

We were interested in two particular contrasts: (1) VR visual stimulation using MRI com-
patible goggles with 3D stereoscopic stimulation and 2D monoscopic presentation vs. screen
via mirror projection, to investigate for brain di�erences during goggles and screen, (2) 3D
stereoscopic stimulation, in which the image is rendered separately for each eye creating the
illusion of depth and 3D e�ect vs. 2D monoscopic presentation, most commonly applied pre-
sentation in which both eyes receive the same visual input, so that we could investigate the
e�ect of stereoscopic view in the brain. The resulting individual maps of each analysis were
taken to the second level analysis in SPM12 [388] with mean FD as covariate. Using a Family
Wise Error (FWE) threshold on the cluster level of p < .05 we ran the two contrasts in both
the positive and the negative direction. For the graph analysis, repeated measures one-way
ANOVA was used. FDR were used for multiple comparison correction.

2.3 Results

Since we were mostly interested in the direction of potential brain connectivity di�erences
between conditions, we employed multiple di�erent analysis pipelines. We employed four
methods that focus in di�erent aspects of the brain signal, the intrinsic frequency fluctua-
tion and the connectivity given by the spatial grouping of voxels with temporally coherent
activity and by the temporal correlations between areas, respectively, fALFF that measures
the amplitude of the low frequency fluctuation of the BOLD signal, ICA that uncovers the
resting-state brain networks, the seed-based FC that calculates the brain network related to
specific regions of interest and graph analysis that characterizes the topology of the brain
networks.
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2.3.1 fALFF

In fALFF we found significantly higher fALFF (Figure 2.2) in left cerebellum (VI, -20, -62,
-26), left postcentral gyrus (-42, -40 60) in the goggles (monoscopic+stereoscopic) condition
compared with the screen condition. In the reverse contrast we observed higher fALFF in
right superior orbital frontal cortex (-18, 56, -4) (all results family wise error corrected p<.05).

2.3.2 ICA

In the visual networks (Figure 2.3), we found increased in connectivity in the primary and
higher networks in the left calcarine (-8, -94, 10) and left lingual (-4, -64, 4), respectively, in
the goggles (monoscopic+stereoscopic) as compared to screen condition, that is, when using
goggles, the grouping of voxels in left calcarine and left lingual were more strongly correlated
to the signal of the source identified, respectively, as primary and higher visual network A
decreased in connectivity was observed in the left middle occipital (6, -90, 30) in the primary
visual network and in the bilateral cuneus (0, -78, 24) in the higher visual one, which means,
when using goggles, the grouping of voxels in left middle occipital and in the bilateral cuneus
were less correlated to the signal of the sources identified, respectively, as primary visual
and higher visual network. Investigating the DMN (Figure 2.3), we found an increase in the
connectivity in the inferior frontal (-34, 0, 28) and bilateral lingual (-2, -66, 0) for goggles
(monoscopic+stereoscopic) as compared to screen condition, meaning stronger correlation of
these areas and the signal of the source identified as DMN. No significant di�erence between
the contrast monoscopic vs. stereoscopic was found in the visual networks nor in the DMN.
FDR was used to account for multiple comparison correction due to multiple networks.

2.3.3 SeedFC

In a ROI-based seed analysis we used the following ROIs: bilateral superior frontal cortex,
middle frontal cortex, hippocampus, superior parietal cortex, inferior parietal cortex. We
found significant seed-based connectivity (Figure 2.4) between bilateral superior frontal cor-
tex and the left superior temporal lobe (-48, 16, -12) for the MRI goggle contrast goggles
(monoscopic+stereoscopic) > screen and to left insula and putamen (-34, 10, 10) in the
stereoscopic view contrast (stereoscopic > monoscopic; Figure 2.4). The bilateral inferior
parietal cortex was more strongly connected to right calcarine cortex (18, -98, 4; 20, -88, 2)
and right lingual cortex (26, -88, -6) in the goggles vs. screen condition (Figure 2.5). All
Seed-based ROI analysis results were family wise error corrected at p < .05. To account for
multiple comparison correction due to multiple seeds, FDR was used.

2.3.4 Graph Analysis

Despite no topological di�erences consistent across threshold were found (Figure 2.6), the
threshold 0.1 representing 10% of the highest connections, goggles condition presented higher
mean betweenness than screen, as well as transitivity and characteristic path length. Be-
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tweenness is measure of centrality, transitivity of segregation and characteristic path length
a measure of integration. This means that, for networks formed by the highest connectivity
links during VR local information processing (transitivity) was higher, whereas, at the same
time, the global exchange of information (characteristic path length) in the brain was also in-
creased. In addition, a higher mean betweenness revealed more central nodes in the network.
The local e�ciency of the network was also higher during VR as compared to screen, when
considering the 30% highest connectivity values as nodes. These results reported above were
not corrected for multiple comparison. No significant di�erences were found after correcting
for multiple comparison.

2.4 Discussion

Within the scope of the present study we set out to unravel the e�ects of VR stimulation
presented via goggles on functional brain connectivity in MRI. In order to do so, we used
our FloVR game, in which the player had the task to fly through a natural scene with the
goal to make the landscape blossom. This was designed with the goal to decrease negative
a�ect and induce positive a�ect. To disentangle the e�ects of presenting the visual stimuli
via MRI-compatible goggles, we compared the goggle stereoscopic and monoscopic condition
with the screen condition. We considered that the goggles, which are mounted on the user’s
head and have the ability to display stereoscopic images, are objectively more immersive than
a back-projection of a Screen via a mirror system [338] and therefore can elicit the sense of
presence [123]. As in the back-projection of a screen, the participant receives only 2D im-
ages and can still see the scanner bore and oftentimes even the sta� operating the scanner
next to the presented stimuli. In order to investigate di�erences in functional brain connec-
tivity during gaming induced by the stereoscopic view, namely the fact that the image is
rendered separately for each eye creating the illusion of depth and 3D e�ect, we contrasted
the stereoscopic and monoscopic condition directly. With the goal to obtain a comprehensive
picture of brain connectivity we chose four common approaches to analyze resting state func-
tional Magnetic Resonance Imaging (fMRI) data, namely the assessment of the amplitude
of low frequency fluctuation (fALFF [413]), independent component analysis [66], seed-based
functional connectivity analysis and graph analysis [63].

In line with our hypothesis, the goggles and the stereoscopic contrast revealed stronger
brain connectivity for the respective condition with more immersion in the technical [338]
and subjective [123] point of view, that is goggles (stereoscopic and monoscopic) compared to
screen and stereoscopic compared to monoscopic generally elicited higher brain connectivity.
We found higher fALFF in left cerebellum and postcentral gyrus for goggles compared to
the screen. In the visual networks, we found an increase in connectivity in the left calcarine
and left lingual for the same contrast, meaning higher correlation of the grouping of voxels in
these areas to the signal associated with visual networks and in the DMN there was increased
connectivity in the inferior frontal cortex and bilateral lingual gyrus, which means lower
correlation of these areas and the signal associated with the DMN activity. Additionally,
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in the seed-based analysis we found higher connectivity between bilateral superior frontal
cortex and the temporal lobe, as well as bilateral inferior parietal cortex with right calcarine
and right lingual cortex for the two goggle vs. screen conditions. Furthermore, we found
superior frontal cortex and insula/putamen to be more strongly connected in stereoscopic vs.
monoscopic view. When looking at the screen condition we found higher brain activity, that
is higher fALFF values, in right superior orbital frontal cortex.

These results can be viewed as in line with the hypothesis proposed by Jäncke and col-
leagues [170] stating that prefrontal cortex is involved in the experience of presence. In
particular, bilateral Dorsolateral Prefrontal Cortex (DLPFC) activity was shown to be neg-
atively correlated with the subjective report of the experience of presence in adults [30].
Moreover, when focusing on connectivity between brain areas, the authors report the results
of an e�ective connectivity analysis from which they conclude that the right DLPFC is in-
volved in down-regulating the activation in the dorsal visual processing stream. Furthermore
the authors interpret the observed increase of activity in the dorsal visual stream during
presence experience as a sign of higher action preparation in the virtual reality because the
brain responds to it similarly as in real-life situations [170]. However, on the same dataset
the left DLPFC was shown to be positively connected to brain regions that are part of the
default-mode network (such as medial prefrontal cortex, anterior cingulate cortex, thalamus,
brain stem, nucleus caudatus and parahippocampus). Due to the involvement of the latter
brain regions in self-referential processing the interpretation is that higher left DLPFC acti-
vation when participants experience less presence leads to an up-regulation of self-referential
processing which reflects the detachment from the VR experience.

In contrast to previous studies, in which the focus was on the subjective feeling of pres-
ence and brain activity, we set out to investigate di�erences in brain connectivity between
objectively di�erent conditions of stimulation during gaming. A major disadvantage of the
previous design, with exception of one [123], was that the stimulation used to elicit di�erent
degrees of presence was not the same. In addition, in all of them, the participants were
only passively watching the displays. For this reason, we confronted participants with the
same interactive VR game in all three conditions with the only di�erence being the hardware
presentation procedures used to display the respective environment.

Our results can be viewed as being in line with the findings and interpretations shown in
association to perceived experience of presence [30, 170], since we also find more fALFF in
right superior orbital frontal cortex in the 2D screen condition compared to the two goggle
conditions. Next to these previous fMRI results our results can also be perceived as in line
with results from an EEG study in which the same spatial navigation task in a virtual maze
was compared between a projections onto a large wall which was supposedly more immersive
than a display on a small Desktop PC screen [194]. The authors report stronger functional
connectivity between frontal and parietal brain regions in the Desktop display condition.
When comes to comparing only stereoscopic and monoscopic condition, our results di�er to
the one from Gaebler and colleagues [123] in terms of brain areas. This fact cannot being
seen as a surprise considering that they investigated areas that showed common brain activity
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across subjects by means of the intersubject correlations, which were the temporal lobe, right
inferior occipital cortex and right precuneus, whereas we focused on the connectivity between
brain areas. Interestingly, the direction of the contrast where di�erences were found were the
same in Gaebler and colleagues and in the present study: stereoscopic > monoscopic, meaning
that stereoscopic elicited higher intersubject correlations as well as higher connectivity as
compared to monoscopic.

However, the rationale for the present study was slightly di�erent from the studies presented
before. We set out to test whether overall the stereoscopic VR presentation elicits higher
degrees of functional brain connectivity than monoscopic and a screen display.

Our hypothesis was that the condition that elicits the most brain connectivity should be
most suited for long-term brain training interventions, assuming that extended training under
these conditions could permanently improve brain connectivity on a functional as well as a
structural level. Our results show that the majority of contrasts and functional connectivity
indicators resulting from di�erent analysis pipelines reveal higher brain connectivity between
brain regions in the goggle condition and the stereoscopic condition in particular, which we
interpret as a hint that training in VR environments in contrast to environments displayed on a
screen may be superior in eliciting and therewith facilitating brain connectivity in intervention
studies.

At present, a major drawback of the implementation of VR in an MRI environment is
the fact that the VR experience is limited to the stereoscopic input to the eyes without the
experience of movement in space. Usually the stereoscopic view in VR is accompanied by the
fact that individuals can freely turn their head and move in space while the visual input is
adapted to the individual’s movements. However, since the head cannot be freely moved in
the MRI scanner, due to its resulting movement artefacts in the images, the actual di�erences
in brain connectivity between a VR and a screen presentation of an environment might be
underestimated. Future research may attempt to use motion tracking systems to enable this
movement related visual feedback, while at the same time correct for the occurring motion
artefacts in the acquired MRI images [352]. The limited field of view and resolution of the
MRI compatible goggles introduces yet another limitation to such studies. As it can a�ect
the level of immersion for both monoscopic and stereoscopic conditions. Specifically, to the
design of the present study, the question still remains of whether and how frequently the
participants noticed the 3D e�ect when, for example, the bee was not flying close enough to
the virtual objects.
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Figure 2.2: 1—Di�erence of the mean fALFF maps, 1A goggles > screen and 1B goggles < screen.
2—Group di�erences in fALFF. Higher fALFF (in red) in left cerebellum and left post-
central gyrus in the goggles (monoscopic + stereoscopic) condition compared with the
screen condition. In the reverse contrast (in blue) there was higher fALFF in right
superior orbital frontal cortex.
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Figure 2.3: Network spatial maps and group di�erences: DMN and visual. In the primary visual
network, there was an increase in connectivity (in red) in the left calcarine and in the
higher visual network in the left lingual in the goggles (monoscopic + stereoscopic)
condition as compared to the screen condition. A decreased in connectivity (in blue)
was seen in the left middle occipital in the primary visual network and in the bilateral
cuneus in the higher visual network. In the DMN, we found an increase (in yellow) in
the connectivity in the inferior frontal and bilateral lingual for goggles (monoscopic +
stereoscopic) as compared to screen condition.
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Figure 2.4: (A) Mean SeedFC maps per condition, seed located in the bilateral frontal superior
cortex. (B) Left—Group di�erences in SeedFC in goggles vs. screen condition. There
was stronger connectivity between a seed in the bilateral superior frontal cortex and
the left superior temporal lobe for the MRI goggle contrast goggles (monoscopic +
stereoscopic) as compared to the screen. (B) Right—Group di�erences in stereoscopic
vs. monoscopic condition. The stereoscopic view elicited stronger connectivity between
the bilateral frontal cortex and left insula and putamen.
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Figure 2.5: (A) Mean SeedFC maps per condition, seed located in the bilateral inferior parietal
cortex. (B) Group di�erences in SeedFC in goggles vs. screen condition. There was
stronger connectivity between a seed in the bilateral parietal inferior cortex to right
calcarine cortex and to right lingual cortex for the MRI goggle contrast goggles (mono-
scopic + stereoscopic) as compared to the screen.
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Figure 2.6: Graph analysis. Betweenneess, transitivity, global e�ciency, local e�ciency and charac-
teristic path length were calculated. Means group di�erences before multiple comparison
correction (p < .05 uncorrected). Group di�erences were not significant after multiple
comparison correction.
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3 Chapter 3

Improving Depressive Mood with
Immersive Virtual Reality Gaming

Video games and VR applications have great potentials for creating alternative and more
accessible treatment options for mood-related disorders. Additionally, VR induces a higher
sense of presence compared to mobile gaming devices. Whether this higher sense of presence
leads to stronger impacts of gaming on depressive mood was the main research question
of this chapter. Therefore, we assessed the e�ects of gaming using VR or a tablet device
on depressivity, anxiety, a�ect, flow, and sense of presence. The results suggest that in
comparison to a control and the tablet condition, gaming using VR could significantly reduce
depressivity and negative a�ect. Moreover, VR could increase the positive a�ect, yet not
significantly di�erent from the tablet and control conditions. The sense of flow and presence
were, additionally, higher in the VR condition.

3.1 Introduction

Video games have great potentials for mental health interventions, not only because they
are engaging and e�ective [108], but also since they are popular and millions of people play
video games worldwide [232]. In the US alone, over 164 million adults equivalent to 65% of
American adults play video games [21]. Playing video games is not limited to any specific
age, gender, or ethnicity [21]. The rise of a�ordable smartphone games has also made almost
every consumer a potential gamer [232]. In fact, smartphones are the most common devices
used for video game play and casual games are the most popular game genres [21]. The video
game players believe that games have positive e�ects, such as relaxation and stress relief on
their mental health [21]. Research supports potential benefits of games and gamification for
mental health as well [271, 108].

In addition, the potential of using VR for therapeutic interventions has already been shown
by numerous studies [293, 75]. However, research ozon the application of VR for treatment
of mood disorders and depressivity has been relatively disregarded [117]. Only a few studies
have studied this topic, which nonetheless have shown promises for its symptom relief [220].
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From a pragmatic point of view, it is important to determine whether platform’s level of
immersion and its associated feeling of presence are decisive for the extent of gaming e�ect on
mood and depressivity. Yet, such comparison has not been made so far and it is still unknown
whether a mobile device such as a tablet su�ce or an immersive display such as a VR HMD
is needed to achieve the full impact of gaming.

To address this gap, we developed FloVR, a VR-based game designed to induce positive
mood and reduce depressivity, and in addition, optimized it for a tablet device. Eighteen
participants underwent three conditions: (i) playing FloVR in an immersive VR setup, (ii)
playing it on a tablet device, and (iii) reading an article as a control condition. Hereby, we
pursued the answers to the following research questions: (Q1) What are the e�ects of playing
FloVR on mood, anxiety, and depressivity? (Q2) Can VR induce a higher sense of presence
and flow compared to the tablet and control conditions? If so, (Q3) are the e�ects on mood,
anxiety, and depressivity stronger when the game is played using the VR HMD setup?

3.2 Related Work

Mood improvement can have a long-lasting positive e�ect on mental health [135]. The so-
called mood-congruence e�ect occurs, when people memorize or recall information in a dis-
torted manner, influenced by their current mood [396]. Being in a negative or positive mood
increases the tendency to memorize and recall respectively negative or positive information.
This e�ect is compatible with the Beck’s cognitive theory of depression [34], which states that
depression is underlying dysfunctional basic assumptions and thought patterns (e.g., “I have
to be perfect.”), that lead to a negative biased perception of reality. People in a depressed
mood memorize and recall depressing memories more likely, thus develop and maintain nega-
tive cognitive schemata and a negative perspective on reality [167]. This repeated evocation
of mood-congruent memories strengthens the preservation of depressivity.

In this context, video games provide a promising platform for mood improvement (or mood
repair) and reduction of anxiety and depression-related symptoms [80, 193, 290, 382, 289, 285,
55, 305, 302, 160]. Indeed, an online survey with 1614 participants [284] suggest that video
games are being systematically used for stress recovery. The results of another study that
conducted 71 interviews with male and female online gamers from 11 di�erent countries
revealed that video games are used to alleviate negative feelings [162]. Also, a qualitative
analysis of an online survey [164] showed that gaming helps players relieve stress and deal
with their feelings by allowing them to work through their emotions and engage in relatable
experiences.

Furthermore, Russoniello and colleagues [307, 306, 304, 305, 106, 107] conducted a series of
studies and confirmed the positive e�ects of playing video games on the psycho- and physio-
logical states of the participants. For instance, they tested the e�ects of playing video games
on mood and stress [307, 306] and reported on consistent brain activities (e.g., decreased
left alpha brain waves associated with a decrease in depressive-type behaviors) with increased
mood and consistent heart rate variability changes with autonomic nervous system relaxation
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or decreased physical stress. In addition, they observed significant reduction of clinical depres-
sion symptoms [304] as well as reduction of state and trait anxiety symptom severity [106].
These results were obtained through a prescribed regimen of playing video games for at least
30 minutes, three times per week, and for one month. Moreover, they showed, in another
study [305], that a single 30-minute session of playing a video game was significantly more
e�ective in reducing treatment-resistant depression symptoms when compared to a second
antidepressant medication.

Playing video games can also facilitate achieving a state of flow [54, 290, 193, 80, 107] which
has a particularly positive influence on mood and is associated with eudaimonic well-being.
The latter is defined as a feeling of autonomy, personal growth, self-acceptance, mastery,
positive relatedness, and life purpose [121]. To experience flow, one must be involved in a task,
in which the level of di�culty matches the individual’s skills for managing the task [84, 83].
These conditions result in an intense and focused concentration on the present moment,
a merge of action and awareness, a loss of reflective self-consciousness, a sense of control, a
distortion of temporal experience and intrinsic reward [84]. Since some characteristics of video
games (e.g., clear goals associated with tasks, presence of immediate feedback, and progress
through the game) align with the ones that could induce flow, their players could potentially
achieve a state of flow [54, 290, 193, 80, 271]. Once achieved, their attention is dedicated to
the game which could prohibit concurrent experience of anxiety to occur [107, 83].

Furthermore, multiple studies have shown that VR-based interventions can reduce depres-
sivity [263, 117, 375, 221]. For instance, Falconer et al. [99] were able to reduce depressivity
by increasing participants’ self-compassion in VR. Participants were instructed to behave
compassionately towards a virtual child in an immersive VR scenario. The participants were
then embodied into that virtual child to receive their own recorded compassion afterward.
Also, Shah et al. [323] developed a VR stress management program. The program combined
psycho-education and VR-based relaxation practices, which led to a significant reduction of
depression and anxiety in participants. Additionally, Banos et al. [27] implemented a Cogni-
tive Behavioural Therapy (CBT) program in their VR-world EMMA. They found statistically
significant improvements in relaxation and depression compared to a traditional CBT. Fur-
thermore, a couple of guided meditation VR applications have emerged in the past years. For
instance, Guided Meditation VR by Cubicle Ninjas [85] or DEEP by Monobanda [245] are
designed to reduce users’ stress, anxiety and discomfort levels. Research on these applications
substantiates positive e�ects on mental health (e.g. [269, 378, 387]).

However, it is still unknown whether the level of immersion that a gaming setup can deliver,
specifically a common mobile gaming device vs. an immersive VR setup, plays a role in the
e�ectiveness of video games for reducing depressivity and improving mood. A comparison
between playing a video game in VR versus on a desktop display in terms of experienced
flow, immersion, positive emotions, and psychological needs (e.g., challenge and competence)
has been made by Pallavicini et al. [260]. Their results showed that playing in VR induced
more intense positive emotions and a higher sense of immersion and flow compared to the
desktop condition. The performance on the game as well as the the fulfillment of the players’
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psychological needs (such as challenge) were independent of the display device.

3.3 FloVR

Inspired by Thatgamecompany’s game Flower [362], we developed FloVR, a VR-based game
designed to induce positive mood and reduce depressivity. In this game, players fly through
a nature landscape and make it blossom by pollinating flowers. Visual and auditory elements
associated with the positive a�ect were implemented. FloVR (see Figure 3.1) was developed
using the Unity 3D game engine. Since nature has been proven to induce positive feelings,
reduce stress, and improve mental health [58, 29], a grassland scene was implemented for the
game. The predominantly blue and green colors of the scene elements are also associated with
pleasure and neutral levels of arousal [374]. Furthermore, the surface of the terrain contains
various smooth and gentle hills, which are associated with gentle and playful moods [274].

(a) (b)

Figure 3.1: Screen-shots of the user’s view while flying above the virtual landscape. The colorful
halos indicate the positions of the next flowers to be pollinated. Small leaves and
dandelions are circling around the user’s view.

In FloVR, players fly through this nature scene with the goal of making the landscape
blossom. They achieve this by flying near the flowers to virtually pollinate them, which
causes more flowers to grow in the surrounding area. The flowers are ordered in such way,
that they altogether build a path through the terrain. To highlight them visually and add
variety to the scene, the flowers were given di�erent, bright colors (blue, red, orange, yellow,
purple and white) and were surrounded by a halo of the same color. Small dandelion seeds
come out of the flowers when pollinated and small leaves start to circle around the players’
view. The leaves continue circling throughout the game to symbolize the flowers are already
pollinated, representing another type of positive feedback to support a feeling of flow.

Background music was included in the game, since it can have a positive impact on emo-
tions [379]. Even though there are individual di�erences in the perception of music, certain
structural elements can have an impact on the emotional response. Especially mode, tempo,
pitch and harmony of a song can be crucial elements for its emotional perception [379]. As
a major mode is associated with a positive mood [161, 379], the song had to be in a major
mode. Similarly, it had to have higher pitches and simple harmonies [291]. As a fast tempo is
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associated with a higher arousal [161, 102] but can be perceived as uneasy [291], the song had
to be rather slow. To find the right soundtrack for the game, three songs were selected based
on these criteria and evaluated in a pilot study. Nine participants (mean age=30, SD=14.22,
5 female) had to listen to each song on three di�erent days at around the same time of the day
using their phone and fill out the State Trait Anxiety Depression Inventory-State (STADI-
S) (see Questionnaires) before and after. The song Silver Blue Light by Kevin MacLeod 1

resulted in the highest reduction of anxiety and depression (measured by the STADI-S) and
was thus used for the game.

Finally, in order to examine the role of immersion on mood, we implemented the game
for two platforms: PC to be displayed on an HTC Vive HMD (i.e., VR condition) and an
Android tablet device. The flight direction in the VE was indicated by either HMD or tablet
orientation. The speed of flying was set to low (19.8km/h) for both devices. These simple
controls were chosen to make the conditions as comparable as possible and to avoid simulator
sickness [186].

3.4 Experiment

We conducted an experiment with three conditions (FloVR on HMD, FloVR on a tablet, and
reading a text on a tablet). These conditions were chosen because they di�er in their levels
of immersion and the sense of presence that they evoke. Thereby, the following hypotheses
were formulated:

• H1: playing FloVR, regardless of the type of the medium on which it is played (HMD
or tablet), can improve mood and temporarily reduce depression compared to a control
condition.

• H2: playing FloVR in VR can provide a higher sense of presence compared to the tablet
and the control conditions.

• H3: playing FloVR in VR, due to its higher sense of presence, can improve mood and
reduce depressivity more than playing it on a tablet.

3.4.1 Materials

For the VR condition, the HTC Vive HMD and an Intel computer (GForce GTX 780 Ti, Intel
Core i7 4930, 16GB RAM) were used, which could render the game at more than 90fps. In
the tablet condition, the game was played on a Samsung Galaxy Tab S3 tablet with Android
Nougat 7.0. To increase the level of immersion in the VR condition, the Bose QuietComfort
15 noise-canceling headphones were used. As the speakers of the Samsung Galaxy Tab S3
have a lower sound quality than the Bose Headphones, the UE Boom by Logitech was used to
play the sound in the tablet condition to decrease the di�erences in the level of sound quality.
Both conditions were played with the same volume of about 50dB. The text of the control

1http://incompetech.com
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condition was also presented on the Galaxy Tab S3. Its font was set to Times New Roman.
The line spacing was set to 1.5 to facilitate finding the next line. The default font size was
set to 11 pt.

Participants could choose to be tested at either UKE or the Computer Science Depart-
ment of Universität Hamburg. They were not allowed to switch between the two locations.
The testing rooms of both institutes were of average size (about 14m2) and contained few
tables, chairs, computers and the camera stations of the HTC Vive. The rooms were quiet
and distraction-free. The participants were seated in a revolving chair throughout the whole
experiment. The questionnaires were presented to the participant on a computer. The bright-
ness of the screens was kept constant throughout the whole experiment.

Questionnaires

Becks Depression Inventory II (BDI-II) [147]

The inventory includes 21 questions regarding symptoms of depression over the past two
weeks. Each question has 4 answers which are ordered in their intensity and evaluated on a
scale ranging from 0 to 3. Higher scores indicate more intense symptoms. The BDI-II has
a decent test-retest reliability for non-clinical samples and is sensitive to changes [146]. The
questionnaire had a good internal consistency (– = .84).

State Trait Anxiety Depression Inventory (STADI) [208]

The inventory includes a state and a trait questionnaire, each containing 20 a�ective state-
ments. Subjects can indicate how much they agree with each statement on a 4-point Likert
scale scoring from 1 (Not at all) to 4 (Very much so). Both questionnaires assess the a�ects
Euthymia, Dysthymia, Emotionality and Worry with 5 questions each. These are used to
assess the intensity of the higher-order a�ects Depression, described by Dysthymia and An-
hedonia (inverted values of Euthymia) and Anxiety, described by Emotionality and Worry.
The state questionnaire is used to measures current feelings of depression and anxiety whilst
the trait questionnaire assesses them as more long-living personality traits. This relatively
new inventory has demonstrated validity [57]. The internal validity was acceptable for Anxiety
(– = .77) and good for Depressivity (– = .81).

Positive A�ect Negative A�ect Schedule-Expanded Form (PANAS-X) [386, 296]

The schedule includes 60 di�erent adjectives of a�ect, whose intensity can be described on a
5-point Likert scale from 1 (Not at all) to 5 (Extremely). The participants were instructed to
answer these questions in regard to their current a�ective state. The questionnaire was used
to assess the subjects’ current mood, through the variables Positive A�ectivity and Negative
A�ectivity. Even though the term a�ectivity also refers to emotions, Positive A�ectivity and
Negative A�ectivity are predominantly assessing mood [386]. Emotional states are measured
by the lower-order a�ects Fear, Sadness, Guilt, Hostility, Shyness, Fatigue, Surprise, Joviality,
Self-assurance, Attentiveness and Serenity. Studies report a good test-retest reliability [386].
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The internal consistency of Positive A�ectivity was good (– = .86) and acceptable for Nega-
tive A�ectivity (– = .73).

Flow Short Scale (FSS) [287]

The scale includes seven questions regarding components of the flow-experience which can
be expressed on a ranging 0 (does not apply) to 6 (does apply). Three questions assess the
worry that one could have about failing at accomplishing the task. In addition, three 9-point
scales evaluate the self-estimated skill level, di�culty level of the task, and feeling of being
overwhelmed. The scale has been validated by several studies [288, 97, 98] and showed a
good internal validity of flow (– = .85).

Igroup Presence Questionnaire (IPQ) [316]

It contains 14 items on a 7-point Likert scale ranging from 0 to 6 with di�erent scale anchor,
meaning that some items have general scale anchors (0: Fully disagree to 6: Fully agree)
and some have more precise anchors (e.g., 0: Not consistent and 6: Very consistent). The
questionnaire has also four sub-scales: general presence or the sense of being there, spatial
presence, involvement and experienced realism. A confirmatory factor analysis has supported
the questionnaire’s validity [316, 317]. The internal validity was excellent (– = .92).

Simulator Sickness Questionnaire (SSQ) [186]

The questionnaire allows subjects to indicate the intensity of 16 symptoms regarding simulator
sickness on a 4-point Likert scale from 1 (None) to 4 (Severe). The questionnaire is a standard
questionnaire to measure simulator sickness and its validity has been shown [186]. Its internal
validity was acceptable (– = .77).

The questionnaires were handed out before and after each condition, except of the FSS and
IPQ, which were only completed after each condition. All questionnaires were presented in
the German version.

3.4.2 Participants

The study was approved by the local ethical committee of the Department of Informatics
at the Universität Hamburg. Recruitment was done through a local job market website
and an email distributor among the students of the Department. To apply for the study,
three online questionnaires had to be filled out: 1) the Mini International Neuropsychiatric
Interview (MINI) [155], which is a short Structured Clinical Interview SCID for Diagnostic
and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV) and the ICD-10 psychiatric
disorders., 2) BDI-II and 3) the trait part of the State-Trait-Anxiety-Depression-Inventory
(STADI-T).

Applicants who had an acute Axis I disorder or acute alcohol or drug problems, according to
the results of the MINI, were excluded. Furthermore, only participants with slightly elevated
BDI-II scores (Ø 4) were tested, to make sure their level of depression could be improved after
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all. Out of 290 applicants, 43 fulfilled these criteria of which 19 took part in the study. On the
first day of the experiment, participants were asked whether they ever had any kind of mental
disorder or took psychoactive medication. One participant gave a positive answer and was
therefore excluded. The remaining 18 participants were nine females and nine males between
the ages of 18 and 55 (M=25.9, SD=10.5). 17 participants were Caucasian and one Turkish.
Only one participant had a BDI-II score of 17 (mild depression), the others were below a
score of 11 (no to minimal depression). Two participants were taking a contraceptive pill
and one participant took L-Thyroxin, a drug against hypothyroidism. Eight of the subjects
were computer science students. Four obtained class credit for their participation and the
other 15 were paid 25 Euro. Six of the 18 participants had not worn an HMD before. Seven
participants almost never played 3D video games, while four played on a monthly basis, three
on a weekly basis and four on a daily basis. Six wore glasses or contact lenses and one subject
had a red-green color blindness. The color blindness might have had reduced the positive
e�ect of the green colors in the game. However, since this a�ects both the tablet and the VR
condition, it should not have favored any of the hypotheses.

All 18 participants managed to control the game and were able to follow the path of the
flowers in both the VR and tablet conditions. They had an average BDI-II score of 6.67
(min = 4, max = 17, SD = 3.36) when applying for the study. The BDI-II mean was
lower when assessed by the BDI-II questionnaires given prior to every condition during the
actual experiment, however, this di�erence was not significant (p = .07). Throughout all
three conditions, the pre-mean of the BDI-II was at 5.22 (min = 0, max = 17, SD = 4.26),
with some participants having a BDI-II score lower than the targeted value of at least 4. As
assessed by the STADI-T, the mean value of Trait Depression was 11 (min = 5, max = 18,
SD = 3.86) and the mean value of Trait Anxiety was 15 (min = 10, max = 29, SD = 5.07).

3.4.3 Procedure

For each of the three conditions participants were tested on a separate day, with the first and
last day being no more than two weeks apart. They were allowed to choose the days and the
time they wanted to be tested (between 7am and 8pm), however, it had to be the same time
for each of the three days.

On the first test-day written informed consent was obtained from all participants. The
subjects were informed that the study was interested in the subject’s feelings when playing
the game and they were provided with a summary of the experiment’s procedure. In ad-
dition, participants were asked about their demographics, visual disorders, gaming-habits,
current medication and possible psychiatric diagnoses. At the end of the last test day, the
compensation was paid and detailed information about the study’s purpose was provided.

After entering the room and sitting down, the participants were asked to fill out the STADI-
S, PANAS-X, BDI and SSQ questionnaires on a computer screen. Thereafter, they either read
a glider flight report about gliding over the Frisian coast 2 on a tablet (control condition),

2published on https://www.femo-design.de
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played FloVR on the tablet (tablet condition) or played FloVR in VR using an HMD (VR
condition). A within-subject design was chosen for the study, therefore each participant
underwent all three conditions. The order of the conditions was counterbalanced across
participants.

Before playing the game in the VR and tablet condition, the participants were given infor-
mation about the gameplay. They were asked to imagine to be a bee, whose goal is to make
the landscape flourish by flying over flowers or trees which are surrounded by a bright halo.
That would lead to pollen popping out of the flowers and new flowers, bushes or trees growing
all around. They were told to follow the path of the flowers and collect as many flowers as
possible, however, they should not mind when missing out a flower. To make sure the partic-
ipants would not struggle to control the game, the experimenter gave a short demonstration
of the controls. In the VR condition, this was simply done by showing how to rotate the head
when they wanted to fly in a certain direction. In the tablet condition, participants were told
to imagine an arrow that sticks out of the back of the tablet, which indicates the flying direc-
tion. Therefore, they would have to rotate the back of the tablet toward the direction they
wanted to fly. This could be done by either using their wrists or by moving the tablet within
a spherical radius around them. To make sure their arm muscles would not be strained, they
were able to place their arms on the armrest or their upper body, except when they were
flying upwards. In both the VR and tablet condition, they were allowed to use the revolving
chair for the sideways rotation.

After 5:50 minutes both the reading and the gaming time were over. This time was set, as
the song of the game lasted exactly that long and as the exposure to nature of about 5 minutes
has been shown to result in a rather optimal mood improvement [29]. Furthermore, prolonged
exposure to VR may have increased the risk of simulator sickness [186]. Participants would
automatically stop flying and a text would show up, asking them to contact the experimenter.
By then, the song was over and participants had also reached the last flower due to the
continuous flying-speed. In the reading condition, the experimenter instructed them to finish
their current sentence and stop reading. Finally, again the STADI-S, PANAS-X, BDI and
SSQ were filled out. Additionally, the FSS and the IPQ were completed. When filling out the
IPQ for the reading condition, the participants were asked to answer the questions in regard
to how well they could delve into the story of the flight report. After completing the last
questionnaire, the experiment day was over.

3.5 Results

In the first place, the conditions were examined independently of each other to test for sig-
nificant changes in those variables that were measured before and after each condition. As
some of the variables were not normally distributed according to the Shapiro-Wilk-Test, the
Wilcoxon signed-rank test was used to compare the pre- and post measurements. Thereafter,
di�erence scores were calculated and were used to compare all three conditions. For this
purpose, the Friedman test was applied on the di�erence scores or the values of the variables



Improving Depressive Mood with Immersive Virtual Reality Gaming36
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(d) (e) (f)

(g)

Figure 3.2: Results of the self-assessment questionnaires: (a-d) Di�erence scores (post-pre) of (a)
BDI-II (b) State Depression measured by STADI-S (c-d) Negative and Positive A�ects
measured by PANAS-X (e) FSS post measurements of Flow (f) IPQ post measurements
of the Sense of Presence

that were measured only once and after each condition (e.g., Flow and Sense of Presence).
To compare the conditions, pairwise Wilcoxon signed-rank tests with Bonferroni adjustment
method were used. Significance was set at an – level of .05. Finally, carry-over e�ects were
assessed by comparing the three possible positions in which the respective condition had been
tested, using the Kruskal–Wallis test.

3.5.1 BDI-II

The results of the Wilcoxon signed-rank test suggested that only VR condition could sig-
nificantly reduce the participants’ depression symptoms (M = ≠1.28, SD = 2.02, p = .018).
The pre- and post measurements of BDI-II were not significantly di�erent for the Tablet and
Control conditions. The Friedman test on the pre- and post di�erence scores did not show
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any significant di�erences between all three conditions (‰2 = 4.844, p = .089). These scores
are shown in Figure 3.2(a). Also, no evidence of carry-over e�ect could be observed for the
BDI-II scores.

3.5.2 STADI-S

The VR condition significantly decreased Depression State (M = ≠2.22, SD = 2.51, p = .004)
and its lower-order factor Anhedonia (M = ≠1.78, SD = 2.13, p = .007) as well as Anx-
iety State (M = ≠2.28, SD = 3.34, p = .014) and its lower-order factor Worry (M =
≠1.94, SD = 1.92, p = .004). The Control condition and the Tablet condition led to signifi-
cantly decreased values of Anxiety State (Control: M = ≠2.11, SD = 2.54, p = .005/Tablet:
M = ≠1.5, SD = 2.31, p = .022) and its lower-order factor Worry (Control: M = ≠1.5, SD =
2.12, p = .012/Tablet: M = ≠1.28, SD = 1.84, p = .013).

Significant di�erences in the Friedman-Test on the pre- and post di�erence scores of all three
conditions were found for Depression State (‰2 = 18.98, p < .0001). Pairwise comparisons
with Bonferroni correction suggested that the VR condition had significantly higher reductions
in Depression State compared to both the Control (p = .007) and the Tablet (p = .035)
condition (see Figure 3.2(b)). Moreover, Anhedonia was the only lower-order e�ect of the
STADI-S that was found to have significant pre-post-di�erences between the conditions (‰2 =
18.72, p < .0001). According to the pairwise comparisons VR led to greater reductions of
Anhedonia compared to the Control (p = .012) and the Tablet (p = .017) conditions. Finally,
no carry-over e�ect could be observed for the STADI-S scores.

3.5.3 PANAS-X

Comparing the pre- and post measurements revealed that the VR condition significantly re-
duced the participants’ General Negative A�ect (M = ≠1.83, SD = 1.47, p = .0006) including
their feelings of Fear (M = ≠1.17, SD = 1.25, p = .003), Hostility (M = ≠0.44, SD = .78, p =
.026), Sadness (M = ≠.89, SD = 2, p = .037), and Fatigue (M = ≠1.61, SD = 2.73, p = .022).
It increased, on the other hand, their General Positive A�ect (M = 3.17, SD = 3.78, p = .005)
and its associated feelings of Joviality (M = 3.72, SD = 4.11, p = .004) and Surprise
(M = 3.94, SD = 3.72, p = .002). Whereas no significant changes of General Negative and
Positive A�ect from pre- to post measurements could be found for the Control and Tablet
conditions. Only two lower-order a�ects of the General Positive A�ect showed significant
changes from pre- to post measurements, in which Self-assurance was reduced by the Control
condition (M = ≠1.33, SD = 2.35, p = .037) and Surprise was increased by both Control
(M = 1.39, SD = 2.38, p = .014) and Tablet (M = 1.44, SD = 2.68, p = .035) conditions.

The Friedman test showed significant di�erences between all three conditions on their pre-
post di�erence scores for the General Negative A�ect (‰2 = 11.43, p = .003), its lower-order
factor Hostility (‰2 = 6.5, p = .039), and the General Positive A�ect (‰2 = 6.79, p = .034).
The pairwise comparisons with Bonferroni adjustment method revealed that the VR condition
was more e�ective in reducing the General Negative A�ect (p = .006) compared to the Control



Improving Depressive Mood with Immersive Virtual Reality Gaming38

condition (see Figure 3.2(c) and 3.2(d)). Lastly, no carry-over e�ect could be found for the
PANAS-X scores.

With these results, the null hypothesis of the first hypothesis (H1) cannot be rejected since
only playing FloVR in VR led to a significant improvement of mood and depressivity.

3.5.4 FSS

Levels of Flow were significantly di�erent between the three conditions (‰2 = 8.82, p = .012).
Pairwise comparisons suggested that the VR condition caused higher levels of Flow (see Figure
3.2(e)) compared to the Control condition (p = .004). Also, no carry over e�ect was observed.
Additionally, Flow was negatively correlated with the Depression State in both the Tablet
(p = .007, r = ≠.61) and the VR (p = .013, r = ≠.57) conditions. These results support
partially our second hypothesis (H2) since Flow was significantly higher only compared to
the Control but not the Tablet Condition.

3.5.5 IPQ

As expected, values of the Sense of Presence were found to be significantly di�erent between
the conditions (‰2 = 21.33, p < .0001). The VR condition resulted in significantly higher
Sense of Presence (see Figure 5.5) compared to both the Tablet (p = .00002) and the Control
condition (p = .0002). These results support the second hypothesis (H2). The Tablet and
the Control conditions were not significantly di�erent (p = 1). Also, no carry-over e�ect was
observed.

3.5.6 SSQ

Comparing the pre- and post measurements of the symptoms of Simulator Sickness revealed
that the Tablet condition was the only condition that significantly reduced Simulator Sickness
(p = .032). Both the Control and the VR conditions did not significantly impact Simulator
Sickness. Changes of the Simulator Sickness (see Figure 5.4) were not significantly di�erent
between the conditions (‰2 = 2.98, p = .225). No carry-over e�ects were observed.

3.6 Discussion

Previous research has successfully utilized VR for di�erent types of anxiety disorders. How-
ever, a meta-analysis revealed, that VR therapy for mood disorders and depressivity has been
relatively disregarded [117]. To investigate the question of whether VR can be e�ciently
used for improving depressive mood, the game FloVR was developed and designed to im-
prove mood and reduce depressivity. Subsequently, FloVR’s impact on a�ectivity was tested
in VR and on a tablet. The evaluation indicates, that FloVR can be successful in improving
overall a�ectivity and in temporarily reducing depressivity.

It is noticeable, that VR has the highest values in reducing Depressivity, State Depression,
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State Anxiety, and Negative A�ectivity as well as in increasing Positive A�ectivity. Further-
more, it has the highest values of Flow and Sense of Presence. For each of these variables, the
VR condition is followed by the tablet condition with the second-highest values. The control
condition resulted in the lowest values.

Consequently, significant di�erences between the conditions support the assumption, that
the VR condition is most e�ective in improving overall a�ectivity, followed by the tablet
condition and lastly the control condition. Regarding the Simulator Sickness, the tablet
condition led to the highest reduction, followed by the control condition and lastly the VR
condition.

The VR condition led to significant improvements in all questionnaires regarding a�ectivity
and resulted in significantly higher improvements in variables that assessed negative a�ectivity
and depressivity compared to the control condition. This finding indicates that VR can
be e�ciently utilized to improve depressive mood. Apart from State Anxiety, the tablet
and the control conditions did not improve any dependent a�ectivity variable, such as State
Depression, Negative A�ectivity or Positive A�ectivity. Furthermore, no significant di�erence
could be found between the tablet and control condition in any of the questionnaires. Thus,
playing FloVR on a tablet does not seem to o�er any advantages compared to reading the
text. As expected, the VR condition had significantly higher values in Sense of Presence
when compared to the tablet and the control condition, which is likely caused by its higher
level of immersion. Thus, the positive elements implemented into the game do not seem to
be su�cient to actually improve depressive mood but only seem to work in combination with
an increased sense of presence.

In comparison to the tablet condition, the VR condition had significantly better results
in the reduction of State Depression. In particular, the lower-order factor Anhedonia was
significantly reduced. The VR condition did not lead to significantly bigger increases in
Positive A�ectivity or decreases in Negative A�ectivity compared to the tablet condition.
However, whilst the VR condition was significant in every a�ect-questionnaire, the tablet
condition only produced significant improvement in State Anxiety. Bearing the above in mind,
the VR seems to be more e�ective for mood improvement than the tablet, although not fully
supported by the results of the PANAS-X. Since State Depression was strongly negatively
correlated with Flow but not with Presence in both the VR and the tablet condition, the
game’s positive impact on depressivity seems to be predominantly related to the experience
of flow.

As all conditions have similarly decreased values in State Anxiety, factors other than di�er-
ences between the conditions might have been the reason for this phenomenon. The conditions
led to significant decreases in Worry, however not in Emotionality. Thus, the decrease could
be due to a reduction in test anxiety. Regardless of the main influencing factor, neither the
VR game nor the tablet game seem to be particularly more suitable for reducing anxiety than
the control condition.

Furthermore, VR significantly improved the values of Depressivity measured by the BDI-
II, which assesses symptoms of depression over the last two weeks. The BDI-II was used to
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have an indication about whether participants would rate their past weeks di�erently after the
intervention (i.e., mood congruence e�ect). It should be noted, however, that these di�erences
cannot be directly related to the Mood Congruence E�ect and are no more than indicative.
In addition, di�erences in Depressivity between the VR and the control condition were not
significant. Even if the VR condition might have a�ected the emotional evaluation of the past
weeks, this e�ect does not appear to be excessively strong compared to the other conditions.
Therefore, no statement can be made about the intensity and specificity of this e�ect.

3.6.1 Limitations

Even though the tablet and the VR conditions were designed to be as comparable as possible,
some limitations might have influenced the results. Firstly, some participants might have
been able to predict the hypothesis of the study. Participants were informed that the study
is interested in their feelings when playing the game. In combination with the experiment
design, the study’s interest in improving a�ectivity with VR might have been revealed. This
in turn could have influenced participants to answer the mood questionnaires in favor of the
hypothesis. Especially improvements in the BDI-II questionnaire, which assesses mood over
the past two weeks, could be an indicator of demand characteristics rather than the Mood
Congruence E�ect. However, this should also have led to higher reductions in acute anxiety in
the VR condition compared to the other conditions. It is unlikely, that participants distorted
their responses on depressivity but not on anxiety, as both mood disorders are related [396]
and the study did not reveal its particular interest in depression.

As the sound was played from di�erent devices, the di�erent sound quality could have
also had an impact on the results. The qualities of the speaker and the headphone were
broadly comparable but still, the headphones quality was probably higher. The decision to
use di�erent devices was made, as noise-canceling headphones are highly immersive from the
auditory perspective. They filter out ambient noises so that hardly any external auditory
stimuli can disturb the listener. As this study is interested in the impact of immersion, the
tablet condition had to have a non-immersive sound in order to serve as a non-immersive
comparison.

The controls followed the same logic, however, some participants found the controls of
the tablet a little more di�cult than those of VR. Due to the di�erent nature of the de-
vices, these discrepancies could hardly be avoided. In fact, the higher level of immersion in
the VR condition might have been a reason for reporting easier and more intuitive controls.
The resulting increase in di�culty might have been overwhelming to the subjects and left a
negative impact on their mood. However, the self-estimated di�culty of the conditions and
self-estimated feelings of being overwhelmed, both measured by the FSS, were not signifi-
cantly di�erent between the conditions. Additionally, State Anxiety similarly decreased in
both conditions, which contradicts a feeling of being overwhelmed in the tablet condition.
Furthermore, all participants managed to control the game and follow the path of the flowers
with both devices. Because subjects had to hold the tablet in their hands, this burden on
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their arms and hands could have also influenced the results. However, they were able to rest
their arms on the upper body if not flying upwards and no participant complained to have
been overly strained.

The statistical approach also need to be addressed. First, the sample size of 18 participants
is quite small which led to a relatively low power of the study. Second, the use of multiple
statistical tests has increased the chance of rejecting true null hypotheses (Type I errors),
which is partly be counteracted by the conservative p-value correction (Bonferroni) that was
used. Furthermore, the study has only investigated correlations between the three conditions
and participants’ changes in a�ectivity, so no causality can be inferred.

Lastly, given that most of the participants were under 30 years of age and of Western
European origin, the results cannot necessarily be generalised to older people or those of
other ethnicities.

3.6.2 Future Work

As the study tested short-term e�ects with healthy participants, more research has to be con-
ducted to ascertain whether VR can e�ciently be utilized for depression therapy. The e�ects
of using FloVR on a daily or weekly basis should be investigated in the future. Participants
might be able to keep their elevated mood or improve it throughout time. In this case, the
hazard of becoming addicted must be investigated. However, they could also get used to the
game and the positive e�ect might disappear. To avoid this, the game could be extended,
with di�erent levels to keep up the subject’s interest in the game.

Furthermore, subjects a�ected by depression might react di�erently to the VR game than
healthy participants. Studies have shown that individuals a�ected by a major depressive
disorder are failing to show a positive bias when primed by a stimulus with a positive va-
lence [218]. Participants might be less a�ected by the positive elements of the game and thus
it might be more di�cult to improve their mood. On the other hand, most of the participants
that took part in this study were already in a rather good mood, with one of them even having
a BDI-II score of 0. As it might be more di�cult to improve the mood of participants that
are already happy, a study with depressive subjects could also lead to better results in mood
improvement.

Additionally, the game could be customized for the subjects. For example, the concepts of
VR exposure therapy could be transferred to VR depression therapy. Objects that are related
to the subject’s cause of depression could be embedded into the game. This could help them
approach adverse memories and experience them in a new context to eventually overcome
them. Lastly, the game needs to be compared to other mood-improvement techniques, such
as reading or imagining an emotional story. Some subjects might find it really di�cult to
delve into their imagination, thus should be more a�ected by VR.
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3.7 Conclusion

To conclude, although this research is limited by a small sample size, the study suggests that
FloVR can be used successfully for improving depressive mood. A short exposure time of
about six minutes led to an improved mood and reduced feelings of depression. Especially
when compared to the control condition, the results show that the VR condition was more
e�ective. These di�erences are not as clear between the VR and the tablet condition, however,
they still indicate that VR can be more e�ective. Whether the VR game is actually suitable
and e�cient for application in clinical contexts is not answered by this study. An evaluation of
the game by the people diagnosed with mood disorders as well as its long-term e�ects remains
a topic for further research. This study represents one of the first VR studies on improving
mental well-being with a focus on improving mood and reducing depressivity. It substantiates
that it is worthwhile to further invest in research on VR mood disorders therapy.
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4 Chapter 4

E�ects of Exposure to Immersive
Videos and Photo Slideshows of
Forest and Urban Environments

A large number of studies have demonstrated the benefits of natural environments on people’s
health and well-being. For people who have limited access to nature (e.g., elderly in nursing
homes, hospital patients, or jail inmates), virtual representations may provide an alternative
to benefit from the illusion of a natural environment. For this purpose and in most previous
studies, conventional photos of nature have been used. Immersive VR environments, how-
ever, can induce a higher sense of presence compared to conventional photos. Whether this
higher sense of presence leads to increased positive impacts of virtual nature exposure is the
main research question of this chapter. Therefore, we compared exposure to a forest and an
urban virtual environment in terms of their respective impact on mood, stress, physiological
reactions, and cognition. The environments were presented via an HMD as (i) conventional
photo slideshows or (ii) 360¶ videos. The results show that the forest environment had a pos-
itive e�ect on cognition and the urban environment disturbed mood regardless of the mode
of presentation. In addition, photos of either urban or forest environment were both more
e�ective in reducing physiological arousal compared to immersive 360¶ videos.

4.1 Introduction

Nowadays, individuals spend more and more time in artificially designed living spaces, in
particular, humans spend up to 90 percent indoors [3]. This tendency has led to an isolation
of individuals from regular contact with nature which has a negative impact on their mental
and physical health. Several studies have demonstrated that such artificial stimulation and
being in purely human-generated environments can lead to mental fatigue as well as a loss of
vitality and health [182, 350].

These negative e�ects can be reduced by means of engaging in interactions with nature [185].
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There is evidence to suggest that natural environments have a positive influence on human
psychology, physiology, and cognition [257, 349, 171]. According to the Attention Restoration
Theory (ART), natural environments capture less cognitive resources, and therefore, allow
an interruption of attention-grabbing tasks inherent in urban environments and thus, elicit
attention restoration and recovery from mental fatigue [180, 144, 361]. Natural elements such
as green landscapes and flowing waters have a calming e�ect on physiological arousal [188,
10]. One of the long-term e�ects of access to nature is a positive attitude towards life and
an increased satisfaction with one’s own home, one’s own work and generally one’s own
life [180, 179].

As an instance of natural environments, forests have been studied frequently suggesting
their positive e�ects on human body and mind [53, 169, 278, 262, 355, 16]. These positive
e�ects include, but are not limited to psychological relief, lower stress and depression lev-
els [327, 138, 231, 119, 16, 247] as well as physiological e�ects such as lower blood pressure,
Heart Rate (HR), and salivary cortisol hormone levels [216, 215, 355]. Therefore, forest ther-
apy, also referred to as “forest bathing”, is practiced widely, in particular in Asia, to derive
substantial benefits from the positive health e�ects of walking, resting, and interacting with
forests [217, 255, 73, 210, 342, 187, 281, 211].

For people with limited access to nature (e.g., elderly in nursing homes, hospital patients,
or jail inmates), already the visual representation of nature can relieve stress and improve
emotional well-being [178, 219, 209, 231, 124, 367]. Many studies in environmental psychology
have used conventional photos to compare natural and urban environments or to demonstrate
the positive e�ects of nature photos [370, 203, 257, 349].

In this context, immersive VR may facilitate some of these characteristics such as the feeling
of being in nature during the exposure [338]. By reproducing realistic stimuli and eliciting
psychological processes, VR has the potential to increase external validity of the research
findings [340]. It can, in addition, provide the experimenter (and potentially therapists) with
a systematic control over the natural elements such as weather conditions, vegetation (up to
the smallest details such as movements of the grass and leaves on the trees), wildlife, and
lighting that is hard or impossible to achieve in real life [89, 62]. Furthermore, therapeutic
applications may benefit from the low-cost virtual environments, which can be duplicated
and distributed easily, making them usable at a larger scale [293] and make it accessible
to individuals in need, e.g., in nursing homes. Thus, VR can complement the research on
human perception and behavioral responses to nature stimuli by maximizing the benefits
of lab-based (e.g., control over independent variable) and field-based (e.g., realistic stimuli)
experiments [340].

For this reason, previous studies have already employed nature exposure in VR. Several
studies have compared real physical nature exposure with exposure to 360¶ videos of na-
ture [61, 259, 67, 330, 408, 72]. For instance, Browning et al. [61] compared real nature
exposure and a 360¶ VR nature video recorded from the same location. In comparison to a
physical indoor environment without nature, both real and VR nature exposure were more
restorative and increased physiological arousal. Although, only the real exposure to nature
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outdoors increased mood in a positive direction.
Researchers have also compared exposure to di�erent environments merely in VR. For

instance, a study [385] demonstrated that di�erent types of forest environments, presented
via 360¶ videos, can improve mood and relieve stress. Another study [11] revealed that in
comparison to a control environment, exposure to 360¶ videos of nature can reduce physi-
ological arousal and negative a�ect. Furthermore, in a study by Chung et al. [74] and in
comparison to 360¶ videos of fireworks, exposure to 360¶ videos of nature improved cogni-
tive functioning and restored involuntary attention of the participants [74]. In comparison
to urban environments, Yu et al. [410] could show that exposure to 360¶ videos of forest or
waterfall environment was able to decrease negative emotions such as fatigue and depression.
In contrast, levels of fatigue were increased and self-esteem was decreased after exposure to
urban environments. Also, in a study by Schutte et al. [319] participants were exposed to
a natural and an urban environment using 360¶ videos. Thereafter, participants reported
significantly more restorativeness by exposure to the natural environment compared to the
urban environment.

Multiple studies have reported stress recovery elicited by multisensory exposure to nature
in VR. For instance, in a study by Annerstedt et al. [15], participants experienced a psycho-
social stress (i.e., TSST [189]) in VR followed by an exposure to natural scenes in VR either
with or without sound. As a result, recovery from stress was facilitated by exposure to
VR nature and was enhanced when the environment was presented with natural sounds.
In another study by Hedblom et al. [150] visual stimuli (i.e., 360¶ photos of urban, park,
and forest environments) were accompanied by auditory stimuli (e.g., bird songs for natural
environments) and olfactory stimuli (e.g., grass odour for park). Consequently, exposure
to natural environments reduced stress levels significantly. Finally, Schebella et al. [312]
suggested that multisensory exposure to 360¶ videos of nature are beneficial to recovery from
stress compared to visual-only exposure and that recovery is least e�ective in a virtual urban
environment.

In order to use visual representation of natural environments in experiments or for preven-
tive and/or therapeutic purposes, it is important to know whether the level of immersion and
its associated feeling of presence are decisive for the extent of the e�ect. Di�erent levels of
immersion could be, for example: the actual stay in a natural environment, viewing a natural
environment through a window, viewing a 360¶ video of a natural environment (stereoscopic
or monoscopic) on a display (such as a smartphone with integrated gyroscope or using an
HMD), staying in an artificially generated virtual world or watching a regular video or pictures
of nature. To subjectively distinguish between di�erent levels of immersion in VR context,
the sense of presence is usually measured. It describes the psychological sense of being in a
virtual environment [338] and can have multiple components such as the sense of being phys-
ically present in a place (spatial presence), the attention devoted to the virtual environment
(experienced involvement), as well as the experienced realism of the environment [316].

Previous studies have examined di�erent levels of immersion based on human’s psycho-
and physiological responses [157, 266, 25, 123, 194, 111, 45, 364, 265, 71]. For instance,



E�ects of Exposure to Immersive Videos and Photo Slideshows of Forest and Urban

Environments

46

a study [157] suggested that closest to reality psychological responses can be achieved by a
360¶ panorama and physiological responses by a 3D model of the real environment (an interior
shopping environment). Although in the same study, di�erent levels of immersion including a
conventional photograph of the environment were employed, they were all compared against
the real environment and not against one another. In another study [25] a significant increase
in the sense of presence from monoscopic to stereoscopic and from 180¶to 360¶ images was
demonstrated. In addition our group, Forlim, et al. [111] previously reported that stereoscopic
renderings delivered via an HMD elicit higher functional connectivity in the brain when
compared to monoscopic renderings on projection screens or HMDs. Furthermore, Chirico et
al. [71] confirmed that immersive videos enhance the intensity of self-reported awe emotion
as well as parasympathetic activation compared to 2D screen videos.

However, to the best of our knowledge, a direct comparison between conventional photo
presentations and 360¶ video presentation of nature has not been tested so far. Hence, it is
largely unknown whether conventional photo presentations su�ce to create the full impact of
virtual exposure to nature or whether an immersive display such as 360¶ video presentation
can further increase the positive e�ects.

The presented experiment in this chapter followed a within-subject design and consisted of
a control (in a silent black virtual room with a white screen in the middle showing a fixation
cross) and four experimental conditions (see Figure 4.2). Each experimental condition con-
sisted of three parts: (i) a cognitive test (serially subtracting 13 from a given starting number
such as 1022) for five minutes, (ii) exposure for six minutes to either an urban (i.e., an old
town of northern Germany, see Figure 4.1(b)) or a forest (i.e., a northern German mixed for-
est, see Figure 4.1(a)) virtual environment presented either using 360¶ videos or conventional
photo slideshows from the same content both displayed via an HMD, and lastly (iii) filling
out the questionnaires. The order of the experimental conditions was counterbalanced. The
control condition was consistently administered at the beginning and immediately after the
baseline measurement (see Methods). During the experiment physiological data was recorded,
namely Galvanic Skin Response (GSR) and HR. It is worth noting that the cognitive test in
this experiment served two functions simultaneously: it was used to induce stress prior to
exposure and at the same time to measure cognitive performance due to the prior exposure
phase. That is, the cognitive test measured the cognitive performance after exposure to the
previous (and not following) condition. Thus, after the last condition, the cognitive test was
administered for the last time measuring the cognitive performance after the last exposure.

4.2 Methods

4.2.1 Participants

Recruitment of participants took place via an email distributor among the students of the
Faculty of Computer Science at the Universität Hamburg. In addition, the study was adver-
tised on the campus of the University of Hamburg and the University of Applied Sciences in
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(a) (b) (c)

Figure 4.1: Virtual environments: (a) forest environment (b) urban environment (c) control envi-
ronment

Hamburg and a call in social networks. A total of 35 subjects participated in the study. How-
ever, one person had to be excluded due to deuteranopia (green blindness). The remaining
34 subjects (11 female) were between 21 to 34 years old (M = 27.26, SD = 4.144). The study
was approved by the local psychological ethics committee of the Center for Psycho-social
Medicine at the University Hospital Hamburg-Eppendorf and was carried out in accordance
with relevant guidelines and regulations.

4.2.2 Materials

We selected a northern German mixed forest as the forest environment (see Figure 4.1(a)).
Since our focus was on vegetation, other natural elements such as water and animals or
humans were avoided and were not present in this environment. Our urban environment
was an old town of northern Germany (see Figure 4.1(b)) which contained no vegetation nor
animals or humans. Each 360¶ video was a six min video consisting of three two min single
stationary videos. To shoot the individual videos, the tripod with the camera was moved six
meters forward, measured from the center of the tripod. The result is a composition of three
stationary single shots in which the tripod, per single shot, was placed firmly in one place.
Looking at the final video created the impression of teleportation between these three shots.

In total, three di�erent environments were created for the study. The first environment
was a black room with a white screen in its center. In the middle of the white screen was
a black fixation cross (Figure 4.1(c)). This environment had no background sound and was
used as the control condition. The second environment was identical to the first one, with
the di�erence that the slideshows were played on the screen. The virtual camera in these two
environments was one meter away from the virtual screen. The 360¶ videos were played in the
third environment on the inner side of a virtual sphere. Here, the virtual camera was placed
in the center of the sphere to create the impression of being inside the 360¶ VR environments.

The experiment was conducted in a laboratory room. The participants were seated on a firm
chair. The position of the chair was fixed to ensure a fixed position in the virtual environment.
During the experiment, the subjects wore a HTC Vive Pro HMD as well as Neulog Pulse and
Galvanic Skin Response (GSR) sensors. GSR or Skin Conductance Response (SCR) measures
the amount of changes in electrical conductivity of the skin (in this study, at the finger of
the non-dominant hand) when its glands produce ionic sweat in response to a given stimulus.
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Thus, it is considered as an indicator of localized phasic arousal processes and has been
interpreted as an indicator of stress in the literature [52]. Additionally, previous research in
particular on TSST [189], suggest that both heart rate and heart rate variability can detect
the physiological e�ects of stress on human participants. Therefore, we concluded that both
measures apply as our cognitive test was taken from the TSST. In this study, we measured
heart rate since it could successfully indicate physiological changes of performing multiple
TSST in VR in a previous study [248]. For rendering, system control, and logging an Intel
Computer (Core i7 6900K at 3.2 GHz) with an NVIDIA GeForce GTX 1080 graphics card
was used. The questionnaires were completed on a MacBook Pro (Retina, 13 inches, model
year: end of 2013).

The following questionnaires were employed in this study:
State Trait Anxiety Depression Inventory-State (STADI-S) [38] measures the cur-

rent state of anxiety and depression of a person. See Chapter 3, Section 3.4.1 for more
information about the questionnaire.

Profiles of Mood States (POMS) [322] was used to assess mood. For this purpose, a
value for the total mood disturbance was determined. The questionnaire contains keywords
and statements that describe di�erent feelings and are scored on a 5-point Likert scale ranging
from 1 (Not at all) to 5 (Extremely).

Short Stress State Questionnaire (SSSQ) [309, 152] records the status of engagement,
distress and worry after a given task. The questionnaire consists of 24 items rated from 1
(Not at all) to 5 (Very much so).

Perceived Stress Scale (PSS) [78] measures the perception of stress. It contains 10
items ranging from 0 (Never) to 4 (Very often). As the original items refer to the situations
during the past month in one’s life, for the purpose of this study, the items were modified to
measure the momentary perceived stress.

Igroup Presence Questionnaire (IPQ) [316] was used to measure the perceived sense
of presence in VR. See Chapter 3, Section 3.4.1 for more information about the questionnaire.

Simulator Sickness Questionnaire (SSQ) [186] measures 16 symptoms that may occur
during or after VR exposure. See Chapter 3, Section3.4.1 for more information about the
questionnaire.

Procedure

Upon arrival, the subjects were informed about the purpose of the study and their right to
interrupt or quit at any time. Thereafter, they signed the informed consent. At baseline (see
Figure 4.2), the SSQ-pre was administered and the baseline GSR and HR were measured.
For this purpose, the subjects wore the HMD and saw the control environment (i.e., a black
virtual room with a white screen showing a fixation cross) for six min. Participants were
asked to look at the fixation cross on the white screen and not to move or to speak.

The study had a within-subject design and consisted of a control and four experimental
conditions. The order of the experimental conditions was counterbalanced but the control
condition was consistently administered at the beginning and immediately after the baseline
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• VR Control
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• SSQ

End

Time
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Figure 4.2: Experimental Procedure. VR: Virtual Reality (i.e., the contents were displayed using
a head-mounted display); Control: a silent black virtual room with a white screen in
the middle showing a fixation cross; SSQ: Simulator Sickness Questionnaire; HR: Heart
Rate; GSR: Galvanic Skin Response or Skin Conductance Response (SCR); STADI-S:
State Trait Anxiety Depression Inventory-State; POMS: Profiles of Mood States; SSSQ:
Short Stress State Questionnaire; PSS: Perceived Stress Scale; IPQ: Igroup Presence
Questionnaire.

measurement. Each condition consisted of three parts.
In the first part, the participants were asked to serially subtract 13 from a given starting

number (e.g., 1022) while wearing the HMD and seeing the control environment. They were
told to generate correct, sequential answers as fast as possible. They did not receive any
feedback for giving the correct answers but immediately after giving an incorrect answer
they were asked to start from the beginning. This task was taken from the Trier Social
Stress Test (TSST) [189], a widely used protocol for inducing moderate psycho-social stress
in laboratory settings. TSST consists of a five-minute free speech followed by another five
minutes performing a mental arithmetic task. We employed the TSST’s mental arithmetic
task as the first part of our conditions. We measured the number of correct and incorrect
answers, the total number of answers as well as HR and GSR values. This part lasted for
five min. When treating the performance in this task as the dependent variable we compared
the cognitive performances after the respective exposure to one of the four experimental
conditions.

In the second part, the participants were exposed for six min to either an urban or a
forest virtual environment presented either using 360¶ videos or conventional photos taken
from the same video in the form of a slideshow. In the control condition, the presented
virtual environment did not change during the exposure. In other words, after performing
the mental arithmetic task inside the control environment during the first part, the subjects
were exposed further to the control environment and did not have any specific task to do.
They were, however, allowed to look around in the virtual environment and were instructed
not to speak or move. In this part, GSR and HR were measured.

In the third part and after the exposure, the participants took o� the HMD and the sensors
and filled out the following questionnaires: STADI-S, POMS, SSSQ, PSS, IPQ.

It is important to clarify that the cognitive test in this experiment was designed to test the
participants’ cognitive performance after exposure to the previous (and not following) virtual
environment. For this reason, after the last condition, the cognitive test was administered
for the last time. Thereafter the participants filled out the SSQ-post and were compensated
with course credits.
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4.2.3 Data analysis

Prior to the analysis the physiological signals were smoothed using a low-pass Butterworth
filter with the cuto� frequency of 1 Hz. Thereafter, they were normalized using the following
formula [230, 149]:

S̃ = s ≠ min(s̄)
max(s̄) ≠ min(s̄) (4.1)

Where S is the raw signal, s the smoothed version of S, s̄ the signal taken over the entire
session, and S̃ the normalized signal.

Subsequently, di�erence scores were used, with the average values measured during the
cognitive test being subtracted from the values of the exposure phase. On these di�erence
scores a two-way repeated-measures ANOVA was performed.

In order to analyse the cognitive performance as well as the questionnaire data, the dif-
ference scores were calculated by subtracting the respective value from the control condition
from the values of the given experimental subjective or cognitive measure. These di�erences
were not calculated for the IPQ responses as we were interested in the original presence values
after each condition and not the changes with respect to the control condition.

It has to be noted that according to the Shapiro-Wilk test, some data were normally dis-
tributed (e.g., IPQ Sense of Presence as well as GSR and HR Di�erence scores) and some were
not (e.g., Cognitive Test). Therefore, we decided to report the analysis based on parametric
tests in order to not switch between statistical tests. Thus, to test our hypotheses, for all
data except the SSQ, two-way repeated-measures ANOVAs were performed, with a signifi-
cance level at .05. As an e�ect strength, the partial eta squared (÷2) was reported. Thereby,
a value of .01 represents a small e�ect, .06 a medium e�ect, and .14 a large e�ect [77, 204].
The SSQ responses were analysed using a paired t-test with a significance level of .05. Ad-
ditionally, Cohen’s d was reported as the e�ect size for t-test which is commonly interpreted
as small (d = .2), medium (d = .5), and large (d = .8) e�ects [77].

4.3 Results

To analyse the responses of our mood and stress-related questionnaires (i.e., STADI-S, POMS,
SSSQ, and PSS) as well as the cognitive test, di�erences between experimental conditions and
the control measurements were computed. On these di�erence scores, a two (environment:
forest, urban) by two (immersion: 360¶ videos, conventional photo slideshows) repeated-
measures ANOVA was performed.

4.3.1 Questionnaire data

State-Trait Anxiety Depression Inventory-State (STADI-S)

No significant e�ect of the factors was found neither for depression nor anxiety sub-scales of
the state version of the STADI (STADI-S).
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Figure 4.3: (a) Di�erence scores (exposure-control) of the total mood disturbance measured by
POMS (b) IPQ sense of presence (c-d) Di�erent scores (exposure-cognitive test) of
the mean (c) GSR and (d) HR values (e-f) Di�erent scores (exposure-control) of the
cognitive test (e) errors and (f) consecutive correct answers
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Figure 4.4: GSR measures during di�erent phases of the experiment. The four conditions are
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line type (dotted for slideshows and solid lines for 360¶ videos).
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Profile of Mood States (POMS)

The environment factor (i.e., the type of environment: forest vs. urban) showed a significant
negative e�ect on mood (F (1, 33) = 5.02, p = .03, ÷

2
p

= .13). Paired t-tests suggested that
exposure to the urban environment disturbed the participants’ mood more than the forest
environment (p = .027) and that this di�erence was significant between the 360¶ videos of
forest and urban environments (p = .028, see Figure 4.3(a)). A main e�ect of the immersion
level or its interaction with the environment factor could not be observed. We also calcu-
lated the di�erence scores (exposure-control) for each sub-scale of POMS and performed the
two-way ANOVA. A significant main e�ect of environment could be found for fatigue only
(F (1, 33) = 5.19, p = .03, ÷

2
p

= .13). While the 360¶ videos of forest decreased the feeling
of fatigue, pairwise comparisons revealed that this reduction was significantly di�erent from
the changes in fatigue (i.e., increase of fatigue) elicited by the 360¶ videos (p = .027) or
photo slideshows of the urban environment (p = .016). No significant di�erence was observed
between photo slideshows and 360¶ videos of the forest environment.

Short Stress State Questionnaire (SSSQ)

No significant main or interaction e�ects of the environment and immersion factors were found
for neither of the SSSQ sub-scales namely task engagement, distress, nor worry.

Perceived Stress Scale (PSS)

No significant main or interaction e�ects of the environment and immersion factors could be
found for the PSS score.

Igroup Presence Questionnaire (IPQ)

The IPQ scores of each condition were directly used for the analysis, without the control
measurements being subtracted from them. As a result, a significant main e�ect of immersion
level could be observed for the sense of presence (F (1, 33) = 79.11, p < .001, ÷

2
p

= .706). The
sense of presence for the 360¶ videos was higher than the slideshow conditions (p < .001).
The environment factor also had a significant e�ect on the sense of presence (F (1, 33) =
13.927, p < .001, ÷

2
p

= .297) in such a way that the forest environment induced a higher sense
of presence compared to the urban environment (p < .001). No significant interaction e�ect
was found (see Figure 5.5).

For the sense of being there (or the general presence) sub-scale, we found a significant main
e�ect of immersion level (F (1, 33) = 62.767, p < .001, ÷

2
p

= .655), which shows that the mean
value of the 360¶ videos was higher than the mean value of the slideshows (p < .001).

For the spatial presence, the main e�ect of immersion level was significant (F (1, 33) =
96.371, p < .001, ÷

2
p

= .745). Here, the mean value of the 360¶ videos was higher than the
mean value of the slideshows (p < .001). Moreover, our results show a significant main e�ect
of the factor environment (F (1, 33) = 11.85, p = .002, ÷

2
p

= .264) and therefore underline that
the mean value of the forest environment was higher than the urban environment (p < .01).
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Therefore, the 360¶ video and the forest environment led to a higher sense of spatial presence.
For the involvement sub-scale, the main e�ects of immersion level (F (1, 33) = 19.649, p <

.001, ÷
2
p

= .373) as well as the environment (F (1, 33) = 10.574, p = .003, ÷
2
p

= .243) were
significant. The 360¶ videos (p < .001) and the forest environment (p < .01) showed
higher involvement values compared to respectively slideshows and the urban environ-
ment. In addition, a significant interaction e�ect of these two factors could be observed
(F (1, 33) = 35.254, p < .001, ÷

2
p

= .517). Here the highest involvement values were observed
in the 360¶ forest video (p < .001).

For the experienced realism, the main e�ect of the immersion level was significant
(F (1, 33) = 17.006, p < .001, ÷

2
p

= .34) and the 360¶ videos had higher values than the
slideshows (p < .001).

Simulator Sickness Questionnaire (SSQ)

The SSQ was administered two times: once at the beginning of the experiment (i.e., prior
to wearing the HMD for the first time) and once in the end (i.e., after the last experimental
condition). A paired t-test suggested a significant (t(33) = 3.67, p < .001, d = .63) increase of
the total simulator sickness score from pre- (M = 14.08, SD = 16.37) to post measurements
(M = 30.8, SD = 28.33). This means that the experiment and its total associated stay in
VR increased the symptoms of simulator sickness.

4.3.2 Physiological measures

Considering the cognitive test as a stress induction task prior to exposure, it can be seen
in Figure 4.4 that physiological arousal measured by the GSR values were increased during
the cognitive test phase prior to the exposure and were decreased during the exposure for
all four conditions. A three (experiment phase: baseline, (cognitive) test, exposure) x two
(environment: forest, urban) x two (immersion level: 360¶ videos, photo slideshows) repeated-
measures ANOVA showed a significant main e�ect of experiment phase (F (2, 66) = 17.76, p <

.001, ÷
2
p

= .35) and a significant interaction of immersion and experiment phase (F (2, 66) =
3.38, p < .05, ÷

2
p

= .09). The results of pairwise t-tests showed significant di�erences (p < .001)
between all three phases. Thus, the cognitive test could successfully serve its first function to
induce stress prior to exposure.

Figure 4.5 depicts the mean HR values during di�erent phases of the experiment for all four
conditions. A three-way (experiment phase, environment, immersion level) repeated-measures
ANOVA showed a significant main e�ect of experiment phase (F (2, 66) = 13.51, p < .001, ÷

2
p

=
.29). Pairwise comparisons suggest that participants experienced the lowest HR values during
the exposure compared to the baseline (p < .001) and cognitive test phase (p < .001). The
di�erence between the baseline and the cognitive test phase was not significant probably due
to ceiling e�ects. During the exposure, however, their HR decreased significantly.

Di�erence scores were calculated for both physiological measures by subtracting the mean
values during the cognitive test phase from the mean values during the exposure phase (see
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Figure 4.3(c) and 4.3(d)). A two-way repeated measures ANOVA for the factors environment
and level of immersion showed a significant e�ect of the immersion level for the GSR values
(F (1, 33) = 8.55, p < .01, ÷

2
p

= .21). A paired t-test suggested that the GSR di�erence
scores were significantly larger (p < .01) for the photo slideshow conditions compared to
the 360¶ video conditions. Pairwise comparisons showed that urban (p < .01) and forest
(p < .05) photo slideshows caused larger di�erence scores compared to 360¶ videos of the
urban environment (see Figure 4.3(c)). The pairwise comparisons did not show any significant
di�erence between the 360¶ videos of the forest environment and any other conditions. No
significant main or interaction e�ect could be observed for the HR di�erence scores. That is,
all four conditions decreased HR with no significant di�erence.

4.3.3 Cognitive test

The cognitive test was considered as a dependent variable measuring the cognitive perfor-
mance after the exposure phase. The environment factor had a significant e�ect on the
errors (F (1, 33) = 9.52, p = .004, ÷

2
p

= .22) and the consecutive, correct answers given
(F (1, 33) = 13.56, p < .001, ÷

2
p

= .29) in the cognitive test acquired after exposure. Paired
t-tests revealed that the number of errors (see Figure 4.3(e)) in the forest environment was
significantly lower than in the urban environment (p < .001) and the correct, consecutively
given answers (see Figure 4.3(f)) were higher in the forest environment compared to the urban
environment (p < .001). No significant main e�ect of immersion or its interaction with the
environment factor could be observed.

4.4 Discussion

We hypothesized that the environment and the immersion level, as well as their interaction,
have an influence on mood, stress recovery, and cognitive performance. In particular, we
expected that the forest environment would produce a more positive e�ect than the urban
environment. In addition, we hypothesized that more immersive presentations (i.e., 360¶

videos) create a higher sense of presence and consequently have greater e�ects, as more real-
istic environments would lead to realistic behavior and trigger corresponding responses [338].

The e�ects of exposure to forest or urban environments on mood was measured by means
of total mood disturbance. Here, it could be shown that the type of environment was deter-
minant for the mood disturbance as exposure to the urban environment led to a significant
mood disturbance whereas exposure to the forest environment resulted in a reduction of mood
disturbance. In particular, the feeling of fatigue was increased after exposure to the urban
environment regardless of their type of presentation (i.e., 360¶ videos or photo slideshows)
and was reduced by exposure to the 360¶ videos of forest. This result confirms the findings of
previous studies [410, 319, 312, 235, 11, 61]. Despite variations in visual and auditory stimuli
of the previously studied urban environments in VR, they all reported mood disturbances;
whether the urban environment was a crowded subway station [410], or a shopping mall [312]
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or a shopping plaza [410], or a small town with buildings lining streets, some road tra�c, a
pedestrian mall, and the sound of tra�c and people talking in the pedestrian mall [319]. We
intentionally excluded crowds, cars, and prominent nature elements such as trees. Thus, our
VR urban environment comprised of only buildings as visual stimuli and mostly the sound of
wind breeze as auditory stimuli. Yet exposure to this environment disturbed our participants’
mood. On the other hand, our forest environment was successful in reducing the disturbed
mood. Since no significant e�ect of immersion level on mood could be shown in this experi-
ment, it can be stated that photos of the environment are su�cient to observe its e�ects on
mood. Nevertheless, the feeling of fatigue could be decreased only by exposure to 360¶ videos
of the forest. Therefore, although Browning et al. [61] could show an improved mood for the
real exposure to outdoor forest only, our findings proved that VR exposure to forest can be
beneficial for inducing positive mood. This is in line with the findings of previous studies that
showed exposure to VR nature can improve mood and reduce negative a�ect, whether the
VR nature was 360¶ videos of rural areas and remote beaches [11] or various types of forest
environments [385, 410].

No significant e�ects were found for STADI-S, PSS, and SSSQ. Since we already showed
that the urban environment caused mood disturbance, one could expect that the STADI-S
shows a similar e�ect. However, it should be noted that STADI-S rather covers more clinical
aspects such as anxiety and depression, whereas the POMS measures mood changes in a
more healthy range. Therefore, a possible explanation would be that the healthy volunteers
did indeed experience a disturbance in mood by being exposed to the urban environment.
However this mood disturbance was not strong enough to be detected by the scales of the
STADI-S.

An increase of the physiological arousal measured by the GSR values could be observed
from the baseline to the cognitive test phase which was again decreased by exposure to any
of our four experimental conditions. The photo slideshows in this case were more e�ective
in lowering the arousal levels compared to 360¶ videos. The reason here could be the higher
immersion level of 360¶ videos and their associated sense of presence which has been shown
to be positively correlated with physiological arousal [238, 248]. The immersive VR has
been also shown e�ective in inducing emotions (such as the feeling of awe) and enhancing
their intensity [71]. Thus compared to non-immersive photos, immersive videos may elicit
higher emotional reactions which again results in higher physiological responses. Therefore,
although 360¶ videos were able to reduce the physiological arousal, their higher immersion
level prevented this arousal reduction to reach the same level as the non-immersive photo
slideshows. Thus, to reduce physiological arousal caused by psycho-social stressors, one should
rather use conventional photos of either urban or forest environments.

Besides GSR, we measured participants’ HR during the course of experiment. The results
showed that the HR was already high at baseline and the cognitive test did not increase it any
further. A limitation of this study is that we did not plan any additional resting phase before
the baseline measurement started. Perhaps this is the reason why the di�erence between the
HR measurements at the baseline and during the test phase was not significant, probably due
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to ceiling e�ects. The exposure to any of our conditions, however, was able to reduce the HR
significantly, regardless of the type of environment or the level of immersion. This finding
is in line with previous studies [410, 11]. For instance, Yu et al. [410] showed that blood
pressure and HR were reduced by exposure to both urban and natural environments with no
significant di�erences between them. Also, Anderson et al. [11] showed that HR variability was
reduced during the exposure to natural and indoor VR environments with no clear di�erences
across them. In their study, the GSR values were also decreased for all conditions but this
reduction was greater for the natural scenes, similar to the findings of Hedblom et al. [150].
Moreover, Schebella et al. [312] showed that recovery from stress measured by HR values
could be achieved by VR exposure to both natural and urban environments with no significant
di�erence between them. Nevertheless, it is important to determine whether and which stimuli
are best suited to decrease the induced stress. By analyzing the GSR values, we could show
that all our stimuli could reduce the induced stress, but non-immersive stimuli were more
e�ective in doing so.

The hypothesis that exposure to forest environment improves cognition was confirmed by
this study. It could be shown that the maximum number of correct answers (number series)
in two conditions exposing to the forest environment was higher and the total number of
errors was lower. This can be attributed to the positive e�ect of exposure to the forest
environment and cognitive benefits of interacting with nature which has been studied before
[180, 179, 39, 257, 144, 143, 74, 185]. For instance, Berman et al. [39] found that viewing
pictures of natural scenes can improve cognitive performance compared to urban scenes. Also,
Chung et al. [74] showed that 360¶ videos of nature can restore involuntary attention. In our
study however, neither an e�ect of immersion level nor an interaction with the environment
factor could be found. Therefore, it can be concluded that the presentation of forest using
both methods namely the photo slideshows and the 360¶ videos had a positive e�ect on
cognition with no significant di�erence between them. Thus, to induce a positive e�ect on
cognition, a presentation of forest using the conventional photo slideshows might be enough
to produce the full impact of forest exposure.

The cognitive test in this experiment served two functions: as a stress induction task prior
to exposure and at the same time as a dependent variable measuring the cognitive performance
after exposure. Initially, we had planned to use an additional cognitive test to measure the
cognitive performance. However, during the piloting phase, we realized that the total length
of the study could overwhelm the participants. Therefore, we used only one cognitive test to
keep the length of the experiment limited to a reasonable time. This is a limitation of this
study and in future work, these two functions could be disentangled from each other.

The results of the SSQ suggested that the experiment increased the symptoms of simulator
sickness. A reason could be that the study was 180 minutes long during which a cognitive task
was carried out repeatedly. Therefore, participation in the study could have led to fatigue
and may have caused or exacerbated the symptoms of simulator sickness. Therefore, the
symptoms can and should not be attributed solely to the exposure to the virtual environments.
Moreover, a limitation of this study is that the SSQ was not administered after each condition.
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Thus, it cannot be determined whether di�erent levels of immersion or types of environment
played a role in inducing simulator sickness. Whether potentially associated simulator sickness
prevented the positive e�ects of nature to occur remains a topic for future research.

The hypothesis that the immersive 360¶ videos can facilitate the positive e�ects of nature
onto mood, recovery after stress and cognition could not be demonstrated in this experimental
setup. Nevertheless, the IPQ results showed that the 360¶ videos did induce a higher sense of
presence compared to the slideshows. Also, the IPQ sub-scale involvement was highest in the
360¶ video of a forest. Therefore, the question arises whether the provided level of immersion
for the 360¶ videos was su�cient for changing our a�ective and cognitive measures. The 360¶

videos of this study were taken in a resolution of 4K and were monoscopic (i.e., the same
image was displayed on both lenses). Monoscopic images lack cues of depth perception that
a�ect the sense of spatial perception [250]. Since realistic representations have an impact on
immersion [338], the use of a 360¶ camera with a higher resolution (to render more realistic
stimuli such as the movement of single leaves’) and stereoscopic display (i.e., di�erent images
shown on the respective lenses to create a sense of spatial depth) should be considered in future
investigations. It might still be true that with stronger immersion and sense of presence, the
reactions of the participants could have been more di�erent between 360¶ videos and the
photo slideshow.

However, in the present setup an advantage of using 360¶ videos compared to photos
could not be determined, the positive influence of natural environments on cognition and
reduction of mood disturbance could be observed. As the use of visual representations of
natural environments can be a viable option in contexts that o�er little access to natural
resources. In future work, the underlying elements of the forest environments that cause the
more positive impact in contrast to the urban environments should be further studied. It
would be possible that it is not the forest in its complexity that is necessary to trigger the
observed positive e�ects, but rather some bottom-up visual features that are commonly found
in nature pictures. Previous research has shown that preference ratings of nature pictures
can be explained by such lower-level image features [181, 165].

The Prospect-Refuge Theory [17] suggests that humans have preferences for certain envi-
ronments. According to Appleton [17], humans prefer places that o�er a safe and sheltered
refuge and at the same time a good view or overview of the surrounding environment. This
theory relies on evolutionary approaches, which require a predator to be able to observe a
potential prey without being discovered. Accordingly, there is the possibility that there may
be a natural preference for the environment of a dense forest over an empty road or a rather
open space within a city. Consequently, future studies should take these aspects into account
while selecting the virtual environments to be compared.

In this work, the visual stimuli of natural and urban environment were accompanied by
the respective auditory stimuli recorded from that environment. In other words, while seeing
either 360¶ videos or photo slideshows of forest environment, our participants could listen to
the sound of birds singing in that forest. The selected urban environment for this study was an
empty old town in which mostly a soft wind breeze could be heard. As mentioned earlier, our
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main reason for including the auditory stimuli was to increase the feeling of presence [338, 153].
However, since Annerstedt et al. [15] showed that recovery from stress by exposure to VR
nature was enhanced when the environment had nature sounds, one may consider to repeat
the present experiment to investigate the e�ects of pure visual stimuli. Furthermore, in the
360¶ videos of the forest, subtle movements of the leaves of the trees caused by the wind
breeze as well as the changes of the sunlight when shined through the trees were observable.
Such subtle changes could indeed not be observed in the urban environment. We consider
this as a limitation of this work. Thus, future studies may decide to provide an urban scene
with a comparable level of movement as the forest.

In addition, in this experiment, the conventional photo slideshows were displayed using a
VR HMD which was required for presenting the 360¶ videos but not for the photo slideshow.
On the one hand, using the HMD for both conditions enabled us to control for unintentional
e�ects of the display medium while comparing the immersion properties of the presented ma-
terials (i.e., 360¶ videos or conventional photos), but on the other hand limited us from gener-
alizing the findings to other display media. As presentation of conventional photo slideshows
on a monitor may not produce the same e�ects as presenting them using an HMD and remains
a topic for further research.

In sum, the benefits of interacting with real or virtual nature has been reported in previ-
ous studies. Virtual exposure to nature has been administered classically using conventional
photos and recently using immersive 360¶ videos or computer generated models of nature. In
this chapter, we aimed to answer the question of whether immersive 360¶ videos of nature
intensify its positive e�ects on mood, stress recovery, and cognition compared to conventional
photos of nature. Our results suggest that indeed exposure to photos of a forest environ-
ment su�ce to prevent mood disturbance observed in response to urban exposure, reduce
physiological arousal, and improve cognition. In addition, photos of either urban or forest en-
vironment were both more e�ective in reducing physiological arousal compared to immersive
360¶ videos. Thus, in contrast to our priori hypothesis, more immersive presentation of the
forest environment could not lead to more positive e�ects of nature.
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5 Chapter 5

E�ects of Virtual Audience Size on
Social Anxiety during Public
Speaking

Prior studies have explored the possibility of inducing Social Anxiety (SA) in VR. Among
various existing protocols for this purpose, TSST has been proven to be robust in evoking SA
in the majority of participants in both in vivo as well as VR conditions. The TSST consists of
giving a speech and performing mental arithmetic calculations each for five minutes in front
of three persons. In this chapter, an adaptation of TSST will be presented which aims at
investigating the e�ects of di�erent numbers of VHs (i.e., three, six, or fifteen) on perceived
SA. In addition, the results were compared to an in vivo TSST with three real persons in the
audience. Twenty four participants took part in this experiment. As a result, physiological
arousal could be observed with VR inducing SA yet less than in vivo TSST. Furthermore,
some of the subjective measures showed a state of anxiety experienced during the experiment.
An e�ect of the virtual audience size could be observed only in HR as a virtual audience size
of three VHs induced the highest HR responses which was significantly di�erent from an
audience of size six and fifteen.

5.1 Introduction

Anxiety disorders are the most widespread category of mental disorders, while Social Anxiety
Disorder (SAD) also known as social phobia is the most common type [347]. People with
SAD avoid social interactions with others. Their concern is saying or doing something that
causes embarrassment and humiliation. As a result, they often su�er from low self-esteem,
high self-criticism, and depressive symptoms [347].

There are several psychological and pharmacological treatment methods for SAD. ET is
one of the most commonly used CBT methods [176, 100]. ET relies on the assumption that
SAD is a conditioned (i.e., learned) reaction and exposure provides an opportunity for de-
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conditioning (i.e., corrective learning) of the anxious responses [100]. Therefore, patients are
carefully exposed to the anxiety provoking stimuli, i.e., situations, people, or places which
trigger their anxiety, in order to enable them to gradually control their anxious reactions.

In this context, VR has enormous potential to facilitate therapy by providing a safe, con-
trolled environment for VRET. ET administered by means of VR can be applied more system-
atically and in a contextually relevant setting [264]. Real-time feedback, enhanced ecological
validity, low-cost environments, which can be duplicated and distributed are some of the
benefits of using VRET [293, 292].

Furthermore, it has been suggested that users show higher preference and acceptance of VR
versus in vivo exposure. For instance, 81-89% of the subjects of a study on spider phobia [126]
and 76% of the participants of another study on specific phobia [125] chose VRET over in
vivo exposure. The refusal rates for the in vivo ET (27%) were also significantly higher than
the VRET (3%) in the latter study. Therefore, VR provides a preferred alternative and could
potentially increase the number of individuals who seek and undergo treatment.

Multiple studies using VRET have demonstrated its success in treating anxiety and spe-
cific phobias, which is even reflected in the American Psychological Association’s Practice
Guideline for the Treatment of Patients with Acute Stress Disorder and Post-traumatic
Stress Disorder [36] as well as its Presidential Task Force on Evidence-based Practice in
Psychology [258]. In particular, VRET has been used as an e�ective and evidence-based
treatment method for several psychological disorders such as post-traumatic stress disorder
[237, 244, 282, 283], fear of flight [391, 299], fear of heights [198, 96] as well as fear of public
speaking [12, 50, 177, 295, 191, 140, 383].

ET for the fear of public speaking is commonly practiced by the patient delivering a speech
in front of an audience. The audiences in this method are usually trained actors. Thus,
by using VR for the treatment, both patients and therapists can profit from the mentioned
advantages of VRET. For instance, the therapist can easily change numerous parameters of
the simulation such as the number of people in the Virtual Audience (VA), their appearance,
or their behavior. Having the same conditions in real life requires hiring and training the
same amount of actors for every single exposure. However, this flexibility also introduces new
research questions: Q1) Does the virtual audience size a�ect the VRET? and Q2) What is
the optimal virtual audience size for VRET?

Based on the Social Impact theory (SIT) [205, 206], a variety of changes in physiological
states, subjective feelings, cognition, and behaviours can occur in an individual as a result of
the (real, implied, or imagined) presence (or actions) of other individuals. Three factors play
a role in the social impact felt by the individual: strength (of the source), immediacy (of the
event), and number of source persons. According to this theory, as the number of persons
increases, the impact felt by the individual will increase, but with a negatively accelerating
power function. In other words, an increase from no audience to one person has a much
greater social impact compared to an increase in the audience size from 5 to 6 persons [236].
In a study on the e�ects of audience size during a public speaking task [236], heart rate
parameters of highly speech anxious subjects were higher during a presentation in front of an
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audience with a size of two persons compared to six people. These values were also higher
compared to a no audience (size 0) condition.

Most of the VRET applications for treating SAD and fear of public speaking have compared
no treatment vs. treatment, in vivo ET vs. VRET, and no audience vs. an audience. The
reported audience sizes were mostly kept constant within a study and only di�er between
studies. To the best of our knowledge only in one study [12] the VA size as well as the VE
were varied, but the e�ect of these changes was not reported.

In this chapter, we present a VR implementation of TSST [189] to analyze the e�ects of
di�erent virtual audience sizes. The TSST is a standardized and widely used protocol for
inducing moderate social stress in laboratory settings. In brief, TSST consists of a preparation
and a test period for delivering a speech and performing mental arithmetic in front of three
persons. In addition to the comparison of the in vivo and VR TSST, we examine the e�ects
of a change in the VA size (3, 6, or 15 virtual humans (VHs)) on the induced stress.

5.2 Related Work

The TSST was first introduced in 1993 by Kirschbaum and colleagues [189] and consists of
purely psycho-social stressors. The participants in this protocol have a short preparation
time and immediately after that they have to give a free speech and solve mental arithmetic
(each for five minutes) in front of three persons. The audience comprises always of males and
females who are trained to provide neutral feedback in response to the participants’ speech
and arithmetic performance. The participants are informed that the audience is trained in
monitoring nonverbal behavior. For further voice frequency and video analysis, they are
told that their voice and video will be recorded too. This part of the protocol is only for
the stress inducing e�ects as later after the test participants will be informed that none of
these analysis will actually be carried out. The free speech part of the test is a simulated
job interview during which the participants have to convince the audience that they are the
perfect applicant for the open position. If they finish their speech in less than five minutes
for the first time, they are told that they still have some time left and they should continue.
Whenever the interruption of the speech happens after that, the audience stays quiet for 20
seconds and then asks prepared questions. After the five minutes speech is over, the audience
instructs the participants to serially subtract number 13 from 1022 as fast and as accurately
as possible. On every wrong calculation, they are instructed to stop and start from 1022
again.

The subsequent studies and meta analysis of the TSST have confirmed its stress induction
e�ect [156, 90, 69, 109]. Consequently, it has become one of the most widely used protocols
for inducing stress to study its e�ect on not only psychological disorders such as SAD [192,
196, 297] but also on learning [172], memory [79, 229, 393], and physical health[184, 243].
The TSST can be used for both children and adults [190, 199, 200, 407] and has been shown
to be robust against protocol variations [134].

A meta analysis on VRET applications for anxiety and related disorders [70] has reported
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on eight successful VRET studies for SAD [140, 191, 295, 12, 177, 50, 383, 44]. Each
of these studies have used one or multiple VEs, which corresponded to di�erent cases of
SAD such as observation anxiety, intimacy anxiety, scrutiny anxiety, assertiveness anxiety,
and performance anxiety. The latter case of SAD has been considered in all these studies.
While one study focused on music performance anxiety [44], the rest studied the fear of public
speaking in front of a VA. However, the number, appearance, and behaviour of these audiences
were di�erent across all these studies. For instance, in one study [12] three di�erent number
of VHs (5, 35, 100) were the audience in three di�erent virtual rooms (conference room,
classroom, and auditorium), but the e�ects of the number of VHs in the audience and VE
were not reported. Another study [336] could show that speaking in front of a VA, compared
to an empty virtual room, could significantly increase the signs of anxiety in people with
SAD. Although their VA showed various negative, neutral, and positive behaviours during
the test, they did not report on the e�ects of a change in the behaviour of the audience. This
is unfortunate since some studies [270, 335] have suggested that speaking to VHs that provide
negative feedback can provoke greater anxiety compared to a neutral or positive audience.

In addition, some studies have monitored participants’ physiological responses, while anx-
iety responses have been assessed mostly through self-report questionnaires. For instance,
Kothgassner et al. [195] has examined three types of stress responses (self-reported, auto-
nomic, and endocrine) during a 5 minute public speaking task in an empty virtual lecture
hall or in front of 20 virtual or real (in an actual university lecture hall) audience. The assess-
ment of the HR, and salivary cortisol as well as the self-reported state anxiety demonstrated
comparable increase in all types of stress responses in both real and virtual social stimuli.

Various VR versions of TSST have been examined in previous studies [154, 173, 246, 301,
384, 412, 325, 105]. Although, the results of all these studies support the use of VR TSST
for social stress induction, the number of VHs and their behaviour does not always follow
the original TSST protocol. For instance, one pilot study [173] examined an implementation
of TSST for VR using a CAVETM system for 10 healthy male subjects. The VHs in this
study performed gentle movements during the test. Although having animated VHs could
resemble the behavior of real people in the real-life TSST, the selection of the animations could
potentially influence the neutrality of the audience. The mentioned animations of the VHs in
this study [173] (i.e., nodding of the head, moving a foot, and turning the face away from or
towards the participant) could (un-)intentionally provide positive or negative feedback to the
participant. Perhaps the most straight forward implementation of TSST protocol for VR has
been suggested by Zimmer et al. [412] in which only minor changes (e.g., shorter preparation
time without possibility to take notes) were made in the VR protocol.

5.3 Virtual Trier Social Stress Test

As mentioned before, prior implementations of TSST in VR have varied certain aspects of
the test, but often without detailed consideration of their respective e�ects. In our study, we
analyzed the e�ects of VA size in VR TSST, and compared the results with an in vivo TSST
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with the original number of juries (i.e., three persons). We implemented three conditions of
the TSST for the purpose of this study. The VEs consist of a neutral room (which was not a
one-to-one recreation, but similar to the physical room), a table, and three di�erent number
of VHs, which are arranged as following: N3) three VHs in the first row (Figure 5.1(a)), N6)
six VHs in the first row (Figure 5.1(b)), and N15) fifteen VHs, six in the first row, five in
the second row sitting in between the six so that the participant was able to see their faces
clearly (not directly behind the VHs in the front row), and four in the third row, again sitting
between the five persons seated in the previous row (Figure 5.1(c)).

These sizes for the VA were chosen to represent the original TSST audience size (N3),
two times larger (N6), and five times larger (N15) than the original size (N3) and almost
double the size of the level in between (N6). The number 15 was carefully chosen to serve an
additional function, which was making the virtual room appear full of visible VHs. Moreover,
the gender of the VHs was always in a proportion of two males and one female and their age
was between 40 and 60 years old. Their clothing was also fixed to half of the male VHs wearing
a white medical coat and the rest business suits. These settings were inline with the in vivo
juries’ age, gender, and clothing. Moreover, VHs presented a neutral facial expression and
various neutral postures. VHs randomly changed their sitting positions between conditions.
The animations, such as crossing the legs, were designed to increase the lively properties of
the VHs but nonetheless not convey positive or negative feedback. Furthermore, they fully
payed attention to the participant. That is, their head and eyes followed the participant’s
head, which gave an impression of having continuous eye contact. Finally, the main VH
(i.e., the male VH in the white medical coat in the first row who was presented in all three
conditions) welcomed the participants, gave them necessary instructions, and asked prepared
questions during the test.

5.4 Experiment

We ran a user study to compare the in vivo and VR TSSTs in terms of the evoked stress and
to find out whether the number of VHs can change the participants’ perceived SA. Since some
studies [318] suggest that the individuals with SAD avoid mutual gaze in social interactions,
we hypothesized that the higher their level of SAD, the more the participants would avoid
looking at the most stressful elements in the VE. We assumed that the VHs are the most
stressful elements and particularly the ones in white medical coats (e.g., the main VH in N3).

Therefore, the following hypotheses were formulated: H1) In vivo TSST can evoke SA.
H2) VR TSST can evoke SA. H3) The evoked SA of VR is as high as in vivo. H4) SA in
VR increases with an increase in the size of VA. H5) In VR, the main VH of N3 will be the
most avoided VA. H6) The avoidance rate towards the main VH is positively correlated with
the level of SAD.

This study was approved by the local Ethics Commission of the Department of Informatics
of the Faculty of Mathematics, Informatics and Natural Sciences of Universität Hamburg and
was performed in the group therapy room of the anxiety and obsessive-compulsive disorder
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(a)

(b)

(c)

Figure 5.1: TSST in VR: (a) N3: three VHs (b) N6: six VHs (c) N15: fifteen VHs
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station at the University Medical Center Hamburg-Eppendorf.

5.4.1 Participants

The recruitment was accomplished by means of mailing lists, online job markets, and uni-
versity boards. Since the entire experiment was designed to be conducted in German lan-
guage, having su�cient German language skill (not necessarily as mother tongue) was required
(min=4, max=5, mean=4.92, SD=.28, on a 5-point Likert scale). To be more precise, only
two participants rated their German skills 4 and the rest selected 5. The exclusion criteria
were any history of psychiatric disorders, consumption of any medication which may influence
the perception of stress, and age below 18 or above 55 years. Most of the participants (18
people, 72%) did not have any vision correction, 5 people had glasses, and 2 contact lens
corrections. Furthermore, 16 participants (64%) had prior VR experience. None of them
had any balance disorders nor smoked (since nicotine consumption can influence the stress
responsiveness [189]). All applicants were also screened using the MINI [155].

Moreover, we used three questionnaires to estimate the SA level of the participants. The
first questionnaire was the Social Phobia Diagnostic Questionnaire (SPDQ) [253]. Following
the DSM-IV model for social phobia, SPDQ has 25 items including several yes/no questions
and symptom rating 5-point Likert scales. The SPDQ total score can range from 0 to 27.
The eligibility criteria for this study was SPDQ total score Ø 1 and our participants had an
average SPDQ of 4.86 (SD=3.25). 24 people (age=28.17 (SD=7.54), 18 females) out of 316
applicants were eligible to take part in the study.

While SPDQ is a diagnostic assessment tool based on DSM-IV, Liebowitz Social Anxiety
Scale (LSAS) [223] is designed as a clinician-rated measure of a person’s level of fear and
avoidance in social situations. To be in line with the extensive body of literature based on
LSAS, it was administered as a complementary measure for the SAD level. This questionnaire
has 24 items, each of which describes a social situation which can evoke anxiety and avoidance.
The SA in this questionnaire was calculated by summing up the rated fear and avoidance for
all 24 items (0-144). The mean LSAS score of our participants was 31.22 (SD=19.42).

STADI-T was also used to estimate the participants’ tendency to perceive stress. See
Chapter 3, Section 3.4.1 for more information about the questionnaire. The mean value of
all participants was 34.39 (SD=7.46).

5.4.2 Materials

The VR TSST application was developed using Unity 3D game engine and C# programming
language. The VHs were composed and animated using Adobe Fuse CC and Mixamo. Facial
blend shapes were created using Blender to create visemes and were synced with the main
VH’s speech using the Oculus Lipsync plug-in. The speeches were generated using an online
Text-to-Speech service1. The quality of the generated sounds was approved by the clinical
experts of the team (i.e., it was not considered artificial nor a source of distraction). For

1http://www.fromtexttospeech.com/, language: German, voice: Michael, speed: fast
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rendering, system control, and logging an Intel Computer with Core i7 7700K processor,
32GB DDR4-RAM, and MSI GeForce GTX1080Ti 11GB Founders Edition graphics card
was used. The experimenter used a monitor, a wireless mouse, and a keyboard to run the
Wizard of Oz setup (i.e., a setup which is operated by the experimenter but seems to be
autonomous, e. g., when the main VH reacts to the participant and speaks, the experimenter
decides whether and what he should say but the participant is not aware of this).

To measure stress, we employed several physiological measures and questionnaires. Physio-
logical measures included salivary cortisol, GSR, and HR. In addition, we tracked participants’
head direction in VR by casting a ray from the virtual camera to record the number of times
it hit the VHs. This is particularly helpful for distinguishing those VHs, at which the user
looked or avoided looking during the test. The distance between the participant and the VHs
as well as the juries in the in vivo condition was fixed at 2.5 meters. Thus, the real and virtual
audiences were in the participant’s social zone [136].

The participant wore an HTC Vive HMD, a headphone, Neulog GSR (worn on the non-
dominant hand), and a SCHILLER’s medilog R• AR12 plus Electrocardiogram (ECG) sensor.
The questionnaires were completed on a laptop (Intel(R) Core(TM) i5 2.5GHz processor, 8
GB RAM, and an Nvidia GeForce GTX 1050 graphics card) placed close to the participant
on a small rolling table that could easily be placed in front of the participant. In the in
vivo condition, this laptop was also used for recording from the GSR and Pulse sensors. The
cortisol samples were taken using the Salivette R• cotton swabs with 20mg citric acid. To take
a saliva sample a cotton swab was chewed for exactly 1 minute by the participant. For this
purpose, the participants were asked to not eat or drink except water for at least 30 minutes
prior to the study.

In addition, we measured the participants’ emotions using STADI-S and Self-Assessment
Manikin (SAM) questionnaire [56], which is a non-verbal pictorial tool to assess a�ective
dimensions of pleasure, arousal, and dominance.

After each TSST, the participants were given a self-made graph paper which asked them to
state the degree of their fear on a scale of 0 (no fear) to 10 (extreme fear) for each minute of the
TSST. This measure is common in the therapeutic context to rate therapeutic sessions. We
did not receive any complaints when our participants understood and completed the task. We
calculated the total fear score of each condition by summing up the values of all 10 minutes.
This produced a scored between 0 to 100.

Moreover, we designed a questionnaire, namely State Social Anxiety (SSA), for the purpose
of this study to address detailed aspects of the social anxiety state of participants during the
speech part of the TSST. It consists of 8 items, two of which have respectively 16 and 7
sub-items. All items and their sub-items were to be answered on a 5-point Likert scale which
range from 0 (not at all) to 4 (very strongly). The total score of this questionnaire can be
calculated by summing the responses to all questions which can range from 0-116.

The Co-Presence and Social Presence questionnaire [273] was also used to measure partic-
ipants’ perceived feeling of VHs’ social presence. It has 15 statements to measure four sub-
dimensions of social presence using 5-point Likert scales (1=strongly disagree - 5=strongly
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agree).
The VR simulator sickness was measured by means of Kennedy’s SSQ [186]. The Kennedy’s

procedure was followed for scoring the SSQ. That is, the sum of items 1, 6-9, and 15-16 giving
S1 were multiplied by 9.54 to calculate the Nausea’s value; the sum of items 1-5, 9, and 11
(S2) was multiplied by 7.58 resulted in the Oculomotor’s value; and the sum of items 5, 8, and
10-14 (S3) was multiplied by 13.92 for the Disorientation’s value. The total SSQ score was
then computed by summing up S1-S3 and multiplying it by 3.74. Besides, we used IPQ [316]
to measure the experienced sense of presence in VR. It has to be mentioned that the German
version of all questionnaires (including IPQ) were used in this experiment.

5.4.3 Methods

We used a within-subject experimental design with three TSSTs in VR (N3, N6, and N15)
and one in vivo TSST. All participants signed an informed consent form prior to the study
and underwent all conditions. The in vivo and VR TSSTs were conducted on two separate
sessions whose day of the week and time of the day were kept the same for each participant.
For instance, P1 could have the in vivo session on Tuesday at 9 a.m. and the VR TSST on
Tuesday at 9 a.m. one week before or after the in vivo session. The order of VR and in vivo
TSST were fully counterbalanced. Thus, half of the participants started with the in vivo first
and the other half with VR first. The order of VR TSSTs were as well fully counterbalanced
within the VR session. The procedure of the VR and in vivo TSSTs were as following:

• Baseline: the participant is welcomed, fills out the consent form, gives the first cortisol
sample, gets sensors attached, and fills out the following questionnaires in this order:
demographic (only in the VR session), SSQ (only in the VR session), SAM, STADI-S.

• Preparation: in VR, an overlay text gives a short explanation of the participant’s
tasks. It is also stated in this introductory text that the VHs will concentrate on the
non-verbal behaviors of the participants and that during the test their video and voice
will be recorded for later analysis. The experimenter gives this information to the
participant in the in vivo condition. Then they receive a job title, a pen, a paper and 5
minutes time to prepare themselves for the given job interview. The job titles used were
police o�cer, teacher, travel tour guide, and salesperson. These titles were selected as it
was assumed that they could potentially induce SA due to their need for interaction with
other people and were selected based on the assumption that everyone knows enough
about the job to apply for it. The order of the job titles were counterbalanced as well.
A cortisol sample was taken and two questionnaires, i.e., SAM and STADI-S were filled
out in the end of the preparation time.

• TSST: The test consists of two parts:

- Presentation: depending on the given order to the user, the VR application shows
three (N3), six (N6), or fifteen (N15) VHs. In the beginning, the main VH (or main jury
member in the in vivo condition) asks the participants to deliver their speech during
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the next 5 minutes. If they stop talking for the first time, he will encourage them to
continue and states that there is still some time left. If they cannot continue any further,
the main VH/jury will put any of the eighteen prepared questions (e.g., Why haven’t
you found a position yet?). The questions were chosen at any time by the experimenter
through the Wizard of Oz setup in the VR or by the main jury in the in vivo condition
and were tried to match the content of the given speech. There were no substantial
di�erences in the selected questions for each participant as the number of questions was
limited and they were distributed among all three presentations (N3, N6, and N15). If
needed, the VH/jury could encourage the participant to speak louder or indicate that
he is not able to answer their questions (if the participant asks a question).

- Math: after 5 minutes of presentation, the main VH or jury asks the participant to
subtract serially the number 13 from 1022, 1333, 1555, or 1777 respectively in N3, N6,
N15, or in vivo condition (i.e., the starting number is fixed per condition). The partic-
ipants do not receive any feedback when they give the right answers, but immediately
after giving an incorrect answer they are asked to start from the beginning. This phase
lasted for 5 minutes. After each TSST a cortisol sample was taken and the following
questionnaires were filled out in this sequence: SAM, SSQ (only after the last TSST
(i.e. TSST3) in the VR session), STADI-S, SSA, Co-Presence and Social Presence (only
in the VR session), self-estimated fear, and IPQ (only after TSST3 in the VR session).

• Rest: the participants were allowed to rest for 5 minutes after each TSST and for 20
minutes in the end of the session. After that a cortisol sample was taken.

The in vivo session lasted for approximately 1 hour and 20 minutes and the VR session for 2
hours and 15 minutes. The entire length of the experiment was therefore about 3 hours and
35 minutes. After the study, the participants were compensated with course credits (if they
were students) and up to 60 Euro.

5.4.4 Results

An – level of .05 was used for all statistical tests. The normality of the data was tested
using the Shapiro-Wilk test. In case of violation of the sphericity assumption by Mauchly’s
test, degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity. The
p-value of the pairwise comparisons were corrected using the Bonferroni method (referred to
p.adj in the rest of the chapter).

Physiological Measures

Heart Rate (HR)

The raw ECG signals were manually denoised using medilog R• Darwin V2 software. The
HR data were normally distributed based on the Shapiro-Wilk test. The repeated-measures
ANOVA on HR values showed a significant di�erence between di�erent stages of the in
vivo TSST (F (1.88, 43.34) = 49.91, p < .001, ÷

2
G

= .32). The pairwise t-test comparisons
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(a) (b)

(c) (d)

(e) (f)

Figure 5.2: Physiological measures (a,b) HR (c,d) GSR (e,f) Cortisol. (a,c,e): realism e�ect (in
vivo vs. VR-N3); (b,d,f) VA size e�ect in VR
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revealed that the HR during the in vivo TSST was significantly higher than the baseline
(p < .001, p.adj < .001) and the resting state (p < .001, p.adj < .001) which supports H1.
The post-hoc power analysis with a repeated-measures correlation of .77 showed the power
of .99.

The repeated-measures ANOVA showed also significant di�erences between di�erent stages
of N3 (F (1.49, 34.25) = 20.13, p < .001, ÷

2
G

= .08), N6 (F (2.1, 48.5) = 20.4, p < .001, ÷
2
G

=
.06), and N15 (F (2.14, 49.17) = 29.22, p < .001, ÷

2
G

= .1). The pairwise comparisons showed
that the resting state was significantly lower than N3 (p < .001, p.adj < .001), N6 (p <

.001, p.adj < .001), and N15 (p < .001, p.adj = .001) which support H2.

The comparison between the in vivo TSST and N3 for all participants suggested a significant
main e�ect of realism (F (1, 23) = 55.63, p < .001, ÷

2
G

= .15) and an interaction e�ect between
realism and TSST stages (F (1.8, 41.8) = 25.1, p < .001, ÷

2
G

= .06). The pairwise comparisons
also revealed that HR during in vivo TSST was significantly higher than N3 (p = .002, p.adj =
.002). Similarly, when comparing the in vivo with N3 as the first TSST in VR (see Figure
5.2(a)) a significant di�erence between VR and in vivo (F (1, 7) = 39.55, p < .001, ÷

2
G

=
.32) was found. There was a significant interaction e�ect of the realism and TSST stages
(F (1.48, 10.42) = 9.17, p < .001, ÷

2
G

= .15) as well. The post-hoc power analysis suggested
a power of .6 for this part of the test. The post-hoc pairwise t-tests indicated that the HR
during in vivo TSST was significantly higher than N3 (p < .001, p.adj < .001). Thus, H3
cannot be supported by the HR data. The HR of those participants who experienced VR for
the first time in our experiment did not di�er significantly from the rest of the participant,
considering N3 as the first TSST in VR (p = .582, p.adj = .58) or regardless of its order of
presentation during VR session (p = .079, p.adj = .079).

To examine H4, we first compared N3, N6, and N15 regardless of their order of presentation
to the participants. The repeated-measures ANOVA showed a significant di�erence between
them (F (2, 46) = 27.27, p < .001, ÷

2
G

= .1). Although the original p-value of the pairwise
comparisons suggested a di�erence between N3 and N15 (p = .03), the Bonferroni corrected
p-value did not show a significant di�erence (p.adj = .09). Thus, we looked into the HR
values during N3, N6, and N15 when they were the first, second, and third TSST of the VR
session. For the first TSST (see Figure 5.2(b)), ANOVA suggested a significant e�ect of the
VA size on HR (F (2, 21) = 5.33, p = .013, ÷

2
G

= .34). The post-hoc unpaired t-tests also
showed that the HR during N3 was significantly higher than N15 (p = .007, p.adj = .02) and
N6 (p = .02, p.adj = .03). We could not find a significant e�ect of VA size for the second
TSST. For the third TSST again ANOVA suggested a significant di�erence between VA sizes
(F (2, 21) = 4.78, p = .019, ÷

2
G

= .31). The post-hoc tests showed that N3 was significantly
higher than N6 (p = .016, p.adj = .049). Although a trend towards higher N3 compared
to N15 during TSST3 could be observed, the di�erences were not statistically significant
(p = .03, p.adj = .069). The post-hoc power analysis showed a power of .75 for this part.
Thus, H4 could not be confirmed, yet an e�ect on the opposite direction (i.e., a decrease of
SA with an increase in VA size) could be observed.
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Galvanic Skin Response (GSR)

The GSR data were sampled at 60 Hz and smoothed using a low-pass Butterworth filter with
the cuto� frequency at 1 Hz and normalized using the following formula [230, 149]:

G̃ = g ≠ min(ḡ)
max(ḡ) ≠ min(ḡ) (5.1)

Where G is the raw GSR signal, g the smoothed version of G, ḡ the signal taken over the entire
session, and G̃ the normalized signal. G̃ was used for the entire analysis whose normality could
not be assumed based on the Shapiro-Wilk test.

The Friedman test suggested a significant di�erence between di�erent stages of the in vivo
TSST (‰2 = 49.1, p < .001). The pairwise Wilcoxon tests showed that the GSR during the
in vivo TSST was significantly higher than baseline (p < .001, p.adj < .001), preparation
(p = .002, p.adj = .017), and resting state (p < .001, p.adj < .001). Thus, H1 could be
confirmed.

The Friedman test also showed significant di�erences for di�erent stages of the N3 (‰2 =
25.25, p < .001), N6 (‰2 = 27.55, p < .001), and N15 (‰2 = 31.55, p < .001). The pairwise
Wilcoxon tests revealed the VR TSSTs were significantly higher than their baseline (N3:
p < .001, p.adj < .001, N6: p < .001, p.adj < .001, N15: p < .001, p.adj = .003) and the
resting (N3: p = .001, p.adj = .006, N6: p = .001, p.adj = .006, N15: p = .001, p.adj = .006)
states. Thus, H2 can be supported by GSR data.

The comparison between in vivo TSST and N3 for all participants using the Friedman test
suggested a significant di�erence between the conditions (‰2 = 94.6, p < .001). The Wilcoxon
test suggested that the GSR values were significantly higher (p < .001, p.adj = .009) during
the in vivo exposure compared to the N3 for all participants. When looking at the N3 when
it was the first TSST of the VR session (see Figure 5.2(c)), the GSR values during the test
did not di�er significantly (p = .313, p.adj = .31). Thus, H3 could not be supported for all
participants but rather for those who experienced N3 as the first VR TSST. In other words,
N3 as the first TSST evoked as high SA as in vivo TSST. Besides, the GSR of the VR first
users did not di�er significantly from the rest of the participant, considering N3 as the first
TSST in VR (p = .643, p.adj = .64).

The comparison between N3, N6, and N15 did not show any significant e�ect of VA size
when considering all TSSTs using the Friedman test (‰2 = .75, p = .69) or only the first one
in VR using the Kruskal-Wallis test (‰2 = 1.22, p = .54) (see Figure 5.2(d)). Thus, H4 could
not be supported by GSR data.

Salivary Cortisol

The salivary samples were normally centrifuged directly, unless the experiment of the day was
finished after the laboratory’s working hours. In this case, they were stored in a refrigerator
with a temperature of 5¶C to be analyzed on the following day. The samples were centrifuged
in a sigma type 4 K 15 centrifuge for 10 minutes at 4000 rpm (revolutions per minute) at
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a temperature of 4¶C. The centrifugate is stored in a -80¶C freezer and the samples were
stored at this temperature after centrifugation for max. 3 weeks. The analysis of the cortisol
kits (from DRG, Marburg) was measured on the RIA star of Packard (now Perkin Elmer).
Quality controls from Bio Rad (name: Lypocheck Immunoassay Plus, level 1-3) were used
and treated as the saliva samples to be analyzed. The normality of the cortisol data could
not be assumed using the Shapiro Wilk test. The Grubbs test on these data detected one
data point in VR baseline (value=10) and two data points in VR Rest (values: 19.7 and 3.8)
as outliers which were removed for the analysis.

Based on the Friedman test, the cortisol values were significantly di�erent during di�erent
stages of the in vivo exposure (‰2 = 12.04, p = .007). The post-hoc test revealed that the
TSST was significantly higher than the preparation (p = .002, p.adj = .01) and the rest
(p = .002, p.adj = .02) which support H1.

The Friedman test also showed that di�erent stages of the N3 (‰2 = 28.36, p < .001),
N6 (‰2 = 25.92, p < .001), and N15 (‰2 = 28.78, p < .001) were significantly di�erent.
The pairwise Wilcoxon tests suggests that the resting state is significantly lower than N3
(p = .002, p.adj = .007), N6 (p = .006, p.adj = .017), and N15 (p < .001, p.adj < .001) which
partially support H2.

The comparison between in vivo and N3 for all participants using the Friedman test showed
a significant di�erence between conditions (‰2 = 57.25, p < .001). The pairwise comparisons
using Wilcoxon test revealed that cortisol values were significantly higher during in vivo TSST
compared to N3 for all participants (p = .002, p.adj = .037) as well as those who experienced
it as the first TSST of the VR session (p = .007, p.adj = .007) (see Figure 5.2(e)). Thus, H3
could not be supported. Similar to HR and GSR, the cortisol values of the VR first users did
not di�er significantly from the rest of the participant (p = .736, p.adj = .74).

We could not find a significant e�ect of VA size on cortisol data using the Friedman test
when considering all TSSTs (‰2 = 1.3, p = .52) or only the first one in VR using the Kruskal-
Wallis test (‰2 = 1.27, p = .53). However, as it can be seen in Figure 5.2(f), a trend towards
higher cortisol for smaller VA size (i.e., N3) can be observed.

Head Direction

Looking at the frequency of the ray hits across all VR conditions showed that the participants’
heads were directed towards the main VH 59.54% of the times, after that comes the female
(18.53%) and male (4.23%) VH of the N3 condition (who are also present in N6 and N15
conditions). Thus, H5 could not be confirmed. In order to examine H6, we concentrated only
on the N3 condition. To do so, we calculated the avoidance rate using the following formula:

avoidanceV Hs = totals ≠ lookedV Hs

totals
(5.2)

Where avoidanceV Hs is the avoidance per VH and per subject, totals for each subject is the
total number of times which the ray hit any VH, and lookedV Hs is the number of times the
subject has looked at the specific VH. Since the Shapiro-Wilk test did not show the normality
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of the data, a Spearman’s rank correlation test was performed between the avoidance rates
and the subjects’ total SPDQ score. The results did not show a significant correlation between
these values (rho = ≠.004, p = .97). Additionally, LSAS (rho = .04, p = .71) values were not
significantly correlated with the avoidance rates. Furthermore, the attention/avoidance rates
to/from the male or female VHs as well as the SPDQ scores were not significantly di�erent
across female and male participants. Thus, H6 could not be confirmed.

Mental Arithmetic Performance

The performance of the participants in the mental arithmetic part of the VR TSSTs were
recorded. The total number of attempts as well as the error and success rates (total number
of incorrect or correct answers divided by the total number of attempts) are shown in Table
5.1. There were no significant di�erences for the total number of attempts, error, and success
rates between conditions.

Questionnaires

Self-Assessment Manikin (SAM)

By depicting the mean responses of all participants (see Table 5.2) in a pleasure x arousal
space and based on the Russell’s circumplex model of a�ect [303], we can conclude that our
participants were distressed during in vivo and VR TSSTs. The results of the Friedman test
suggested a significant di�erence between in vivo and VR TSSTs and their di�erent stages
for arousal (‰2 = 38.99, p < .001) and pleasure (‰2 = 49.23, p < .001). However, the pairwise
comparisons indicated that the arousal and pleasure values of the VR and in vivo TSSTs were
not significantly di�erent from one another. Besides, we could not find a significant di�erence
between dominance values (‰2 = 16.6, p = .055).

State Trait Anxiety Depression Inventory-State (STADI-S)

The mean values of STADI-S for all participants can be seen in Table 5.2. These values
represent a high anxiety in all conditions. The Friedman test (‰2 = 44.23, p < .001) sug-
gested a significant di�erence between the conditions but the pairwise comparisons were not
significantly di�erent.

Self-Estimated Fear

Table 5.2 shows the total fear scores of all participants per condition. The Friedman test was
used which suggested a significant di�erence between the conditions (‰2 = 12.43, p = .006)
but the post-hoc test did not show any significant di�erences. We also looked into the two
parts of the TSST, namely the 5 minutes speech and 5 minutes arithmetic solving. The
Wilcoxon test did not show any significant di�erences between the fear reported in these two
parts. We ran also the Friedman test separately for each part. Only for the speech part, a
di�erence between the conditions (‰2 = 21.18, p < .001) were found but the post-hoc test
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Table 5.1: Mental Arithmetic Performance. Mean (SD) of error and success rates as well as the
total number of attempts per condition.

Condition Error Rate Success Rate Total Attempts

N3 .08 (.06) .92 (.06) 50.46 (19.98)
N6 .1 (.09) .9 (.09) 53.2 (23.62)
N15 .14 (.24) .86 (.24) 52.46 (23.48)

did not show any significant di�erence.

State Social Anxiety (SSA)

Table 5.2 shows the total SSA score of all participants per condition. The Friedman test did
not show any significant di�erence between conditions.

Co-Presence and Social Presence (Co-SP)

As it can be seen in Table 5.3 only the (Co-)Presence of the VHs scale was rated above the
medium in all conditions. This suggests that the participants were aware of the presence of
the VHs in the VE. The Friedman test did not show any significant di�erence between the
conditions for any of the four factors of this questionnaire.

Simulator Sickness Questionnaire (SSQ)

We looked into the three distinct symptoms of the simulator sickness namely Oculomotor,
Disorientation, and Nausea and could not find any significant di�erence between their pre- and
post-measurements (see Table 5.4) using the Wilcoxon test. We found, however, a significant
increase in the SSQ total score (TS) (Z = -2.02, p = .04) from pre- to post-measurements.
Nevertheless, the mean score of 21.19 measured after the experiment indicates still a relatively
low simulator sickness. Besides, no incidents or symptoms of simulator sickness were reported
by the participants.

Igroup presence questionnaire (IPQ)

Table 5.5 shows the measurements of the General Presence (PRES), Spatial Presence (SP),
Involvement (INV), Experienced Realism (REAL), and the IPQ total score. These values are
in line with the similar measurements for VR using HMD [279, 198]. Since Price et al. [279]
suggested that IPQ total presence scores are associated with the fear experienced in VR, we
ran multiple Spearman’s rank correlation tests between IPQ scores and the self reported fear
values. No significant correlation was observed. In addition, we looked into the correlation of
the GSR data (suggesting an objective measure for arousal) with the IPQ scores. A significant
positive correlation between N6 and INV (rho=.527, p = .008) was found.



5.4 Experiment 77

Table 5.2: M (SD) of SAM (pleasure (P), arousal (A), dominance (D)), STADI-S, self-estimated
fear (Fear), and SSA.

Questionnaire in vivo N3 N6 N15

SAM: P 3.54 (1.41) 4.25 (1.36) 4.08 (1.5) 3.88 (1.19)
SAM: A 6 (2.09) 6.54 (1.84) 6.42 (1.69) 6.58 (1.74)
SAM: D 4.96 (1.43) 4.83 (1.52) 5 (1.67) 4.96 (1.57)

STADI-S 33.46 (7.59) 32.79 (9.04) 34.83 (9.28) 34.13 (8.06)
Fear 41.92 (21.66) 31.04 (24.7) 32.08 (23.2) 32.17 (22.52)
SSA 28 (14.78) 21.42 (17.61) 21.38 (18.04) 18.5 (14.73)

Table 5.3: Co-Presence and Social Presence, M (SD)
Scale N3 N6 N15

Presenter’s Reaction to VHs 2.33 (1.28) 2.11 (1.15) 2.28 (1.14)
Perceived VHs’ Reaction 2.02 (1.17) 1.98 (1.05) 2.04 (1.06)

Impression of Interaction Possibilities 2.15 (1.16) 2.01 (1.26) 2.11 (1.15)
(Co-)Presence of the VHs 2.9 (1.58) 2.78 (1.59) 2.83 (1.48)

Table 5.4: SSQ
Scale Pre: M (SD) Post: M (SD)

Nausea 11.13 (12.15) 20.27 (23.92)
Oculomotor 12.95 (15.72) 20.21 (14.94)

Disorientation 6.38 (17.88) 12.18 (15.53)
Total Score 12.47 (15.43) 21.19 (18.71)

Table 5.5: IPQ
Scale M (SD)

PRES 4.21 (1.89)
SP 19.88 (5.03)

INV 13.71 (2.26)
REAL 12.5 (1.9)

TS 50.29 (8.52)
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5.4.5 Discussion

We assessed anxiety responses to three versions of TSST for VR (with 3, 6, or 15 VHs) and
for an in vivo TSST with three persons. Several objective and subjective measures were
employed for this purpose whose results are summarized in this section.

The HR analysis showed a significant increase from the in vivo baseline to the TSST and
then a significant decrease from the TSST to the resting state. In VR, these changes could
be observed in a more moderate pace, which resulted in a significant decrease from the TSST
to the resting state. Moreover, N3 induced the highest values for HR during the entire VR
session, which was significantly higher than N6 and N15 during the first VR TSST. These
results confirms findings from previous work (e.g. [236]), which have shown that an audience
of a smaller size can induce stronger SA responses in particular visible in the HR.

A significant arousal could be also observed in the GSR values during both VR and in vivo
TSSTs, where VR was not significantly di�erent from the in vivo TSST. The audience size
did not a�ect the GSR values significantly, as they were high for all three sizes (N3, N6, and
N15) during the first TSST in VR.

The salivary cortisol values showed a significant increase from the preparation to the in vivo
TSST and a decrease to the resting state. The in vivo cortisol values were also higher than in
VR. Moreover, the changes in the number of VHs did not significantly a�ect the cortisol values.
Concerning cortisol, it is worth noting that some studies have noted the biological di�erences
of SAD patients. For instance, Furlan et al. [122] reported on hypothalamic-pituitary-adrenal
axis abnormalities among a group of SAD patients. This abnormality has been observed
in the form of a decrease in the salivary cortisol in response to a psychologically stressful
task (i.e., a speech task). Similarly, Klumbies et al. [192] classified their participants into
two groups of responders and non-responders while analysing the salivary cortisol responses.
Therefore, our salivary cortisol measures may not be directly comparable to data from other
VR TSST studies on healthy participants.

The VR TSSTs o�ered the possibility to track the participants’ heads. Although eye-
tracking is a more reliable method for measuring the visual attention, it is still possible
to approximate the gaze by tracking the head. The results of this analysis suggest that
participants’ heads were most of the times directed towards the main VH. Neither the VHs’
avoidance rates nor the attention rates (the frequency of head directions towards the specific
VHs divided by the total number of recorded head directions) were significantly correlated
with the SAD severity of the participants (i.e., total SPDQ score). Thus, we conclude that
the participants were equally and mostly looking at and likely paying attention to the main
VH and neither avoidance nor attention rates in head direction were informative measures in
the present study.

Moreover, the TSST o�ers a cognitive variable by means of the assessment of the partic-
ipants’ mental arithmetic performance. Surprisingly, the success rates for the given mental
task were quite high (86-92%). That is, across all three VR TSSTs, the participants made
only a few errors (8-14% of the times), which may indicate a ceiling e�ect that may have
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obscured di�erences between conditions. Furthermore, there was no significant correlation
between the SPDQ scores and the error rates. Future studies may consider to use a time
limit to respond in order to make the task more di�cult and therewith avoid ceiling e�ects.

Besides the above mentioned objective measures, subjective questionnaires were evaluated.
The results of the SAM suggested that the participants were distressed during VR and in vivo
TSSTs. The results of the STADI-S also indicated a state of low anxiety for all conditions
with no significant di�erence between them. The participants, moreover, did not rate the
TSSTs as extremely stressful. As they estimated their fear during the tests on a scale of
0-100 on average 41.92 for in vivo, 31.04 for N3, 32.08 for N6, and 32.17 for N15. In order to
assess subjectively di�erent aspects of the speech part of the TSST, we developed the State
Social Anxiety questionnaire. The mean responses to this questionnaire are also rather low as
they range from 18.5 (for N15) to 28 (for in vivo) on a scale of 0-116. It has to be mentioned
that a factor analysis has to be conducted in a separate study to assess di�erent items of this
newly created questionnaire. The results of the co-presence and social presence questionnaire
which was used to measure the perceived feeling of VHs’ presence in the VE suggests that
the participants were aware of the presence of the VHs with no significant di�erence across
di�erent VR TSSTs.

In contrast to our priori hypothesis, we did not find that larger audiences in VR increased
the stress e�ects in participants. In contrast, we found that smaller audiences increased
the stress responses (in particular in HR). This finding contradicts the previously mentioned
SIT [205, 206], that predicts that the number of persons should increase the impact felt by
the individual with a negatively accelerating power function. Our results, however, are in line
with Asch’s theory [18, 19] which concludes that a group size of three is su�cient to feel the
full impact of the group. While SIT does not foresee a limit to additional impact of larger
group sizes (i.e., there is always an impact of additional group members) and Asch’s theory
does not predict any additional e�ect beyond a group size of three, the Social Influence Model
(SIM) [358] suggests that the group size is important but up to some limit. Therefore, the
second and third member of the group have greater additional impact than the first member,
the fourth member has less social influence that the third member and once a group reaches
the size of five, the individual impacts are not felt anymore and therefore any additional
increase beyond this size has no additional impact. Furthermore, a meta-review [47] of the
theories and studies on the relationship between the group size and conformity argues that the
task and setting play an important role in forming this relationship. Thus, we can conclude
that for delivering a speech and performing mental arithmetic calculations (TSST) in VR,
three VHs had an impact and induced SA. Yet, additional VHs could not induce further
SA beyond this as the group size of six and fifteen were large enough for VHs to lose their
individual impacts. It remains open if this finding is associated to the VR conditions, and if
a change of the audience size in the real TSST would have resulted in a similar e�ect. Thus,
a clear limitation of the current study is the lack of inclusion of six and fifteen real audience.
Limited range of group size is indeed a common limitation of group size studies. Most studies
have employed a group size of two to four [47] and none other than Asch [18, 19] have used
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a group size of greater than nine. Therefore, a replication of the experiments with varied
virtual as well as real audience size remains a topic for further research. However, the results
suggest that perception of VHs in VR is quite di�erent from perception of people in the real
world. Certain specifics of VR technology might have an impact on the perception of VHs.
For instance, the still limited field of view or resolution of current HMDs might degrade the
perception of VHs. In particular, more distant VHs would appear with less realism since less
pixels are available to display their behaviour or facial expressions. This might have a direct
influence on the participants perceived social presence of those VHs. However, future work
needs to be conducted to better understand the e�ects of certain VR characteristics on the
perception of VHs and the perceived SA.

5.5 Conclusion

In this chapter, we presented an adaptation of TSST for in vivo and VR to investigate
the e�ects of a change in the number of VHs on perceived SA. The analysis of di�erent
physiological and subjective measures revealed di�erent aspects of the exposure to a psycho-
socially stressful situation. Physiological arousal could be observed with VR inducing SA yet
less than in vivo TSST. STADI-S and SAM questionnaires also showed a state of anxiety
experienced during the experiment. An e�ect of the change in the number of VHs could be
observed only in the HR as the average HR in response to three VHs was higher than the
exposure to six and fifteen VHs. In future work, one could replicate the experiments, but
also vary the audience size in the real-world condition. Furthermore, we plan to explore the
e�ects of certain VR characteristics on the perception of VHs and the perceived SA since
those aspects have a direct impact on the interaction with VHs in VR in general.
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6 Chapter 6

Virtual Reality for Individuals with
Occasional Paranoid Thoughts

Individuals with paranoia often experience a high level of self-criticism and negative emotions.
Guided Compassion Focused (CF) imagery has shown to be successful in reducing these
negative emotions and paranoid thoughts. However, some individuals have di�culties with
CF imagery. By enabling a sense of presence, immersive VEs can overcome these limitations
and induce specific emotional responses to support the development of self-compassionate
feelings. In this chapter, an immersive CF (CF-VR) was compared with a controlled VR
condition in a student sample of N = 21 participants with slightly elevated symptoms of
paranoia. A virtual mission on the moon was designed and implemented to induce self-
compassionate feelings with the help of interacting with a space nebula that represented
the power of compassion. The results show that the CF-VR intervention was well accepted
and e�ective in reducing state paranoid thoughts. Worry decreased significantly within the
CF-VR group, while self-compassion increased.

6.1 Introduction

Individuals with paranoia exhibit emotional disturbances such as strong fluctuations in anxi-
ety and depressive symptoms along with self-esteem instability and high levels of self-criticism
[363, 389, 114, 163]. We need more e�ective treatments for paranoia, as e�ect sizes for classi-
cal CBT interventions are only small to medium [239, 376]. A recent meta-analysis suggested
that interventions focusing on causal mechanisms (causal interventionist approach) bring
about larger changes in delusions than classical CBT interventions [239]. As it makes sense
to assume an over-activated threat system in paranoia, interventions that target connected-
ness, kindness, and soothing might be particularly helpful for these individuals.

In CF therapy it is hypothesized that almost all psychological disorders can be attributed
to a general imbalance of three central emotion regulation systems hosting threat, drive and
excitement, and soothing [131]. All these systems serve important functions: the threat
system identifies dangers and initiates according stress responses, the drive and excitement
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system regulates approach behavior towards rewarding stimuli and activities (including social
rank competition), and the soothing system promotes bonding and feelings of (social) safeness,
warmth and connectedness. In most psychopathologies, the soothing system seems to be hypo-
functional, hypothetically often due to lack of secure attachment relationships or even trauma
in important developmental phases. Hence CF therapy aims at strengthening this system
using di�erent therapeutic strategies, such as developing sympathy and kindness towards
oneself - especially in the face of su�ering or failure. Among many other techniques, it draws
upon meditation practices and imagery to evoke compassion. According to Gilbert [132]
compassion is part of a caring, nurturing and sharing social mentality directed both at the self
and others, and this mentality seems to be underdeveloped in paranoid individuals. Therefore,
the practice of Compassion-Focused Imagery (CFI), such as imagining a caring and nurturing
being conveying compassion towards the self, might be very useful for this patient group.
However, previous studies of guided CFI in patients a�ected by psychosis [234, 20] have
shown that some individuals had di�culties with the imagery. For example, undesirable and
even scary images can appear during treatment (e.g. one patient generated a ‘ugly, repulsive,
super-human’[234]). Nevertheless, in sub-clinical populations, CFI has been shown to reduce
paranoid ideation and negative emotions [224].

VR might help to overcome limitations of guided imagery by providing controlled virtual
environments that support the development of compassionate feelings while avoiding adverse
patient imagery. VR interventions for psychotherapy are known to have several beneficial
e�ects. For instance, VRET has comparable e�ects as in vivo ET for anxiety disorders [277].
Much less is known about the beneficial e�ects of VR in the treatment of psychosis. A
first pilot trial showed that VR can reduce delusion conviction and anxiety in real-life social
situations with large e�ects [275, 113]. Besides the reduction of negative a�ect via exposure,
it seems to be possible to evoke positive, warm feelings using VR. A single session pilot trial in
depressed subjects showed that receiving compassionate gestures generated by the adult-self
towards a child-self lead to significant reductions in depression severity and self-criticism, as
well as to a significant increase in self-compassion from baseline to 4-week follow-up [99].

For our intervention, we loosely drew upon a CFI exercise (compassionate colors) from
the Compassion-Focused Therapy book for practitioners [131]. As a background scenario we
chose space, because it can evoke an overview e�ect (putting one’s existence into a larger per-
spective), and it elicits feelings of awe, connectedness with humanity, and self-transcendence
[406]. The latter phenomena have a striking conceptual overlap with Ne�’s definition of self-
compassion [252, 251], which involves three major components: common-humanity (one’s own
destiny and su�ering being part of the broader human experience), mindfulness (vs. over-
identification with problems), and kindness (vs. being judgmental). Hence, we combined a
space scenario, where individuals were sent by a mission control (audio via headphones) to the
moon (see Figure 6.1(a)) in order to explore a mysterious nebula (Figure 6.1(b)) that harbors
the power of compassion for oneself and humankind (CF-VR). Participants were gradually
guided into opening for feelings of kindness, warmth, wisdom, courage, and strength, while
also interacting with light-points within the nebula that intensified their glow by touch (sym-
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(a) (b)

(c) (d)

Figure 6.1: (a) The view of earth (b) Blue colored nebula appearing on the moon (c) The partici-
pants’ virtual body (d) The Apollo 11 lunar module

bolizing the increasing power of compassion). The exact same scenario but with a neutral
audio, that instead focused on objective qualities of the nebula and the environment (simi-
lar to mindfulness practice), was used as control condition. Both audios and scenarios were
about 10 minutes long, and the pausing and pace of the evolvement of the nebula on the
moon, alongside with the according instructions, were equal for both conditions.

The study presented in this chapter aimed at piloting the CF-VR vs. control VR in
a student sample of N = 21 participants with slightly elevated symptom levels of paranoia.
Those were individuals who indicated to experience paranoid thoughts at least once per month
on the frequency scale of the paranoia checklist [116]. Our main outcomes for this pilot trial
were paranoia and self-compassion. Furthermore, we examined changes in emotions (both
positive and negative).

6.2 Methods and Materials

6.2.1 The Space-Compassion VR application

In an e�ort to make the space experience more vivid, the space environment was created as an
animated game object with rotating planets (with clouds), day/nighttime animations of the
planet earth, and the milky way background. The user was placed on the moon surface, close
to the Apollo 11 (see Figure 6.1(d)) lunar module (taken from the o�cial NASA website) to



Virtual Reality for Individuals with Occasional Paranoid Thoughts84

create the impression of being able to take refuge or leave the moon, and still being connected
to other people. The VR experience was individualized for each participant by asking them to
choose a color they associate with wisdom, warmth, and non-judgement qualities to be used as
the color of the self-compassion nebula. To make the nebula interactive, the users were able to
manipulate the intensity of its glowing particles. To create a sense of embodiment and agency,
the participants were given a virtual body (an astronaut’s suit, see Figure 6.1(c)) which was
synchronized with that of the user using an HTC Vive Pro VR HMD, two controllers (for the
hands), and two trackers (for the feet). The Space-Compassion VR application was developed
with the Unity 3D Engine version 2018.3.11f1.

6.2.2 Procedure

This study was approved by the local Psychological Ethics Committee of the Center for
Psycho-social Medicine at UKE. The study was performed in the VR Lab at the UKE. The
recruitment was accomplished by means of mailing lists, university boards, and online adver-
tisements. Prior to the experiment, all participants underwent an online screening (T0) to
check the eligibility criteria (i.e. at least one paranoid thought per month as measured with
the paranoia checklist [116]. Furthermore, demographic data was assessed, including age,
sex, employment status, education, history of mental disorders, central nervous medication,
and visual impairment (the latter lead to exclusion). Current or past mental disorder was no
exclusion criterion. A minimum age of 18 was required, but there was no upper age limit.
About one week after the online screening, the laboratory assessment took place. During the
laboratory session, all outcomes (paranoia, self-compassion, emotions) were assessed three
times: (T1) first directly at the beginning of the session, (T2) after participants were ran-
domized and received a psycho-educative video, depending upon their assignment this was
either a neutral video about space (e.g., what is a nebula?) or a video introducing the con-
cept of compassion (e.g., why compassion is important for mental health?), and (T3) third
after the VR exposure (CF-VR vs. control VR). At the end of the intervention, we asked
participants to rate their perceived personal benefit from the intervention.

6.2.3 Participants

Mean age within the CF-VR group (n = 12) was 28.6 years (SD = 13.7). Forty-two percent
were female, average years of school was 12.2 (SD = 0.83), speaking for a high school edu-
cation according to German standards. In the control VR group (n = 9), mean age was 22.1
(SD = 2.1) and 56% were female. The mean of school years was 12.1 (SD = 0.33). There
were no significant di�erences between the groups in any of these demographic variables
(p > .05). In total four participants reported a diagnosed current or past mental disorder.
Three of them were in the CF-VR group (one with two past diagnoses: depression and eating
disorder; one with past post-traumatic stress disorder; one with past mental disorder - not
specified and current media addiction). One was in the control VR condition (past anxiety
and eating disorder).
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6.2.4 Questionnaires

Paranoia

We used a brief version of the German paranoia checklist with three items that has been found
to be highly change sensitive [313] (items: ’I need to be on my guard against others’, ’People
deliberately try to irritate me’, ’Strangers and friends look at me critically’), rated on three
dimensions: 1) applicability/ predominance of this thought at the moment [0 = ’completely
disagree’, 11 = ’fully agree’], 2) distress [0 = ’doesn’t bother me’, 11 = ’bothers me a lot’],
and conviction [0=’not convinced’, 11= ’completely convinced’]. Cronbach’s alpha was good
to excellent (applicability: – = .85; distress: – = .85; conviction: – = .90).

Self-compassion

We used a brief experimental version of the original Self-Compassion Scale (SCS) [251] as used
by Ascone and colleagues [20]. The original SCS measures self-compassionate feelings on three
dimensions: self-kindness, common humanity, and mindfulness. The brief version contains
one item from each of the subscales (i.e., self-kindness: ’I’m tolerant of my own flaws and
inadequacies’, common humanity: ’I try to see my failings as part of the human condition’,
and mindfulness: ’When I’m feeling down I try to approach my feelings with curiosity and
openness’). Internal consistency (Cronbach’s alpha) was acceptable (– = .64).

Emotions

In order to assess di�erent types of emotions, we used the state part of the STADI [207]. See
Chapter 3, Section 3.4.1 for more information about this questionnaire.

Self-rated benefit: psycho-education and VR intervention

We assessed the personal benefit individuals experienced during the intervention using a 5-
star-rating schema (1 star = rather not helpful; 5 stars = very helpful). The same rating
format was used to assess the perceived benefit from the psycho-education (about compassion/
space, depending on the group assignment).

6.2.5 Statistical Analyses

As assumptions for parametric testing were violated, we used non-parametric within-group
di�erence analyses applying the Friedmann test, in order to analyze overall changes over
time within the CF-VR or control VR group. A significant omnibus test was followed up by
Bonferroni-adjusted exploratory post-hoc pairwise comparisons between the di�erent assess-
ment points (T1, T2, T3). To compare perceived personal benefit ratings for both conditions
we computed the non-parametric Mann-Whitney-U-Test, with a two-tailed significance level
of .05.
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(a) (b)

(c)

Figure 6.2: (a) Paranoid symptoms (b) Self-compassion (c) Worry

6.3 Results

6.3.1 Paranoia

The following pattern of results (see Figure 6.2(a)) was identified within the CF-VR group.
The applicability/ predominance of paranoid thoughts significantly decreased within the CF-
VR group (‰2 = 14.06, p < .001). Looking at pair-wise post-hoc comparisons for all three
laboratory assessment time-points, this main e�ect was attributable to a significant change
from T1 to T3 (Z = ≠3.06, p = .007), suggesting that only a combination of psycho-education
and CF-VR related to a significant symptom change. No other pairwise-tests reached signif-
icance (p > .05) There were no significant e�ects for paranoia distress (‰2 = 0.28, p = .871)
or conviction (‰2 = 2.14, p = .343). There were no significant e�ects within the control VR
group (paranoia – applicability/ predominance: ‰

2 = 2.38, p = .305; paranoia – distress:
‰

2 = 4.00, p = .135; paranoia – conviction: ‰
2 = 1.37, p = .504).

6.3.2 Self-compassion

There was a significant increase in self-compassion (see Figure 6.2(b)) ‰
2 = 16.93 (p < .001).

Post-hoc analyses revealed that the increase took place between T1 and T3 (Z = 3.89, p <
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.001), while there were no significant changes between any other time-points (p > .05), again
suggesting that a combination of psycho-education and the CF-VR drove the e�ect. There
was no significant e�ect for self-compassion in the control VR group (‰2 = 3.16, p = .206)

6.3.3 Emotions

There was no significant e�ect within the CF-VR group concerning nervousness (‰2 = 5.44,
p = .066). For worry (see Figure 6.2(c)), a significant result was obtained (‰2 = 6.70,
p = .035), which was attributable to changes from T1 to T3 (Z = 2.45, p = .043). No
other di�erences between time points were identified for worry. The variable euthymia did
not change significantly (‰2 = 2.67, p = .264), nor did dysthymia (‰2 = 1.27, p = .529).
Within the control condition, there were no significant e�ects on any of the emotion subscales
(nervousness: ‰

2 = 3.92, p = .141; worry: ‰
2 = 1.50, p = .472; euthymia: ‰

2 = 0.83,
p = .661; dysthymia: ‰

2 = 1.40, p = .497).

Self-rated benefit: psycho-education and VR intervention

Overall, the ratings indicated medium to high perceived personal benefit from the psycho-
education (CF: Mdn = 4.00, SD = 1.00; control: Mdn = 3.00, SD = 0.88) and VR
intervention (CF-VR: Mdn = 3.50, SD = 0.78; control VR: Mdn = 4.00, SD = 0.97). There
were no significant group di�erences (perceived benefit psycho-education: U = 33.0, p = .119;
perceived benefit intervention: U = 48.0, p = .650).

6.4 Discussion

In sum, the CF-VR (including the psycho-educative part) was associated with changes in
state paranoia (decrease), self-compassion (increase), and worry (decrease), while no changes
were identified within the control VR. However, all observed changes also included the psycho-
educative part on self-compassion, speaking for the importance of explaining the rationale for
the intervention to participants in order to evoke significant change. The absence of e�ects
on the paranoia distress and conviction subscales raises the question of clinical relevance of
the observed decreases in state paranoia. There are, in our view, two possible explanations
for this. First, as our sample was only sub-symptomatic, it is possible that there were bottom
e�ects. Second, it is also possible that distress and conviction are harder to tackle, and
that repeated training may be necessary to evoke according change of the a�ective quality of
paranoid thoughts. The e�ect on self-compassion shows that our intervention indeed alters the
target mechanism. The decrease in worry appears promising, as research suggests heightened
levels of anxiety and perpetuating worry as important pathogenic mechanisms for paranoia
(e.g. [112, 115, 353]). Future analyses should focus on potential mediation e�ects in order
to infer conclusions about mechanisms of change. Of interest, both interventions including
psycho-education were rated as at least moderately helpful, speaking for good acceptance.

A clear limitation of our study is the small sample size, which is why we refrained from
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parametric tests. Replication of the findings in a larger sample, while contrasting both groups
(i.e. repeated measures ANOVA) is a necessary next step. Representativeness of the sample
is also questionable, as it mainly consisted of highly educated, young individuals (students).
Nonetheless, it is known that student populations are often more delusion-prone than the gen-
eral population [225] and are in the typical age-range for a first manifestation of psychosis.
Inclusion of the standard CFI and a wait-list as additional control conditions in order to exam-
ine the advantages of CF-VR remains a topic for further research. In addition, standardized
psychiatric diagnostics should be included in future trials.

Based on the qualitative data from our study, the intervention was well accepted and the
topic was deemed relevant: “I liked the fact that through the course of the study I learned
something about myself and human behavior in general and that it conveyed a positive view
upon myself.”. However, the VR experience could be improved by including more interactions
and more customization (e.g., choice of the guide’s voice, color attributes, etc.).

We conclude that our novel space compassion-focused VR has potential to ameliorate para-
noid symptoms and worry, and improve compassion. Repeated training in the VR (vs. the
standard CFI and/or control VR), larger samples, and replication studies in patients with
persecutory delusions appear to be reasonable and promising next steps.
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7 Chapter 7

Towards Gamified Alcohol Use
Disorder Therapy in Virtual Reality

In this chapter, a PACT (people, activities, contexts, and technologies) analysis for Alcohol
Use Disorder (AUD) therapy in VR is provided. Based on this analysis, a gamified VR-based
AUD therapy application was developed which consists of three mini-games and employs
Approach Avoidance Training (AAT) and Cue-Exposure Therapy (CET) methods. The games
were realized in the context of a virtual supermarket, which is considered as a relapse-risky
environment. The aim is to help AUD patients practice avoiding alcohol first in a VR-based
simulation and later in a real supermarket. This application and its evaluation by clinical
experts and AUD patients during two focus groups will be presented in this chapter. In
addition, in preparation for a long-term clinical study, a usability study was conducted with
13 healthy participants. The results show that the VR game was enjoyed, increased the
motivation, and fewer errors were made than in the comparable non-gamified application.

7.1 Introduction

AUD is characterized by compulsive use of alcohol despite knowing its harmful physiological
and psychiatric consequences [81, 93]. According to the 2015 National Survey on Drug Use
and Health (NSDUH) [7], 15.1 million adults above 18 years old and an estimated 623,000
adolescents ages 12–17 fulfilled the criteria of AUD in the USA. High alcohol consumption on
a regular basis is considered risky and can cause serious health problems. In fact, more than
85,0000 people die from alcohol-related causes annually, making alcohol the third leading
preventable cause of death in the US, but other countries are a�ected by a high alcohol
consumption as well [197].

In Germany, AUD is recognized as the most common subcategory of the mental and behav-
ioral disorders among adults [197]. Approximately half a million hospital stays in Germany
resulted from alcohol in 2012. In 2015, over 100.000 men and 36.000 women were diagnosed
with AUD. The highest rates for risky alcohol consumption were among 55-64 and 18-24 years
old men and 45-54 years old women. Underage drinking is also quite common. In 2015, acute
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intoxication was reported for both males and females under 18 with the highest rate reported
for 15-17 years old males.

However, only about 17% of AUD patients in Germany seek therapy [197]. In the US, less
than 7% of the adults and less than 6% of the adolescents receive treatment [7]. The biggest
obstacles for starting therapy are the lack of awareness of the problem, shame, and the desire
to solve the problem alone. In the end, only 2-4% of the patients complete a rehabilitation
program [197].

Therefore, it is important to not only increase the awareness about this problem but also
improve the current therapy methods and create innovative alcohol therapy methods, which
are more accessible and e�ective compared to the traditional ones available today.

Di�erent therapy methods such as CBT can help patients overcome their AUD. CET is
one of these methods in which patients are confronted with certain stimuli which trigger their
craving for alcohol. The goal is to repress salience of those stimuli and to prevent or reduce
the dysfunctional approaching behavior [228]. CET is a special form of ET. In ET, which has
been successfully applied for anxiety disorders [228], patients are carefully exposed to specific
stimuli which trigger their symptoms. Overtime, this will help them to gradually control
their reactions. Similarly in CET, patients are exposed to certain stimuli (or cues) to trigger
their craving (disturbed approach behavior). Exposure to cues increases the craving, which
can also be observed physiologically e.g. in a change of the cardiac frequency, electrodermal
activity, or the salivation. CET can be used for treatment of various types of substance
(e.g., alcohol, nicotine, cocaine, etc.) addiction as well as other psychological disorders such
as bulimia, binge eating, shopping addiction, and pathological gambling. For treatment of
AUD, alcohol related cues are presented and the patient is instructed to let the craving arise
and acknowledge it. The patient gives regularly feedback on his or her subjective rating of
the intensity of the craving. A training session is completed once the intensity is considerably
decreased. In later therapy sessions CET can be combined with a training of coping skills, so
the patient learns how to decline alcohol o�ers [228].

Another CBT method is AAT by which the patients learn to avoid alcohol by repeatedly
performing avoidance behaviors towards alcohol. For example, in an explicit AAT, patients
use a joystick to push the images of alcoholic beverages on a computer screen away and
pull the images of non-alcoholic beverages towards themselves [324]. Originally AAT was
developed as a diagnostic instrument and as a variant of an Implicit Association Test (IAT).
An IAT measures the relative strength of associations between concepts [395]. The task is to
sort the stimuli into four categories but only using two possible responses. Two of the four
concepts are called attributes (usually positive-negative) and the other two are the targets.
The task is to react as quickly as possible to which category (attribute or target) the stimulus
belongs. A stimulus can be an image or word. The measured e�ect is the di�erent response
time for the two possible combinations of attributes and targets. The AAT was implemented
as an approach-avoidance-IAT and its results show strong connections between alcohol and
approach bias in heavy drinkers [395]. Wiers et al. [394] conducted a clinical AAT training
study with 214 alcohol dependent inpatients, who were assigned to either training or control
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conditions. The control groups either did not receive training or received sham training. The
participants in the training group had to push a joystick to make an avoidance movement
when pictures of alcohol were presented and to make an approach movement to pictures
of soft-drinks (pull a joystick). The results show that four brief sessions (15 minutes) on
consecutive days changed implicit approach responses to alcohol. Moreover, a year later the
treatment outcomes for patients in the training group was better (i. e., 16% less relapse rate).

These methods, however, are associated with some limitations, which have to be addressed
while designing innovative therapy methods. For example, therapy sessions using the CET
method with the goal to cope with alcohol cues in every day scenarios such as grocery shopping
can be expensive and time-consuming. Furthermore, the AAT may be perceived as rather
tedious and may not yet be as enjoyable as it could be.

This shortcoming can be addressed by implementing these behavioral therapy methods in
VR. In a VE, craving can be successfully induced and has been shown to be more e�ective than
traditional 2D cues as photographs [159]. Since the VE can easily be customized and adjusted
to fit the patient’s needs. In addition, the patient might prefer a VR to an in-vivo therapy
setting [159]. Furthermore, in a VR session, the patients wear an HMD and can immerse
themselves in another setting, whereas in reality they are still in a ”safe” environment, in
which alcohol is not available. Another advantage is that in VR the stimuli (or cues) can be
interactive.

Finally, gamification can increase the intrinsic motivation of users [310]. Di�erent gamifi-
cation elements satisfy the key elements that create motivation such as the feeling of compe-
tence, experiencing autonomy, and social relatedness [308]. Moreover, recent studies showed
that learning e�ects can be increased through gaming [133], and even more interestingly that
gaming on a regular basis can have a positive impact on the structure of the brain [202, 201].

Some scientists have already reported applying VR for AUD therapy [48, 213, 240]. For
example, Brodnick et al. [48] analyzed the subjective craving for alcohol in di�erent VEs.
The results of a controlled experiment with 40 AUD patients showed that craving for alcohol
was increased in VEs in which alcoholic beverages were present (e.g., party). These results
can be helpful for VR-CET. Another study [213] applied VR-CET to eight members of an
Alcoholics Anonymous group. The VEs were a Japanese-style pub and a western-style bar.
The results of training for eight 30min-sessions showed a decrease in the subjectively reported
craving. Lastly, Metcalf et al. [240] developed a cue refusal VR-video game based on Kinect
and Xbox with the goal to support cigarette and alcohol recovery. The player had to hit
or kick the addiction cue images which flew towards them. The results of an experiment
with 61 participants recovering from alcohol or tobacco addiction showed that on average,
reported substance use decreased during the intervention period. Moreover, AUD participants
in recovery showed a statistically significant increase in self-e�cacy, attitude, and behavior
during the intervention and a decrease in alcohol use by 75% after the study.

This chapter presents a VR-based game that was designed to enhance AUD therapy. In
order to create an optimal user experience for such a VR therapeutic applications, it is essen-
tial to understand the user groups and the way they interact with the system [37]. Therefore
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analyzing the People, Activities, Contexts, and Technologies (PACT) beforehand can help
understand the needs and elicit requirements. Thus, in the first section, a PACT analysis for
AUD therapy in VR will be presented. Thereafter, the development and evaluation of the
VR-based game will be described. The VE is a supermarket, which is not only a place which
patients will have to visit on a regular basis in their everyday life, but also bears a high risk
for a relapse. Therefore, the patients need to be prepared for this scenario. The VR game
consists of di�erent mini-games each of which includes one behavioral therapy method. The
main goal of the game is to find and buy items that are written on a shopping list. Before
paying for the items, the player has to earn money. Earning money can be done through
sorting items into a shelf (CET) and clearing a shelf by placing the alcoholic beverages into a
trash bin and the non-alcoholic beverages in a shopping-cart (AAT). In the end, the outcomes
of two focus groups with clinical experts and AUD patients as well as a preliminary usability
study will be presented.

7.2 PACT Analysis

The PACT analysis framework considers the contexts in which people use di�erent technolo-
gies to perform activities [298]. Therefore, it can help understand the users’ needs and elicit
requirements prior to the implementation of a gamified AUD therapy application in VR. In
consultation with the clinical experts at the University Hospital Hamburg-Eppendorf, CET
and AAT methods were chosen to be employed in the application, since these methods are
widely used in therapy sessions. Moreover, we decided to realize the application in a virtual
supermarket as supermarkets are relapse-risky environments. Based on this concept, a PACT
Analysis was done which is presented in this section.

7.2.1 People

The user group of a VR-based AUD therapy application is rather heterogeneous as AUD
patients can have di�erent demographic characteristics, levels of addiction, and motivation
for seeking treatment. Nevertheless, they might have some aspects in common. For example,
their behavior might be more impulsive and alcohol-driven [81]. Also, the level of attention
when alcohol is in sight, might be lower. Because of the impulsive behavior, short term rewards
will be preferred over long term rewards [81]. Not only alcohol is perceived as rewarding, but
so is money [33]. Furthermore, alcohol consumption alters the brain structure in a way that
impedes behavioral control, encouraging more alcohol consumption and neurodegeneration
(death of neurons) [81]. Therefore, not only does alcohol destroy brain cells, but also inhibits
neurogenesis (creation of new neurons) [81], resulting in a smaller brain size in AUD-patients
[81]. Moreover, if they pursue a therapy for their AUD, we might be able to assume that they
have a higher motivation to fight their addiction and change their behavior. Of a VR-based
AUD therapeutic application, they might be a frequent user for a certain amount of time.
In the beginning of a therapy program in a rehab facility, they might use it on a daily-basis.
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Once discharged, the frequency of usage is up to their condition. Most likely they would not
have the freedom of choosing a therapeutic application from a range of various systems, since
the treatment plan is decided on by the therapists.

7.2.2 Activities

The main features used to characterize activities are the temporal aspects, whether the system
is used cooperatively or alone, how complex the interaction is, the displayed content itself, and
if it’s safety critical. The temporal aspects cover the frequency of usage, the time pressure and
whether it’s used continuously or interrupted frequently [37]. The objective of the application
is to support the user in learning to avoid alcohol in a shopping context to reduce the risk
of a relapse. The application is rather complex, as it employs two therapeutic methods
namely AAT and CET. It consists of serial tasks but one main objective. Each time the
user interacts with the entire application, the story will be played continuously through from
start to end. In the beginning of a therapy, the application will be used on a daily basis and
later on less frequently. The length of the game can vary depending on the speed of the user.
The application is used individually and not cooperatively, but it could be interesting and
motivating to see the scores or achievements of other users in the rehab center in a ranked
table, which is not possible due to the General Data Protection Regulation. The displayed
content is a supermarket environment consisting of various products, shelves, shopping carts
etc. It is important to let users personalize the application with their favorite drink.

7.2.3 Contexts

According to Dey and Abowd [6], any information describing a situation is context. This
includes the users of an application, where the interaction takes place and the application
itself. For the purpose of a PACT analysis, this can be divided into di�erent factors: the
physical environment, the social context, the organizational context. In the beginning of a
therapy, users are at a rehab facility, where they interact with the application in a room which
is equipped with VR systems. Due to the cost factors, it is safe to assume that the physical
space for each user within that room will be limited. Multiple users can interact with the
application simultaneously, as long as each user has a separate computer and VR HMD. The
group is most likely supervised by a therapist. After being discharged, the users can continue
interacting with the system at home once the required technology is installed.

7.2.4 Technologies

Input and output possibilities, communication and content support vary in technologies,
resulting in di�erent user experiences. To create a user experience that is as immersive
as possible, the application should be implemented as a VR application. The data input
is through motion: The user moves in the virtual environment by actual movement and can
interact with objects by moving arms and then pressing buttons on the controllers. A suitable
hardware for instance is the HTC Vive. In this VR application 3D models are needed. These
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models should be as realistic as possible, so that the application feels realistic and triggers
craving in the patients. Various di�erent 3D Models are needed, ranging from bottles of
alcohol to shelves. Additionally, a supermarket background noise can be helpful to strengthen
the feeling of presence. A HMD with ear- or headphones is needed. The application can be
started by patients themselves or their therapist.

7.3 Design and Implementation

We designed and implemented three mini-games for CET and AAT as well as a non-gamified
AAT application to be played in VR. All VEs were implemented using Unity3D game engine
and were customized for HTC vive HMD and controllers. Furthermore, players did not have
to move in VR as all games could be played while standing still at one place. The three mini-
games were featured in a virtual supermarket with a wide range of grocery items, a typical
supermarket background noise, and virtual customers walking around the supermarket. The
overall game’s goal was to find and buy the correct items of a shopping list. But before being
able to buy any item, the player had to earn money by playing two mini-games of which one
was inspired by AAT and the other by CET. All interactions with the virtual items in these
VEs were accomplished using the HTC vive controllers (e.g., grabbing an object by pressing
the trigger button).

The AAT game (see Figure 7.1 (a) and (b)) was played in front of an unsorted shelf in
the alcohol section of the virtual supermarket. The shelf contains alcoholic and non-alcoholic
beverages. The goal was to sort out the items by putting the non-alcoholic beverages into
the shopping-cart and throwing the alcoholic ones into a trash bin. When an item was
sorted correctly, the player earned 0.5e, the target container was colored in green, and a
positive audio feedback is played when a non-alcoholic beverage was successfully thrown into
it. Misplacement of an item (wrong container) resulted in losing 0.5e and receiving negative
auditory and visual (wrong container appears in red) feedback. Moreover, there was a time
limit, so that the player was o�ered only a certain amount of time to play this game.

Next, the CET mini-game (see Figure 7.1(c) and (d)) started with the goal of exposing the
players for a longer time with alcoholic beverages. To do so, they had to take one bottle at
a time out of a bottle crate next to them and place it in a randomly assigned position in an
empty shelf. Taking one bottle at the time implied that the player cannot interact with both
hands at the same time. This was implemented to increase the focus onto each single bottle.
Each placement resulted in receiving 0.5e. Since the bottles could not be placed anywhere
else, losing money was not possible in this mini-game. Also similar to the AAT mini-game,
the player was only granted a certain amount of time to play.

The shopping game (see Figure 7.1(e)) started by the player receiving a shopping-list whose
items had to be purchased using the money which has been earned while playing the AAT
and CET games. The player is supposed to buy only the items on this list while most of
them do not refer to a specific product, but rather a group of items (e.g., fruit, hot drinks,
bread, etc.) leaving some freedom of choice (e.g., type of bread). The items in the shelves
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(a) (b)

(c) (d)

(e) (f)

Figure 7.1: Proposed gamified (a-e) and non-gamified (f) AUD therapy VR applications. The games
(a-e) were realized in the context of a virtual supermarket and the non-gamified applica-
tion in a mountain cabin. (a) AAT mini-game (G-AAT): sorting alcoholic beverages into
a trash bin and (b) non-alcoholic beverages into a shopping-cart. (c) CET mini-game:
taking alcoholic beverages from a bottle crate and (d) placing them on the marked
positions. (e) Shopping mini-game: the items on a shopping list should be found and
put into a shopping-cart. The names of the correct items were shown in green and
incorrect ones (i.e., alcoholic beverages) in red on the shopping list. (d) Non-gamified
AAT (N-AAT): alcoholic beverages were supposed to be pushed away and non-alcoholic
beverages were to be pulled closer to the participant
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or fridges can be grabbed and placed in a shopping-cart or taken out of it and back in their
original place. If the player puts an item from the shopping-list into the shopping-cart, the
shopping-cart was colored in green and a positive auditory feedback was played. If the item
was not from the list, the shopping-cart was colored in red and a negative sound was played
to give an immediate feedback on the player’s action. The shopping-list was also updated
accordingly to give the player an overview of the purchased items and their prices. If the
player puts an item into the cart, which was not on the list, the item appears in red in the
list. The purchase cannot be completed as long as incorrect items are in the cart. To make it
more challenging, some alcoholic beverages were located at random positions in the shelves.

In addition, a non-gamified AAT VR application (see Figure 7.1(f)) was developed to be
compared with the AAT mini-game. The interaction in this environment was designed to be
similar to the AAT implementation of Wiers et al. for AUD therapy [394]. Since we could
not find a comparable classical version for the other two mini-games (i.e., CET and shopping)
we decided on a non-gamified implementation only for the AAT mini-game. This version was
situated in a mountain cabin with a minimal interior design to keep the VE neutral. The
bottles appeared at the center of a table. The controllers in this VE appeared as two virtual
hands with white gloves. The instructions in this game were to push the alcoholic beverages
away and pull the non-alcoholic beverages closer. Since the bottles were not implemented to
be grabbed, the participant was only able to interact with the bottles by touching and then
moving them either forwards or backwards. For each bottle, the participant had two seconds
to react. After a short break of two seconds, a new bottle appeared at the center of the table.

7.4 Usability Study

In preparation for a long-term clinical study, we performed a pilot user study, which was
approved by the local ethical committee of the Computer Science Department. The aim of
this study was to evaluate the usability of three conditions: (i) Non-Gamified AAT (N-AAT),
(ii) Gamified AAT (G-AAT), and the (iii) Whole Game (WG, containing all three mini-games:
CET, AAT, and shopping). In addition, the comparison between N-AAT and G-AAT could
help us understand the e�ects of the gamification on performance (i. e., the number of errors
made while sorting the alcoholic and non-alcoholic beverages), motivation, and enjoyment
of the training within each condition. Moreover, the comparison between G-AAT and WG
could give us an insight into the experienced level of enjoyment by playing multiple mini-
games which have a story behind them (i.e., earn money by sorting to buy your items on the
shopping list). Thus, the following hypotheses were formulated:

• H1: G-AAT is more motivating than N-AAT (due to the gamification element)

• H2: G-AAT produces less errors than N-AAT in sorting alcoholic and non-alcoholic
beverages

• H3: WG is enjoyed more than G-AAT (due to change introduced by the collection of
mini-games and the story behind it, i. e., earn money and do the shopping. This mission
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is missing in G-AAT alone, as it is not clear for what purpose the money is collected.)

7.4.1 Participants

13 healthy participants (9 male and 4 female) between 22 and 35 years of age (avg. 25.76)
took part in this study. Half of the participants did not need any visual corrections and of
the other half, half used glasses and the other half contact lenses to correct their vision. Most
participants have experienced VR before. 61.5% were students of the local Department of
Computer Science, who received course credit for their participation. All participants signed
a consent form prior to the study. They were also free to have breaks or quit the the study
at any time.

7.4.2 Procedure

The study took place in a laboratory room of approx. 16m2 with a dim light. The VR
tracking space was approximately 3m ◊ 3m. For rendering, system control, and logging an
Intel computer running Windows 10 (graphics card: GeForce GTX 780 Ti; processor: Intel
Core i7; RAM: 16GB) was used. In addition to the HTC Vive HMD, participants wore
DT 770 Pro headphones for sound and noise-canceling. They also received an introduction
to the whole study and instructions for each condition. The order of the conditions was
randomized. Questionnaires were given before and after the whole study and after each
condition. In addition to the questionnaire, during G-AAT and N-AAT, the data on the total
number of sorted bottles and committed errors were logged. After a short training phase, the
experiment was started.

7.4.3 Results

In order to examine our hypotheses, we used several questionnaires whose results will be
presented in this section. Given that the Shapiro-Wilk test indicated non-normally distributed
data, all di�erences were tested for significance using the non-parametric Wilcoxon Signed-
Rank Test with an – level of .05. If the variations between pairs were insu�cient (n < 10),
the critical value for W was used instead of Z and p to evaluate the significance.

First, we used the System Usability Scale (SUS) [60], which is a standardized survey to
evaluate the usability of a system. It consists of 10 Likert Scale items, where di�erent state-
ments can be answered from 1 (Strongly Agree) to 5 (Strongly Disagree). The SUS-score
for each condition was calculated as: N-AAT=87.3, G-AAT=93.5, and WG=86.7. A SUS-
score can rank from 0-100 and a score above 68 is considered to be above average, meaning
that all conditions received above average usability scores [8]. A Wilcoxon Signed-Rank Test
(Z = ≠.41, p = .68) showed no significant di�erences in the SUS-scores between N-AAT
and G-AAT or between G-AAT and WG (Z = ≠.15, p = .88). Tests at the individual item
level showed only for the first statement I think I would like to use this system frequently a
significant preference of G-AAT over N-AAT (W = 0.00, critical value = 3.00).

We also used AttrakDi� [145] for evaluating usability as well as the user experience. The
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survey consists of three semantic di�erential questions each containing 9 or 10 word pairs.
With the help of a seven point scale, the participant were asked to choose which word of
the word pair was more appropriate to describe the system on four dimensions Pragmatic
Quality (PQ), Hedonic Quality-Identity (HQ-I), Hedonic Quality-Stimulation (HQ-S), and
Attractiveness. The word-pairs and the mean scores for the three conditions are displayed in
Figure 7.2. The individual items reveal that the participants found G-AAT to be significantly
more inventive (W = ≠.45, critical value = 9.00), more creative (Z = ≠2.5, p = .01), bolder
(W = 0.00 critical value = 0.00), more innovative (W = 0.00, critical value = 2.00), more
captivating (W = 0.00, critical value = 5.00), more challenging (Z = ≠2.93, p = .003) and
more novel (Z = ≠2.8, p = .005) than N-AAT. Comparing G-AAT to WG showed that WG
was perceived as significantly more human (Z = ≠2.9, p = .003) and more simple (Z = ≠2.45,
p = .01) than G-AAT. And G-AAT was perceived as more innovative (W = 0.00, critical value
= 8.00) than WG.

With the help of AttrakDi�, the PQ, HQ-I, HQ-S, and Attractiveness could be calculated
for each condition (see Figure 7.3). PQ describes the usability of a system and how achievable
its goals were. Comparing directly N-AAT and G-AAT showed that the participants found
N-AAT significantly better at PQ (Z = ≠2.43, p = .02). HQ-I shows how much the users
were able to identify with the product. The di�erences between N-AAT and G-AAT on
this dimension were not significant (Z = ≠.45, p = .65). HQ-S reveals how much they
were stimulated by the system and how much they felt the system could support the user
in improving. On this dimension the direct comparison between N-AAT and G-AAT showed
that the participants were significantly more stimulated by G-AAT than N-AAT (Z = ≠3.18,
p = .002). Attractiveness describes the overall attractiveness of the system based on the
perceived quality. For Attractiveness no significant di�erence was found when comparing
N-AAT and G-AAT (Z = ≠.45, p = .65). The comparison of G-AAT and WG only showed
a significant di�erence in PQ (Z = ≠2.9, p = .004).

Furthermore, the NASA Task Load Index (NASA-TLX) [141] was used in this study to
evaluate the workload of each condition. This questionnaire is a multidimensional scale con-
taining questions about di�erent aspects. The participants can rate on a 100 point scale in
steps of 5 the mental, physical and temporal demand and also their performance, e�ort and
frustration. Since the targeted patient group may be limited in their cognitive or even phys-
ical abilities, it is important to evaluate whether or not the developed VR application were
too demanding or di�cult. The results can be seen in Figure 7.4. Here the average score and
standard deviation is displayed for each item and experimental condition. When comparing
G-AAT and N-AAT, multiple significant e�ects were found: G-AAT has a significantly higher
mental demand (Z = ≠2.53, p = .01), a significantly higher physical demand (Z = ≠3.06,
p = .002), a significantly higher temporal demand (Z = ≠2.31, p = .02) and needs signifi-
cantly more e�ort to be put into to accomplish the desired level of performance (Z = ≠3.06,
p = .002). The overall demand was significantly higher in G-AAT (Z = ≠2.82, p = .005).
For performance (Z = ≠.04, p = .97) and frustration (W = 15.00, critical value = 3.00)
no significant di�erences were found. Comparing G-AAT to WG showed that G-AAT was
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Figure 7.2: AttrakDi� word-pair items and their average scores per condition

significantly more mentally demanding (W = 4.5, critical value = 9.00). The other aspects
did not show any significant di�erence.

Within the last subjective questionnaire, we asked the participants to rate the perceived
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Figure 7.3: AttrakDi� four dimensions: PQ, HQ-I, HQ-S and Attractiveness for all three conditions.
When comparing both AAT systems, N-AAT scored significantly higher at PQ and G-
AAT at HQ-S.

Figure 7.4: NASA-TLX average score and standard deviation per condition.

enjoyment, motivation and realism in a 7-point Likert scale; ranging from Not at all to A lot.
The statements were How much did you enjoy [the last condition]?, How motivated were you
to perform well? and How realistic did you find the [the last condition]?. As it can be seen in
Figure 7.5, the participants significantly enjoyed the G-AAT more (W = 0.00, critical value =
5.00) and felt significantly more motivated to perform well (W = 0.00, critical value = 0.00)
compared with the N-AAT. No significant e�ect was found in the enjoyment and motivation
when comparing G-AAT to WG. The question about realism showed no significant e�ects.
Thus, H1 can and H3 are not supported by these results.

Finally, the logged data revealed that the participants managed to push or pull approx.
44 bottles on average in the N-AAT (max: 55, min: 41, SD = 3.43) of which approx. 1.76
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Figure 7.5: In this chart, the scores for enjoyment, motivation and realism are displayed. The
results are based on a 7-point Likert scale.

were incorrectly pushed or pulled (max: 8, min: 0, SD = 2.09). Whereas in the G-AAT the
participants achieved on average a complete count of 142 bottles (max: 220, min: 89, SD
=39.6) with only 0.8 errors on average (max: 4, min: 0, SD = 1.2). The e�ect proved to be
significant (Z = ≠2.85, p = .004). The participants also managed to significantly sort more
bottles in G-AAT than in N-AAT (Z = ≠3.18, p = .001). This finding is in support of H2.

7.4.4 Additional Comments

The participants enjoyed G-AAT and found it to be a straightforward and simple mini-game.
Multiple participants emphasized how much they enjoyed throwing bottles. They also felt
motivated by the time pressure. They appreciated that despite the time pressure, they were
able to set the pace. Additionally, they suggested the following improvements: The height of
the shelves was not optimal for tall participants, making them have to bend down rather low.
Some participants would have found it more realistic if more virtual humans were shopping
in the supermarket.

The general feedback about the N-AAT was less positive compared to G-AAT. It was
perceived as more monotone and not mentally challenging enough. The participants wished
for an acceleration, creating more time pressure (they had constantly two seconds to react
per bottle). Some complained about the missing sound and auditory feedback.

Finally, the participants gave combined feedback on the WG. They generally enjoyed the
money-aspect and that they were able to earn more money, if they played faster and that
they had an influence on the spending: di�erent items varied in costs. They enjoyed the
freedom of choice and the progress they made. The di�erent feedback types (the visual hint
on the bottle, the summarized earned money, and the auditory feedback) accompanying each
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movement. The feedback was perceived as motivating especially in the G-AAT and CET.
Of all the three mini-games, 7 participants liked the G-AAT the most and 4 participants
the Shopping game. No participant favored the CET game. The participants suggested the
following improvements: They wished for an option to quit the G-AAT and CET game if
they thought they have earned enough money to complete the Shopping game. They found
the placement of the alcoholic beverages in the Shopping game slightly irritating, because
they were always placed between other items on the shelves.

7.5 Focus Groups with Patients and Clinical Experts

Members of di�erent clinics attended the focus group meeting: The Universtiy Hospital
Hamburg-Eppendorf, the Rehab Hospital Hansenbarg, and the Clinic Bremen-Ost. In the
meeting, each participant tried the three VR mini-games. They generally liked the AAT and
Shopping mini-games best. During the discussions for a potential clinical study design, a
preference towards the AAT mini-game emerged, since it is highly comparable with the 2D
implementation of the AAT and therefore the e�ect of VR and gamification can be validly
analyzed. Prior to discussing further changes, it was decided that the Rehab Hospital will
conduct the clinical study with their AUD patients. They would install four VR spaces, where
a randomly selected group of patients will use the gamified VR AAT instead of the 2D AAT.

It was further discussed that even though the AAT game itself is fun and motivating, the
gamification elements might distract from the alcohol. First, there should be more visual cues.
These visual cues should be real and actual advertisements that the patients are confronted
with in reality. It is su�cient if these cues were static - meaning that they would not need
to be customizable to fit the patient’s alcohol preference. There should be three di�erent
advertisements: one for beer which will appeal to the beer addicts, one for vodka which will
appeal to the addicts of strong alcohol, and one for sparkling wine which will also appeal to
the wine drinkers. These advertisements should always be clearly visible.

In addition to the visual cues, there should be auditory cues in the game. It is not unusual
to hear the current o�ers of the supermarket through speakers. The auditory cues integrate
well into the supermarket environment while (hopefully) also increasing the focus on alcohol.
To make it less predictable and more realistic, the o�ers should not only be about alcohol,
but also about other products. This way the patients do not learn that as soon as they hear
a voice, there will be an alcoholic cue.

Furthermore, it was discussed that it is important to ask participants about their current
craving. This should be done at the very beginning and end and three times in between. This
way, the craving development can be understood better. The question should be displayed
and answered in VR, so that the patient does not have to take the HMD o� and can stay
immersed and focused. Typically, the craving inquiry consists of a single visual analog scale
with the question: How strongly would you like to drink alcohol? Patients can set their current
craving using a slider, where at the one end the answer is Not at all and on the other The
most I’ve ever wanted. This data needs to be logged and saved. Some minor changes were
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also requested. For instance, the trash bin should look more like a traditional trash bin and
more negatively. In addition to the earnings, the number of completes and errors should also
be displayed.

In a second step, the VR AAT was tried out by two AUD patients from the University
Hospital Hamburg-Eppendorf, who agreed to participate in the focus group. Several therapists
were also present to support the patients in case of need. Upon arrival, the patients were first
introduced to the topic and the overall objective. They were instructed to immediately abort
the experiment if they felt unwell either due to cyber sickness, craving, or any other reason.
Then they tried the game for approximately 5 minutes and gave their feedback afterwards.

Initially, the first patient tried the AAT game with beer, which was not his favorite alcohol.
This way, he could first try it out more safely. He found the game easy to use and was
performing rather well. However, he did not quite feel as if he were in a supermarket. Even
though the atmosphere was there when looking around, the interactable shelf was not realistic
enough, because it is highly unlikely to have a shelf in a well-organized supermarket that has
randomly positioned di�erent kinds of beverages in one shelf. He felt that it might be also
more realistic if the supermarket and alcohol section were a little more squished. While
placing the alcohol bottles into the trash bin, he noticed it would be more realistic if the
trash bin included metal lattice and if there was a rattling sound. When he tried the game
with his favorite alcohol (Vodka), he immediately felt his craving for alcohol arousing.

The second patient was physically more fit and was directly playing the game with her
favorite alcohol. Her favorite alcohol did not induce craving, but she mentioned that this
would have been di�erent in the beginning of her therapy. She really enjoyed the game and
being able to throw the alcohol away. She emphasized that this has been a liberating feeling.
She, too, found the game easy to use and thought that the supermarket was realistic, but far
too clean. She used to buy her alcohol at discounters, where there was more dirt on the floor
and di�erent objects standing in the way. Also, she would have preferred cans over bottles,
since she had mostly bought her favorite alcohol in cans. She did not notice right from the
beginning that she had earned money and did not really pay attention to the time. It was
discussed that it could have been more noticeable if the money feedback was not positioned
on the bottle, but rather above the container (trash bin or shopping cart).

While meeting the patients, an additional option was requested: the therapist should be
able to stop the application in a way that the patient is not alarmed. There should be
a prompt in VR stating that the patient should stop playing and take o� the HMD. An
additional goal of the meeting with AUD patients was to find out whether a session of 10-15
minutes would be appropriate. However, due to the extremely high temperatures we decided
to not physically overwhelm the patients and therefore let them play the game for only 5
minutes.
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7.6 Discussions and Conclusion

In this chapter, We presented a PACT analysis for virtual AUD therapy and described the
design, development, and evaluation of three mini-games (G-AAT, CET, shopping) and a non-
gamified application (N-AAT) for AUD therapy in VR. They were designed based on classical
therapy methods such as AAT and CET, which are associated with some limitations such as
the lack of context and motivation for long-term training. That is the patients might find
these therapy methods hard and tedious. A gamified VR can not only add the context and
user preferences, but also motivation to continue to the intervention program. Furthermore, in
preparation for a long-term clinical study, we conducted a user study with healthy participants
to evaluate the usability and motivation for training. Before starting such a long-term study,
which is associated with more challenges such as access to the AUD-patients and therapists for
the supervision, it was necessary to check whether anything needed to be changed. Moreover,
it is plausible that the AUD-patients might perceive the VR-settings di�erently, meaning that
the collected data needs to be treated carefully and may not generalize to all populations.

Our results suggest that all conditions (N-AAT, G-AAT, WG) had a high usability score
(SUS scores were above average). Moreover, in comparison with N-AAT, G-AAT was sig-
nificantly more demanding (mentally, physically and temporally), but also more motivating.
Furthermore, the participants made significantly less errors in the G-AAT than N-AAT. When
directly comparing G-AAT and WG it is important to note that G-AAT was a part of WG.
However more than half of our participants liked the G-AAT the best of all three mini-games
presented within WG, while rather disliking the CET mini-game. Since many participants
also enjoyed the Shopping mini-game, it could be assumed that the motivation and enjoy-
ment would be higher when the final game used in a clinical context would only consist of the
G-AAT and Shopping mini-game. This will also provide the game with a clear goal through
the narrative (earning money to buy groceries).

In addition, this application was evaluated during two focus groups with clinical experts
and AUD patients. As a results, the Rehab Clinic approved to conduct a clinical study with
VR AAT and compare it to the 2D AAT (using a joystick and a computer screen). For this
purpose, some changes such as including auditory and more visual cues as well as a craving
prompt need to be further developed.

Finally, further improvements may be relevant for creating e�ective gamified AUD therapy
in VR. Customization based on the patient needs can be named as an example. Each patient
has a di�erent context in which he/she has a high risk of relapse. This context could be
the own living room or a certain situation with friends, where the patient might face group
pressure. Including the context may increase the e�ectiveness of modern therapy methods.
To create an even more immersive experience and to induce even more craving, olfactory
could also be implemented and incorporated into the gamified application.

In short, gamified therapy in VR has the potential to revolutionize the recovery process of
AUD patients by increasing their intrinsic motivation to abstain and allowing them to train
at anytime and anywhere.
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8 Chapter 8

Exploring Acceptability of Virtual
Coaches for Home-based Balance
Training in an Aging Population

Balance training has been shown to be e�ective in reducing risks of falling, which is a major
concern for older adults. Usually, exercise programs are individually prescribed and moni-
tored by physiotherapist or medical experts. Unfortunately, supervision and motivation of
older adults during home-based exercises cannot be provided on a large scale, in particular,
considering an ageing population. AR in combination with virtual coaches could provide a
reasonable solution to this challenge.

We present a first investigation of the acceptance of an AR coaching system for balance
training, which can be performed at home. In a human-centered design approach we developed
several mock-ups and prototypes, and evaluated them with 76 older adults. The results
suggest that older adults found the system encouraging and stimulating. The virtual coach
was perceived as an alive, calm, intelligent, and friendly human. However, usability of the
entire AR system showed a significant negative correlation with participants’ age.

8.1 Introduction

Falls are a major concern among older adults as approximately one out of three people above
65 and one out of two older adults above 80 years old fall annually [286]. The consequent
injuries due to falls can vary from a scratch to hip fractures and the hospital stays due to
falls can be long and even last for the rest of the patient’s life. As a matter of fact, more than
50% of all injury-related hospitalizations among older adults is due to falls [320]. In addition,
post-fall syndrome can a�ect the quality of life and cause further restrictions such as fear of
falling, immobilization, depression, and loss of autonomy [249]. The injuries caused by falls
can also be fatal. They account, indeed, for the largest percentage of the deaths caused by
unintentional injuries, which are the seventh leading cause of death among older adults [64].
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These damages can be reduced through practicing recommended preventive interventions.
Several health organizations such as the joint American and British Geriatric Society (ABGS)
[261] and the National Institute of Clinical Excellence (NICE) UK have reported a set of clin-
ical guidelines for assessment and prevention of falls in older adults [110]. According to these
guidelines, customized exercise programs for strength, balance, gait, and coordination train-
ing are e�ective in reducing falls [328]. They are recommended to be prescribed individually
and monitored by a trained professional. In one study, for instance, home-based exercise
programs were successful in reducing falls and fall injuries as much as 35-45% and equally
e�ective for older women and men [294]. These programs included walking, muscle strength-
ening, and balance training, which were individually prescribed by physiotherapists (in the
first two trials) and trained nurses (in the second two trials) during home visits. However,
limited availability of the experts to supervise every single exercise session per individual
introduces yet another restriction to such preventive interventions.

The system proposed in this chapter is designed to support clinical experts in prescribing
and monitoring fall preventive exercises. It provides individualized exercise programs for
home-based balance training based on the NICE guidelines. It covers sitting, standing, and
walking exercises each in three progression levels [267]. For the older adults, the system
consists of a holographic virtual coach that supervises the training at home.

A holographic representation of a virtual coach displayed via an AR HMD has several
advantages over flat visualizations on monitors. The stereoscopic view of an AR display
allows the users to quickly identify 3D poses in space, while also being able to look at the
virtual coach from any angle. It is also possible to stand next to the virtual coach and see the
instructions from the same perspective, reducing the cognitive load of mental rotations. In
addition, the virtual coach and the user are able to walk towards each other, which enables
the user to observe changes from a distance in 3D perspective, which is not possible in a
flat screen. Furthermore, an optical see-through AR HMD is beneficial for our application
scenario compared to fully-immersive VR HMDs.

This is due to the reason that AR HMDs allow the users to see the real environment with
its all physical objects and obstacles. This property brings three main advantages into this
context. First, it provides a psychological feeling of safety due to being familiar with the
surrounding real environment (i. e. one’s home). Second, it ensures a physical safety as in
case the older user feels that a fall is about to happen (i. e. a near fall), nearby physical
objects (e. g. a firm chair or wall) are in sight and can be grabbed to prevent the fall from
happening. Third and with the same logic, the physical obstacles as well as any dynamic
change in the real environment (e. g. a person crossing their exercise area) could be avoided
during the training.

Furthermore, as we showed in Chapter 2, stereoscopic renderings delivered via an HMD
elicits higher functional connectivity in the brain when compared to monoscopic renderings
on projection screens or HMDs. Hence, an AR-based training session has enormous potential
to improve brain connectivity on a functional as well as a structural level, which is particu-
larly useful for treatment of balance disorders and their complex multisensory mechanisms.



8.1 Introduction 107

(a) (b) (c)

(d) (e) (f)

Figure 8.1: Di�erent modules of the proposed AR balance training system: (a) Balance Physio-
therapy Hologram (BPH), (b-c) Cognitive Training and Exercise Games (CTEG), (d)
Auditory Training Tool (ATT), (e) Activity Planning App (APA), and (f) Dashboard
Module (DM).

Furthermore, the presence of the virtual coach in the physical surrounding may facilitate the
performance of the motor exercises (also known as social facilitation e�ect [351]). Thus, the
combination of stereoscopic AR and social facilitation e�ects opens up new vistas in the area
of technology-based therapy and rehabilitation programs.

Moreover, studies have shown that falls are associated with lower cognitive performance
[118]. Walking and talking, for instance, challenges the ability of some older adults in allo-
cating attention to and maintaining performance of both tasks at the same time [326, 397].
Consequently, di�culty in performing walking and talking at once puts older adults at a
higher risk of falling [381, 32]. However, simultaneous training of cognitive and physical abil-
ities, in particular primary multi-modal exercise programs in combination with multi-sensory
secondary tasks can improve cognitive and motor-cognitive dual task performance of older
adults [118, 357]. Based on these evidences, the proposed system delivers, in addition, cog-
nitive training and exercise games as well as an auditory training application for improving
auditory attention and memory.

Further modules are motion capture and wearable sensors which enable monitoring of the
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correct performance of the exercises and an activity planning application for self-monitoring
physical and cognitive activity performance and achieved goals. For the health care profes-
sionals, the system provides a dashboard which demonstrates the collected and analysed data
from the older adults’ homes and enables them to adjust the training program per individual.

In order to provide a system with optimal usability, the human-centered design approach
was followed in this work. Through an iterative development circle, the requirements were
analysed, di�erent versions of the prototypes were implemented and evaluated by older adults.
After each iteration, new insights were evolved which led to re-prototyping of the concepts.

In this work, we pursued the answers to the following research questions:

• Q1: How acceptable and usable is our AR-based balance and cognitive training solution
for older adults?

• Q2: How is the virtual coach perceived?

Our evaluations show that the answer to Q1 depends on their age: the usability for 60-79
is OK to Good and for 80+ is the worst imaginable [26]. And for Q2, the virtual coach
appears socially present in the physical room like an alive and intelligent human. Further
contributions are (i) conceptual description of the AR-based balance training system and (ii)
explanation of iterative implementations during the human-centered development process.

8.2 Related Work

Technology-based fall prevention interventions have been deployed in di�erent contexts [137].
In the context of fall detection, for instance, Du et al. [94] proposed a robot control system
for remote fall risk assessment in home environments. Silva et al. [329] presented a game to
assess the quality of the older adults’ locomotion using the data from accelerometers built in
a smartphone. Another smartphone-based fall detection system was proposed by Abbate et
al. [5]. Their system monitored the movements of older adults and in case of detection of a
fall notified the caregivers. Computer vision techniques have also been used to automatically
detect falls of older adults in their homes [411]. Furthermore, Ogonowski et al. [256] proposed
a Kinect based interactive TV system for fall prediction and prevention. Their system made
use of personalized physical exercise programs, gamification, and wearable sensors (senior
mobility monitor device) and showed the feasibility of integrating such systems into the daily
life of older adults.

There have been a few prior studies, which have explored if and how older adults accept
such fall detection systems. For instance, Wu and Munteanu [405] involved older adults in
the design and development of a fall risk assessment wearable device (in form of a belt). They
also employed a field study to investigate the acceptance of the final device. Their findings
suggested that the combination of contextual information for fall risk assessment and practical
fall prevention instructions can improve the acceptance of such assistive technologies by older
adults. Tyagi et al. [368] found out that the patient attributes can determine the adoption
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of technology-based interventions such as Tele-Rehabilitation (TR). In their observations, for
instance, those patients who preferred TR were relatively younger than those who chose going
to a day rehabilitation center. Thus, they recommended to include introductory videos in
TR programs and provide technical support for older patients.

In addition, Harte et. al. [142] suggested a three-phase human-centered design methodology
to enhance the usability and User Experience (UX) of health systems for older adults. The
first phase of their methodology contains the construction of a context of use document to
report use cases, mock-ups, and user feedback. The second phase suggests an expert usability
inspection, and the third phase emphasizes regular UX testings to improve the final prototype.
In the end, they reported a successful implementation of their methodology for the design
and development of a system for fall detection for older adults.

In the context of decreasing the intrinsic risk factors of fall prevention intervention, prior
studies have made use of di�erent types of technology to retain balance and improve functional
abilities of older adults [174, 127, 360, 104, 87, 92, 129, 139, 139, 103, 280, 331, 332, 341, 344,
359, 377]. For instance, Hardy et al. [139] created an exercise game to encourage the older
adults to perform balance and gain training.

Games can as well mitigate cognitive impairments of older adults [183, 272, 315]. For in-
stance, Schoene et al. showed that playing a step game at home for a period of eight weeks
can improve physical and cognitive abilities of older adults. Besides, playing video games in
the context of a programmed activity can be valuable for older adults in residential care. It
promotes positive self-views by reintroducing challenge and fun in late life for independent
older adults. However, these benefits could be inhibited by the degree of age-related changes
and impairments for vulnerable older adults [128]. In addition, to enhance the mobility of
older adults, Felberbaum et al. [101] identified three main categories of technological require-
ments. The first category is based on social aspects, which provides social companionship.
Co-walking with a virtual companion is one of the recommendations in this category which
was mentioned by the interviewees and was seen as a way to overcome the feeling of loneliness
and making the physical activity more enjoyable for the older adults. The second category
of requirements refers to the feedback given to the users to encourage mobility (e. g. setting
goals and target destinations). The third is (remote) monitoring (e. g. automatic fall detec-
tion) to ensure a safe and at the same time independent mobility. We incorporated these
three categories in our AR-based virtual coach.

Virtual coaches have been employed to assist older adults in their everyday life [366], for
example, to commit to their medications [268] or to stay physically active [41, 9]. Albaina et.
al. [9] proposed a virtual coach in form of an animated flower to motivate older adults to walk.
The users were involved in the design and development process through two focus groups and
one field study. Their results suggested that the elderly users enjoyed interacting with the
flower virtual coach and liked to use it for a longer time. Although their virtual coach was
not proven to be critical for motivating people, it was shown to improve acceptability of the
system. A human-like virtual coach displayed on a tablet in combination with a pedometer
could as well increase the amount of walking among older adults in a 2-months period [41].
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Figure 8.2: System Architecture.

The users also expressed a high level of satisfaction from the virtual coach who could in their
opinion help them to walk more.

Moreover, AR technology has been used by older adults in previous studies [409, 311, 222].
For example, Bianco et al. [40] proposed a tablet-based AR application for fall preventive
home modifications such as installing more handrails at desired locations at home. Also,
training with a projection-based 3D AR game has been shown to be e�ective in improving
mental rotation ability of older adults [212]. However, despite the potentials and advantages
that AR can o�er to older adults, it has not been used for balance training yet.

8.3 Concept

Based on interviews and focus groups with our cooperation partners from the medical domain
in the Holobalance project [2], the following five technical modules, required to provide a
home-based AR balance training system, were defined:

• Balance Physiotherapy Hologram (BPH), which is an AR virtual coach that
presents instruction, demonstrates correct performance of the balance exercises, and
gives feedback to the users about their performance (see Figure 8.1(a)).

• Cognitive Training and Exercise Games (CTEG) provides holographic cognitive
training games as well as gamified balance exercises (so-called exergames). Figure 8.1(b)
shows the first progression of the walking exergame in which the user is asked to follow
the path on the ground and walk towards the deer. Figure 8.1(c) shows one of the
cognitive games. In this game, the user should remember the sequence of the cards and
recall it after it has been shu�ed.

• Motion Capture and Wearable Sensors (MCWS) to track the user’s body move-
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ments, for instance, by depth cameras or pressure sensors. A heart rate sensor in
addition measures the users’ cardiac responses.

• Auditory Training Tool (ATT) aims at training speech in noise detection as well
as auditory memory. Figure 8.1(d) shows the speech in noise detection task whose user
interface shows animal pictures and colored numbers. Following an audio instruction
(such as “Show the duck where the blue five is.”), the user should click on the correct
colored number (e. g. blue 5 button). The instructions contain di�erent background
noises (e. g. cafeteria type noise) to increase the di�culty of this task, which adapts on
every question asked and according to the user’s correct/correct answers.

• Activity Planning App (APA), which allows the users to see their performance by
means of charts, pictograms, and badges (e. g. when the goals are achieved) (see Figure
8.1(e)). Moreover, the app contains a calendar which shows the training program as well
as a social networking feature to communicate with other users. Further information
on APA can be found here [14].

• Dashboard Module (DM), which is exclusively designed to be used by the clinical
experts, which diagnose the older adults and prescribe personalized exercise programs
(see Figure 8.1(f)).

Figure 8.2 depicts the architecture of the entire system. It is composed of the home-
located devices (MCWS), cloud storage, and processing infrastructure. The data collected
from the sensors are fused and analysed on the Edge Computer, which provides real-time
feedback to the user articulated by the virtual coach. The results are then sent to the
cloud to be monitored by the therapist. Based on the user’s performance, the therapist can
adapt the exercise program. Further information can be found in our paper dedicated to the
architecture [365].

8.4 Method

In this work, we followed the human-centered design approach to understand the context of
use, specify user requirements, produce mock-ups and prototypes, and evaluate them against
the requirements through semi-structured focus groups and interviews. This process was
iterated two times and across three countries. Table 8.1 summarizes the number of iterations
and focus groups in di�erent locations.

8.4.1 Iteration I

The initial requirements were defined through interviews and focus groups with our cooper-
ation clinical partners. Based on these requirements the first versions of the prototypes and
mock-ups were developed. These prototypes were then presented to the older adults in Lon-
don to familiarize them with our concept and to collect their initial requirements. The BPH
was, in this phase, displayed via a Meta 2 HMD and the motions of the users were tracked by
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Table 8.1: An overview of the semi-structured focus groups performed in the UK, Germany, and
Greece

Iteration Focus Group Location Participants
I I London (UK) N = 5

II London (UK) N = 47
II III Freiburg (Germany) N = 8

IV Athens (Greece) N = 16

(a) (b) (c) (d) (e)

Figure 8.3: Profiles of the virtual coach (a) Cartoony Female (b) Cartoony Male (c) Realistic Female
(d) Realistic male (e) Realistic polygonal 3D reconstruction

a Kinect 2 sensor. The CTEG, ATT, and APA were ready to present to the users just before
the second focus group. By then, the CTEG and ATT were functional prototypes, but APA
was still a paper mock-up.

Focus Group with Older Adults I

In our first study to collect feedback of the older adults, five seniors (3 female) with an average
age of 74.8 years old (SD = 6.14, min=69, max=84, Mdn=72) took part in a focus group in
London. Three participants (60%) did not have a balance disorder and 80% (4 persons) did
not have prior experience with HMDs. All five participants used the then available system,
which consisted of a Meta 2 HMD. While using the system, the older adults saw five profiles
of the virtual coach (see 8.3).

The di�erent visual alternatives were identified together with the clinical experts of our
project to explore commonly used representations in commercial exergames (male and female
cartoon avatars, Figure 8.3(a) and Figure 8.3(b)), in AAA games (realistic male and female
avatars, Figure 8.3(c) and Figure 8.3(d)) or in high-end telepresence applications (polyg-
onal 3D reconstruction of the experimenter created using RGBD cameras of a Kinect 2,
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(a) (b) (c)

(d) (e) (f) (g)

Figure 8.4: Images from the focus groups: (a and b) two older adults wearing the Meta 2 HMD
during the focus group I in London (England), (c) focus group II with 47 older adults
in London (England), (d and e) older adults wearing the Docooler AR HMD holding
a Pixel 3 XL phone during the focus group III in Freiburg (Germany) and (f and h)
during focus group IV in Athens (Greece).

Figure 8.3(e)). Each virtual coach demonstrated the correct performance of an exercise (in
sitting, standing, and walking postures) to the participants. The participants then performed
one standing exercise (i. e., standing and bending over as if to pick up an object from the
floor) and received feedback from the virtual coach about their performance. Following that,
they fill-out questionnaires and answered our questions in a semi-structure interview.

The first questionnaire was SUS [60] questionnaire. The average SUS score was calculated
as 72.5, which is considered to be above average.

The second questionnaire was a modified version of the Co-Presence and Social Presence
in Virtual Environments questionnaire [273], which has 15 statements to measure four sub-
dimensions of social presence using five-point Likert scales (1=Strongly Disagree - 5=Strongly
Agree). This questionnaire was originally developed to measure the impression of the virtual
audience during a public speaking task in VR. We modified the questionnaire to evaluate the
impression of the virtual coach in our scenario. All four factors of this questionnaires were
rated above medium (Figure 8.5): 1) Participant’s Reaction to the virtual coach (Mdn=4,
M=3.55, SD=1.57), 2) Perceived virtual coach’s Reaction (Mdn=4, M=3.6, SD=1.57), 3)
Impression of Interaction Possibilities (Mdn=3, M=2.8, SD=1.51), and 4) (Co-)Presence of
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the virtual coach (Mdn=3, M=3, SD=1.77).
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Figure 8.5: Co-Presence and Social Presence Scores

Moreover, the participants were asked about their virtual coach preference. 60% of the
participants (two females and one male) preferred the realistic male virtual coach. The mean
score for the naturalness of the virtual coach’s movement was 3.4 (on a scale of 1 (Very Bad)
to 5 (Very Good)) and the mean score for the naturalness of the virtual coach speech was 3.8
(on a scale of 1 to 5 ranging from very bad to very good).

We also received several comments resulting in the following user preferences: Addition
of volume control for the virtual coach voice, a lighter and smaller HMD, “make the virtual
coach more responsive”, provide more feedback and more interaction, “less instruction from
the coach with more dialogue and conversation”, “UK English accent would be preferred”,
“should not be a generic experience, should be more adaptive on a person basis”, “virtual
coach mood should look more optimistic and happy”, a progress feedback on a daily basis,
and detection of safety by the system.

Focus Group with Older Adults II

Our second focus group in London (see Figure 8.4(c)) was intended to verify if the previ-
ous findings of the first focus group were representative. Here, the participants did not use
the system and saw only a live demonstration as well as pictures and videos of the system
(i. e. all main modules: BPH, MCWS, CTEG, ATT, and APA). 47 older adults (29 females)
aged between 60 to 84 years (M=73.61, SD=6.12, Mdn=72.5) took part in this focus group.
The participants could ask questions, discuss the system with the technical and clinical ex-
perts, which were present during the focus group, and finally express their opinions through
questionnaires as well as direct conversations with technical, clinical and usability experts.

Before presenting any module, participants answered a demographic questionnaire. The
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results of this questionnaire show that 13 individuals (28%) had balance disorder, 14 (30%)
persons were not sure and answered the question with maybe, and the rest with no (42%,
20 people). After that, participants were asked about the frequency of experiencing a fall
(min=0, max=14, M=1.07, SD=2.27) or near fall (min=0, max=24, M=3.26, SD=4.83)
during the past 6 months, given the definition of each type of falls to them: a fall is defined
as an event that results in a person coming to rest inadvertently on the ground or floor or
other lower level; whereas a near fall is an event in which a person feels a fall is imminent, but
avoids it by compensatory action, such as grabbing a nearby object or controlling the fall. In
addition, they stated that they are physically active on a daily (81%) or weekly (15%) basis
and only 4% indicated that they never do physical exercises. Besides, half of the participants
had Ø 3m

2, one third 2m
2, and the rest (17%) had Æ 1m

2 free space at home for performing
exercises.

The number of participants, which use computer systems (including smart phones, tablet
PCs, etc.) were quite high: 94% daily, 4% weekly, and 2% never use any type of computers.
Besides, on a scale of 1 (very bad) to 5 (very good) they rated their confidence in using
technologies on average 3.32 (SD = .91, Mdn=3). Around 94% of the participants claimed
that they do have broadband internet at home. We solicited information about their means of
communication with their medical doctors. While telephone was still the most frequent tool
for communication (89%), newer technologies are used as well such as Email (38%), mobile
phone (37%), SMS/text message (11%), instant messengers (e. g., WhatsApp) (8%), and
social media (6%). Furthermore, we received comments such as “through online appointment
system”, “doctor does not have mobile phone (I do have an iPhone)”, “almost impossible to
contact”, and “increasingly di�cult to make an appointment”. Hence, we can assume that
the social media panel of the APA could be of use for the older adults as our participants
were social media users (e. g. 64% use Facebook, 36% Twitter, and 21% WhatsApp).

Moreover, 62% of the participants stated that they did not have any previous experience
with 3D holograms. Two persons also commented that “[No but I] know what it is though”.
Also, 63% had no previous experience with HMDs. They gave us two comments as “[No but
I have] read about them for films” and “yes and no (I am aware of them)”. Thus, 37-38% of
the participants did have prior experience with 3D holograms and HMDs.

After that we asked whether they have ever used a fitness wrist band (e. g. Fitbit). 64% of
our participants answered this question with No. Two people added their comments as “[No]
but would [like] a free trial” and “[Yes] my friends have them”.

Next, they were asked about their experience in using exergames (they were provided with
an explanation about this term). 85% had no previous experience with such technologies.
Three people gave us their comments as “[Yes] but [I] got bit confused using it (pre use:
no instruction seen) I guess if I had it explained I would have been [doing] as I thought it
was very versatile and easier to body”, “[No] but I have used DVD for exercises”, and “[No
just] briefly with grandchildren”. Their previous experience using video games for cognitive
training were also limited as 76% of them had no previous experience with such games.

In order to estimate the usability aspects of each module, a modified version of the SUS
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Table 8.2: Means (standard deviations), medians, and percentage of the responses to a modified
version of the SUS questionnaire during the Focus Group II. Its items are: Frequency of
use: ”I would like to use this system frequently if it meant that it would reduce my risk of
falling”, Ease of use: ”I think this system would be easy to use”, Learn to use: ”I would
imagine that most people would learn to use this system very quickly”, Confidence to
use: ”I would feel very confident using this system”, Need for Assistance: ”I think that I
would need assistance to be able to use this system. If yes, what type?”. All items (with
an exception of the Need for Assistance) were answered on a scale of 1 (strongly disagree)
to 5 (strongly agree). The Need for Assistance item was a multiple choice question.

BPH MCWS CTEG ATT APA
Item M (SD) Mdn M (SD) Mdn M (SD) Mdn M (SD) Mdn M (SD) Mdn

Frequency of use 4.15 (1.02) 4 3.81 (1.31) 4 3.57 (1.33) 4 3.74 (1.15) 4 3.75 (1.28) 4
Ease of use 3.69 (.99) 4 3.6 (1.07) 4 3.64 (1.19) 4 3.64 (1.16) 4 3.46 (1.32) 3
Learn to use 3.04 (1.03) 3 3.05 (1.11) 3 3.32 (1.22) 3 3.38 (1.08) 3 3.53 (.98) 3
Confidence to use 3.67 (.87) 4 3.57 (1.21) 4 3.77 (1.17) 4 3.6 (1.17) 4 3.73 (1.12) 4

Need for Assistance? What type? % % % % %
No 41.3 34.9 48.8 43.9 30.6
Physical 10.9 9.3 14 9.8 5.6
Technical 39.1 44.2 25.6 34.1 50
Educational 17.4 18.6 11.6 7.3 16.7
Medical 6.7 7 4.7 7.3 2.8

questionnaire with five statements was repeated after each module’s demonstration. Since
participants had to fill out 99 questions in 31 pages we reduced the SUS questionnaire to
the five most important items of the SUS for our case and reported their mean score. The
Assistance question consisted of multiple choice questions. Thus, for each part of the system
we could calculate how many percent of the participants needed what type of assistance. As
it can be seen in Table 8.2, our participants were positive about using all modules frequently
if it would reduce their risk of falling. All modules were also perceived as easy to use, with an
exception of APA, which was rated towards a neutral opinion. Indeed, all modules were more
advanced in the development than the APA, which existed at that time only as a paper mock-
up. The responses to the next statement: “I would imagine that most people would learn to
use this system very quickly” were also rather neutral for all modules. On the other hand
the participants stated that they would feel confident using any of the modules presented to
them. An assistance to use the system was not seen as requirement, unless it is a technical
assistance, and as some comments clarify that such technical assistance would be beneficial in
particular in the beginning: “Technical assistance to start with” and “to confirm I am using
it correctly”.

Furthermore, the participants gave feedback and comments about the virtual coach. The
most frequent comment was about the computer generated voice: e. g. “speech needs to
be quite clear syllables, well-articulated, as older people ‘decode’ fast speech rather badly
quite often”. As a result, 61% of the participants wished for a change in the voice of the
virtual coach towards a more “natural voice” or a “computerised speech, but it must follow
natural English rhythm”. Some other characteristics of the virtual coach that participants
would like to personalize were gender (48%), age (41%, e. g. “age 35+, looking ‘mature’ /
knowledgeable”), cloths (28%), and size (26%, e. g. “not stick thin”). Some participants
in addition asked for a change of the ethnicity of the virtual coach. The repetition of the
instruction and the exercises was as well the most desired interaction function.
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In order to receive older adults’ preferences in respect to the CTEG prototype, a self-made
questionnaire was developed. Since this prototype featured realistic 3D models of di�erent
types of animals to be augmented in the real environment, i. e., older adults’ homes, questions
about animals were the main theme of this questionnaire. Based on its results, 68% of the
participants liked animals in general and 60% of them have had at least once a pet in their
life. Household as well as forest animals were their most favourite types. Mouses/rats, snakes,
and desert animals were on the other hand the least favourite ones.

The ATT prototype consisted of two tasks: 1) speech in noise detection task, which con-
tained pictures of animals on its user interface and 2) auditory memory task, which played a
short audio story to be listened carefully (to be able to answer the questions about the story
afterwards). Again, to better understand the users’ preferences a self-made questionnaire was
employed. The pictures of the first task’s interface were preferred to be means of transporta-
tion (55%), animals (36%), musical instruments (38%), fruits, and “sport, anti-capitalist or
anti-racist leader/heroes”. The genre of the audio stories to be played in the second task was
chosen to be comedy (60%), suspenseful (43%), crime, and “factual information”. The last
two question of the ATT questionnaire focused on the length of the training session. Based
on the responses, most of the participants stated that a 10-15 minutes auditory training per
session for 3-4 days a week could be easily followed by them on a regular basis. For instance, a
person commented “daily duties vary, most people fit it to their daily routines”. They (58%)
disliked longer sessions on fewer days.

In the end, we received quite a number of general comments and feedback summarized in
the following paragraphs:

• “From what is shown very early days. I think the idea is good and could reach some
people. The motivation issue is probably the most di�cult thing to solve. This could
be very interesting.”

• “I would like this to be extended to a group use eventually. I think this is a great
preventative idea.”

• “I would be keen to have headset + sensors as compact + neat as possible, to take up
least space. I would like the system to be easy to clean + maintain ([pressure sensing]
socks do not appeal unless washable).”

• “This should not be a substitute for face-to-face contact and group advises, it might help
those people who are isolated, but we are social beings and this should be encouraged.”

• “Inspirational, brilliant particularly as falls clinics are rare in our regions. You may fall,
but not be referred even if you experience multiple falls.”

• “Interesting, early stages of develop, but suggest testing out in reality in each stage to
ensure connectivity from one stage to the next.”
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8.4.2 Iteration II

In the second iteration, the requirements and user preferences gathered from the first two
focus groups were used to further iterate the prototypes. The most emphasized requirement
was a lighter, more a�ordable, and cableless AR-based HMD. Thus, in the second iteration,
the BPH and CTEG were optimized for Pixel 3 XL phone, which can be integrated in the
lightweight Docooler AR Headset.

Moreover, in order to address the accessibility of our concept for the older adults in di�erent
locations, the third focus group was held in Freiburg (Germany) (see Figure 3 (d and e)) and
the fourth in Athens (Greece) (see Figure 3 (f and h)). For the purpose of these focus groups,
all prototypes and questionnaires were localized (i. e. prepared in both German and Greek
languages). Since the participants of the focus groups in London, wished for a natural human
voice in the prototypes, in the second iteration, the voices of a native German and a native
Greek speaker were recorded and integrated in the prototypes. All participants used the
system for about 15 min supervised by at least a clinical and a technical expert before the
interviews started.

Focus Group with Older Adults III & IV

The participants of both focus groups wore Docooler AR HMD and used BPH and CTEG
prototypes, which were running on the Pixel 3 XL smartphone. ATT and APA do not require
the headset, and therefore were displayed on the smartphone alone. The participants evalu-
ated these prototypes using several standard questionnaires and a few open-ended questions
in the end. We also collected their feedback during the focus group.

We interviewed in total 24 older adults (21 female) between 60 and 84 years old (M=71.42,
Mdn=72, SD=7.99). Eight of them were interviewed in Freiburg and the rest in Athens. Half
of the participants had balance disorder and reported an average of .56 (SD=.82) falls and .85
(SD=1.32) near falls during the past 6 months. Seven responses to the near fall question were
not specific, and therefore were not included in the analysis. These responses were: “Daily”
(n=2), “2-3 per week”(n=1), “several” (n=1), “only dizziness”(n=1), “a few” (n=1), and 1
empty response.

Our participants were also physically active since more than 70% of them reported daily
(37.5%) or weekly (33.33%) performance of exercises. The rest (25%) stated that they never
do exercises. To perform exercises, about 70% of the participants indicated that they have
3m

2 or more free space at home. 13.04% of them had 2m
2 and the rest (17.39%) had 1m

2

available space at home. Moreover, about 2/3 of these seniors had broadband internet at
home and used computer (including smart phones, tablet PCs, etc.) on a daily (58.33%) or
weekly (4.16%) basis. On a scale of 1 (very bad) to 5 (very good) they rated their confidence
in using technology on average 2.33 (SD=1.34, Mdn=2.5). Furthermore, the majority of the
participants (91.66%) did not have prior experience with AR or VR.

In order to calculate the SUS score we had to remove four responses, which were not fully
available. The mean SUS score for the remaining 20 responses was calculated as 57 (min=10,
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Figure 8.6: System Usability Scale.

max=92, Mdn=60, SD=24.97). Based on the Shapiro-Wilk test, the SUS scores were normally
distributed. Therefore, we ran Pearson correlation, which suggested a significant negative
correlation between the subject’s age and their SUS score (cor=-.628, df = 18, p<.01). In
other words, as the age of the participants increased, their evaluation of the usability of
the system decreased. Figure 8.6 depicts the SUS scores per age groups. The results of
the ANOVA suggested a significant di�erence between the age groups (F(4,15)=5.57, p<.01,
÷

2
G

= .6). The pairwise comparisons with Bonferroni corrections showed that the SUS score
of the participants, which were over 80 years old, was significantly lower than the participants
aged 60-64 (p<.01) and 70-74 (p=.05) years.

As it can be seen in Figure 8.7, the results of the NASA-TLX indicates that despite wearing
an HMD, the system was not rated as physically demanding. The e�ort and frustration levels
were also rated low. Although the mental and temporal demand was rated higher than other
factors, the values are still around the medium score. Therefore, the overall workload during
the testing can be considered as low to medium.

The results of the User Experience Questionnaire (UEQ) are shown in Figure 8.9. All scales
have a mean value above .8, which corresponds to a positive evaluation. In particular, the
system was perceived as novel, stimulating, and attractive.

The Godspeed questionnaire [28] was employed to evaluate the representation of the virtual
coach in the BPH module. As it can be seen in Figure 8.8, di�erent aspects of the virtual
coach are rated quite high. Therefore, the participants have perceived the virtual coach like
a human (Anthropomorphism), who is alive (Animacy) and calm (Perceived Safety), has
intelligence (Perceived Intelligence), and has left a positive impression on them (Likeability).

In addition, the mean Social Presence [23] score (on a scale of -3 to +3) was .26 (SD=1.19).
The positive value suggests that the participants perceived the virtual coach as conscious and
aware.
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Figure 8.7: NASA Task Load Index.

8.5 Discussion

In order to have a successful technology-based intervention for fall prevention, it is essential
to understand the older adults’ view on such programs. Through several focus groups across
three countries, a large number of requirements were defined, which helped us to design and
develop working prototypes for multiple technical modules of our concept.

First, it is essential to be aware of the individual di�erences between the older adults. The
20 years di�erence between the age of 60 and 80 makes a significant e�ect on older adults’
use of technology. Our results confirms that the use of our system for participants in their
60s was significantly easier than those over 80 years of age. Indeed, we observed that some
80+ participants did neither have internet at home, nor mobile phones or computers, and as
a result had di�culty interacting via the smartphone’s touch screen.

Next, one needs to acknowledge the older adults’ interest in technology and its application
in their everyday life. For instance, the older adults living in London we had the chance
to introduce our concept to, were not completely unfamiliar with 3D holographic displays,
AR/VR HMDs, or social media. And as a result they were very positive and supportive about
the project.

Our findings from the focus groups in Freiburg and Athens suggest that the overall im-
pression of the product was positively evaluated by the older adults. They also showed that
the given tasks of the prototypes could be solved without unnecessary e�ort and they felt in
control of the interaction. The system was as well very exciting, creative, and motivating for
them.

Furthermore, the results of the social presence and Godspeed questionnaire showed that
the older adults perceived the virtual coach not as a computer-generated image, but rather
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Figure 8.8: Godspeed Questionnaire.

Figure 8.9: User Experience Questionnaire.

a conscious and alive person, who is present in the room and observes them. Moreover, they
found the virtual coach intelligent, friendly, and safe to interact with.

8.6 Conclusion

In this chapter, we presented a first investigation of the acceptance of an individualized virtual
coaching system based on AR for balance training.

The proposed system is intended to support balance training at home without the require-
ment of the physical presence of human physiotherapeutic or medical experts. In a human-
centered design approach we developed and evaluated several mock-ups and prototypes with
more than 70 older adults across three countries.
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In general, the results suggest that the participants found the system encouraging and
stimulating. Furthermore, the virtual coach was perceived like an alive, calm, intelligent, and
friendly human and has therefore enormous potential to enhance social facilitation, which
is important for motivation. However, the usability of the AR system showed a significant
negative correlation with the participants’ age. To summarize, the results give important
implications for the use of AR in the overall aging population.

The overall positive feedback of the participants could be caused by a novelty e�ect, which
may have led to the tendency for performance to initially improve when new technology is
instituted. Hence, feedback of the participants should be collected during long-term usage of
our system. In this context, we plan to validate the e�ectiveness of this novel rehabilitation
and training concept through a randomized control trial on each three locations, which hosted
the above described focus groups (i. e. London, Freiburg, and Athens).
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9 Chapter 9

Conclusion

In this thesis, we performed a number of experiments to examine the psycho- and physiological
e�ects of exposure to and interaction with MR therapeutic applications.

We started with FloVR (Chapter 2 and Chapter 3), which is a game designed to improve
mood and reduce deppressivity. First, we conducted an fMRI study to investigate di�erences
in functional brain connectivity between objectively di�erent levels of immersion, that the
gaming display o�ers. In particular, we considered an MRI compatible HMD, which has the
ability to display 3D content, objectively more immersive than a back-projection of a screen
via a mirror system [338]. Therefore, we optimized our FloVR to be played inside MRI
scanner. The game was displayed using (i) mirror projection and (ii) an MRI compatible
HMD with 2D and (iii) 3D content.

Our motivating assumption was that the display that elicits higher brain connectivity should
be most suited for long-term brain training interventions, in this case, for therapeutic pur-
poses. The reason is that extended training with the help of such a display could permanently
improve brain connectivity on a functional as well as on a structural level.

Our results revealed higher brain connectivity between brain regions in the HMD condition
compared to the screen and, in particular, in the stereoscopic condition compared to the
monoscopic condition. We interpret these results as a hint that training in MR environments,
in contrast to environments displayed on a screen, may be superior in eliciting and therewith
facilitating brain connectivity in intervention studies.

In order to determine the psychological e�ects of FloVR, we conducted another study, which
was presented in Chapter 3. Here, we examined the e�ects of playing FloVR on depressivity,
anxiety, a�ect, flow, and sense of presence, when it was played using a VR HMD or a tablet
device. The results suggested that in comparison to a control and the tablet condition, playing
FloVR using an HMD could significantly reduce depressivity and negative a�ect. Moreover,
VR could increase the positive a�ect, yet not significantly di�erent from the tablet and control
conditions. The sense of flow and presence were, additionally, higher in the VR condition.

We conclude that playing FloVR in VR brings major objective and subjective advantages
over playing it on non-immersive displays. We showed that it can, not only improve mood and
reduce depressivity, but also elicit higher functional brain connectivity. Meaning that long
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term interventions of FloVR in VR can potentially o�er an alternative solution for treating
mood and depressive disorders.

In the psychological study of FloVR, we used a commercial HMD as an immersive and a
tablet device as a non-immersive display. Such a comparison was relevant for the collabo-
rating clinic from a pragmatic point of view, but it meant that the game controls had to be
programmed di�erently. That is, participants in the VR condition navigated in the VE using
their head movement and in the Tablet condition by rotating the tablet. The tablet device
was also used in the control condition for reading a text. Thus, the level of immersion of the
device was not di�erent from the Tablet condition, although the immersion level of the task
was di�erent (gaming vs. reading). Finally, the VE of FloVR was a virtual nature, yet not
as realistic as an immersive video of a real nature.

In order to control for both the type of display and the realism of the stimuli, we conducted
another study (Chapter 4), in which the content of the conditions were di�erent in the level of
immersion but were all displayed on an HMD. Thereby, we examined the e�ects of exposure
to immersive videos or photo slideshow of a forest and an urban environment in terms of
their respective impact on cognition, physiological reactions, mood, and stress. The results
showed that the forest environment had a positive e�ect on cognition as well as mood and
the immersive videos induced a higher sense of presence.

Based on the results of both experiments (Chapter 3 and Chapter 4), we could show the
positive e�ects of exposure to and interaction with immersive natural environments on mood
and cognition. The cognitive test, which was used in the latter study, was taken from the
TSST [189], which was originally designed to induce moderate psycho-social stress in the
laboratory. In our study, we used its mental arithmetic task and showed that a six-min
exposure to a virtual natural environment can reduce the induced stress from the previous
cognitive task and increase cognitive performance in the follow up test.

The question that arose next was whether a complete TSST in VR has the same psycho-
social e�ects as in real life. The TSST consists of giving a speech and performing mental
arithmetic calculations each for five minutes in front of three persons. Therefore, we developed
an adaptation of TSST in VR and compared it with in vivo TSST (Chapter 5). Meanwhile,
we assumed that the larger the size of virtual audience, the stronger the e�ects of the test.
However, to our surprise, the question of whether the size of virtual audience plays a role
in induced stress using virtual TSST had not been answered before. Therefore, we aimed at
investigating the e�ects of di�erent size of the virtual audience (i.e., three, six, and fifteen)
on perceived social anxiety as well.

The analysis of di�erent physiological and subjective measures revealed di�erent aspects
of the exposure to this psycho-socially stressful situation. Physiological arousal could be
observed with VR inducing anxiety, yet less than in vivo TSST. Furthermore, some of the
subjective measures showed a state of anxiety experienced during the experiment. An e�ect
of the virtual audience size could be observed only in the heart rate measures as a virtual
audience size of three induced the highest values, which was significantly di�erent from an
audience of size six and fifteen.
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The results imply that MR can be used for psycho-therapeutic interventions to both de-
crease and increase anxiety depending on the disorder and needs of the therapy receivers. For
instance, for treating the social anxiety disorder, one can increase social anxiety in training
situations, whereas for treating depressive and mood disorders, one can elevate mood and
decrease anxiety during the training sessions. For this reason, MR is an optimal tool to
simulate real life situations, such as confrontation to stressful situations or visit to natural
environments, and make use of them for therapeutic interventions.

However, one might need to get away from the ordinary, everyday situations and gain an
extra-ordinary experience to have a bigger picture of the psychological distresses. Similar to
an experience described by some astronauts, who had the privilege to travel far away from
the earth and gaze at our planet from the outer space. The experience has been termed
the Overview E�ect [390] and has been reported to have positive, life-lasting e�ects on space
travelers.

In this context, VR is an ideal tool for making this positive experience accessible to more
individuals than sole space travelers. Therefore, we designed and developed a VR application,
in which participants could experience earth gazing from the surface of the moon in VR. In
addition, we combined this experience with Compassion-Focused Therapy and created our
Space-Compassion VR application (Chapter 6).

We compared the e�ects of our application with a controlled VR condition, in a study
with individuals with occasional paranoid thoughts. The results showed that our intervention
could reduce state paranoid thoughts as well as worry and increase self-compassion feelings.
Although, these results show positive e�ects of our intervention and have practical implica-
tions, in future, we will disentangle the Compassion-Focused Therapy from earth gazing, in
order to examine the pure experience of the overview e�ect in VR.

Back to the earth, we learned through our collaborating clinical experts that compulsive
consumption of alcohol is a major health problem and there is need for innovative therapeutic
interventions, which are more attractive and e�ective than the current ones. For this purpose,
we designed and developed a VR application for AUD therapy, which was evaluated by clinical
experts and AUD patients (Chapter 7). The usability of the game was tested as well, which
showed an excellent usability for all parts of the application.

Based on the feedback of the participants, we iterated the development of our VR AUD
therapeutic application and prepared a psycho-physiological experiment. Thereby, we aimed
at comparing our implementation with its traditional equivalent therapy method at the re-
habilitation clinics, namely the AAT with joystick and on a computer screen. In addition, it
is known that AUD patients have favorite types of alcoholic beverages, for which they feel
craving. Therefore, we set out to investigate whether such craving can be induced in VR
for virtual representations of alcoholic beverages. For this reason, we customized our experi-
ment for each individual to play with their favorite type of alcoholic beverage with di�erent
frequency levels. Unfortunately, due to the COVID-19 pandemic, experiments with AUD
patients had be ceased. However, we hope that when the experiment can be resumed again,
its results will reveal new insights into the personalization and practical use of VR for AUD
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therapy.
Personalization of the program is also a key for successful physical therapy, in particular,

to prevent falls [328]. On the other hand, the prevalence of individuals seeking preventive
or managing individualized programs overwhelms the availability of exerts to provide this
treatment. To address this challenge, we designed an AR coaching system to support clinical
experts in prescribing and monitoring individualized fall preventive exercises (Chapter 8). In
addition, we investigated its acceptance through an evaluation with 76 older adults in three
countries across Europe. The results suggested that older adults find the system encourag-
ing and stimulating. The virtual coach was perceived alive, calm, intelligent, and friendly.
However, usability of the entire AR system showed a significant negative correlation with
participants’ age.

It is worth noting that depending on the context and the target group, the perception of
virtual humans, as part of the MR intervention, may vary in di�erent MR applications. We
argue this as one particular model of virtual human was used in both TSST study and the
AR coaching system. Therefore, while it facilitated evoking social anxiety by playing the role
of the main jury in all variations of our virtual TSSTs, it was perceived friendly and calm
while playing the role of a virtual coach in our AR coaching system.

Considering all reported experiments so far, one can argue that the type of virtual stimuli
in MR was limited to only visual and auditory, although further types of stimuli could enrich
the illusion and result in more immersive experiences. For instance, a visit to a virtual forest
could be more realistic for the participants when, in addition to the sight and sound of the
forest, they could smell the wood (e.g., using an olfactory system), feel the wind breeze on
their skin (e.g., using a gentle fan), receive proper haptic feedback when they touch the trees
(e.g., with haptic gloves) or walk on the leaves (e.g., using haptic shoes), and feel the warming
e�ect of the sunlight (e.g., using a thermal display). Thereby, the e�ects of exposure to such
an immersive virtual nature could be stronger.

Furthermore, our measures in all our experiments were mostly cognitive tests, clinical and
HCI-related questionnaires as well as heart rate and skin conductance recordings. In one of our
experiments, salivary cortisol hormone level was measured as well. However, understanding
the mechanisms of change in MR-based interventions require brain imaging to acquire data
resulting from behavior as well as brain processes. For this reason, in Chapter 2, we used the
fMRI technique to reveal the e�ects of VR-based gaming on brain connectivity.

fMRI is one of the most commonly used brain imaging techniques [88], but the use of this
technique with MR paradigms is associated with some limiting factors [321], such as electro-
magnetic interferences with other instruments, disturbing noise, huge machinery dimensions,
high costs as well as the horizontal and unnatural position of the participants during scans’
acquisition which restricts their head movement. Thereby, the studies that report using VR
inside MRI scanner, including ours, use either a conventional screen back-projection via a
mirror or compatible goggles with limited resolution and FOV [392]. Thus, participants do
not benefit from a full immersion into the VE.

To overcome this limitation, a comparable brain imaging technique to fMRI, namely func-
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tional Near-infrared Spectroscopy (fNIRS), may be employed and combined with a common
immersive VR system. This combination could deliver a more immersive VR experience and
consequently a more ecologically valid experiment. The reason is that both fNIRS and fMRI
rely on the BOLD responses and thus are very comparable. Yet, fNIRS has some advantages
compared to fMRI, especially in respect to simultaneous use of immersive VR. For instance,
it is easily portable and enables participants to not only move their head freely, but also use
their hands, and even walk within the restricted physical environments, that grant a higher
immersion into the VE. Thus, the combination of immersive VR and fNIRS to study the
neuro-physiological e�ects of VR-based therapeutic interventions remains a topic for future
work. On the other hand, fNRIS is also associated with some limitations, e.g., only cortical
activity can be measured and the anatomical information cannot be directly inferred. To
address these limitations, a replication of the experiments using fMRI should performed as
well.

Finally, a limitation of most of our experiments is their relatively small sample size. Also,
the sample was not always diagnosed with the targeted disorder, for which we designed and
developed our MR interventions. The reason is the research tradition of exploring clinical
phenomena on a sub-threshold level, which investigates symptoms on a dimensional level. This
tradition has been recently promoted by the Research Domain Criteria (RDoC) framework
led by the National Institute of Mental Health (NIMH) [168]. Thus, from the perspective
of clinical research, the scale of the research presented in this thesis falls in the category
of preliminary to pilot research, whose outcomes form the foundations for planning future
full-size randomized clinical trials.

All in all, MR Pharmacy aimed at providing a collection of MR-based therapeutic ap-
plications. Such applications may become available as MR Medication (MRM)s in the
future. Thus, similar to a real pharmacy, an MR pharmacy should ideally o�er a variety of
MRMs as alternatives to pharmacological drugs. Likewise, MRMs should be clinically ap-
proved, whose side-e�ects, recommended dosage, etc. are known to the consumer. This way,
similar to taking, for example, a painkiller for a headache, one could receive prescribed MRMs
for their needs. Equally compared with availability of the standardized pharmacological medi-
cations all around the world, MRMs shall become standard and available all around the world
as well. Ideally, the process of prescribing and monitoring such medications may also become
digital. For this purpose, MR Therapists may assist the health system by taking the role
of real therapists, when it is needed. I believe that both therapists and therapy receivers
will benefit from the enormous potentials of innovative forms of therapy and rehabilitation,
in particular, MR interventions. My confidence is based on our numerous interviews with
health professionals as well as patients in di�erent age groups and with di�erent disorders
together with the results of the psycho-physiological experiments as they were presented in
this thesis.
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[246] Eva Montero-López, Ana Santos-Ruiz, M Carmen Garćıa-Ŕıos, Raúl Rodŕıguez-
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linat. The e�ects of virtual audience size on social anxiety during public speaking. In
2020 IEEE Conference on Virtual Reality and 3D User Interfaces (VR), pages 303–312.
IEEE, 2020.

[249] John Murphy and Bernard Isaacs. The post-fall syndrome. Gerontology, 28(4):265–270,
1982.

[250] Michael Naimark. Elements of real-space imaging: a proposed taxonomy. In Stereoscopic
Displays and Applications II, volume 1457, pages 169–180. International Society for
Optics and Photonics, 1991.

[251] Kristin D Ne�. The development and validation of a scale to measure self-compassion.
Self and Identity, 2(3):223–250, 2003.

[252] Kristin D Ne�. Self-compassion, self-esteem, and well-being. Social and Personality
Psychology Compass, 5(1):1–12, 2011.

[253] Michelle G Newman, Kevin E Kachin, Andrea R Zuellig, Micheal J Constantino, and
Laurie Cashman-McGrath. The social phobia diagnostic questionnaire: Preliminary val-
idation of a new self-report diagnostic measure of social phobia. Psychological Medicine,
33(4):623–635, 2003.



Bibliography150

[254] John C Norcross, Rory A Pfund, and James O Prochaska. Psychotherapy in 2022: A
delphi poll on its future. Professional Psychology: Research and Practice, 44(5):363,
2013.

[255] Hiroko Ochiai, Harumi Ikei, Chorong Song, Maiko Kobayashi, Ako Takamatsu, Takashi
Miura, Takahide Kagawa, Qing Li, Shigeyoshi Kumeda, Michiko Imai, et al. Physiolog-
ical and psychological e�ects of forest therapy on middle-aged males with high-normal
blood pressure. International Journal of Environmental Research and Public Health,
12(3):2532–2542, 2015.

[256] Corinna Ogonowski, Konstantin Aal, Daryoush Vaziri, Thomas Von Rekowski, Dave
Randall, Dirk Schreiber, Rainer Wieching, and Volker Wulf. Ict-based fall prevention
system for older adults: qualitative results from a long-term field study. ACM Trans-
actions on Computer-Human Interaction (TOCHI), 23(5):29, 2016.

[257] Heather Ohly, Mathew P White, Benedict W Wheeler, Alison Bethel, Obioha C Uk-
oumunne, Vasilis Nikolaou, and Ruth Garside. Attention restoration theory: A system-
atic review of the attention restoration potential of exposure to natural environments.
Journal of Toxicology and Environmental Health, Part B, 19(7):305–343, 2016.

[258] APA Presidential Task Force on Evidence-Based Practice et al. Evidence-based practice
in psychology. The American Psychologist, 61(4):271, 2006.

[259] Adam Palanica, Aleksandra Lyons, Madeline Cooper, Andrew Lee, and Yan Fossat.
A comparison of nature and urban environments on creative thinking across di�erent
levels of reality. Journal of Environmental Psychology, 63:44–51, 2019.

[260] Federica Pallavicini and Alessandro Pepe. Comparing player experience in video games
played in virtual reality or on desktop displays: Immersion, flow, and positive emotions.
In Extended Abstracts of the Annual Symposium on Computer-Human Interaction in
Play, pages 195–210, 2019.

[261] American Geriatrics Society Panel on Prevention of Falls in Older Persons and
British Geriatrics Society. Summary of the updated american geriatrics society/bri-
tish geriatrics society clinical practice guideline for prevention of falls in older persons.
Journal of the American Geriatrics Society, 59(1):148–157, 2011.

[262] Bum-Jin Park, Yuko Tsunetsugu, Tamami Kasetani, Hideki Hirano, Takahide Kagawa,
Masahiko Sato, and Yoshifumi Miyazaki. Physiological e�ects of shinrin-yoku (tak-
ing in the atmosphere of the forest)—using salivary cortisol and cerebral activity as
indicators—. Journal of Physiological Anthropology, 26(2):123–128, 2007.

[263] Eunice Park-Lee, Rachel N Lipari, Sarra L Hedden, Larry A Kroutil, and Jeremy D
Porter. Receipt of services for substance use and mental health issues among adults:
results from the 2016 national survey on drug use and health. In CBHSQ Data Review.
Substance Abuse and Mental Health Services Administration (US), 2017.



Bibliography 151

[264] Thomas D Parsons and Albert A Rizzo. A�ective outcomes of virtual reality exposure
therapy for anxiety and specific phobias: A meta-analysis. Journal of Behavior Therapy
and Experimental Psychiatry, 39(3):250–261, 2008.

[265] Peter J. Passmore, Maxine Glancy, Adam Philpot, Amelia Roscoe, Andrew Wood, and
Bob Fields. E�ects of Viewing Condition on User Experience of Panoramic Video. In
Dirk Reiners, Daisuke Iwai, and Frank Steinicke, editors, ICAT-EGVE 2016 - Interna-
tional Conference on Artificial Reality and Telexistence and Eurographics Symposium
on Virtual Environments. The Eurographics Association, 2016.

[266] Emilee Patrick, Dennis Cosgrove, Aleksandra Slavkovic, Jennifer A Rode, Thom Ver-
ratti, and Greg Chiselko. Using a large projection screen as an alternative to head-
mounted displays for virtual environments. In Proceedings of the 2000 CHI conference
on Human Factors in Computing Systems, pages 478–485, 2000.

[267] Marousa Pavlou, Ari Lingeswaran, Rosalyn A Davies, Michael A Gresty, and Adolfo M
Bronstein. Simulator based rehabilitation in refractory dizziness. Journal of Neurology,
251(8):983–995, 2004.

[268] Mara Pereira Guerreiro, Isa Brito Félix, Afonso Cavaco, Ana Paula Cláudio, Anabela
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Stefan Wüst. Trier social stress test in vivo and in virtual reality: Dissociation of
response domains. International Journal of Psychophysiology, 110:47–55, 2016.

[326] Hiroyuki Shimada, Megumi Suzukawa, Anne Tiedemann, Kumiko Kobayashi, Hideyo
Yoshida, and Takao Suzuki. Which neuromuscular or cognitive test is the optimal
screening tool to predict falls in frail community-dwelling older people? Gerontology,
55(5):532–538, 2009.

[327] Won Sop Shin, Poung Sik Yeoun, Rhi Wha Yoo, and Chang Seob Shin. Forest experience
and psychological health benefits: the state of the art and future prospect in korea.
Environmental Health and Preventive Medicine, 15(1):38, 2010.

[328] Ti�any E Shubert. Evidence-based exercise prescription for balance and falls prevention:
a current review of the literature. Journal of Geriatric Physical Therapy, 34(3):100–108,
2011.

[329] Paula Alexandra Silva, Francisco Nunes, Ana Vasconcelos, Maureen Kerwin, Ricardo
Moutinho, and Pedro Teixeira. Using the smartphone accelerometer to monitor fall
risk while playing a game: the design and usability evaluation of dance! don’t fall. In
International Conference on Augmented Cognition, pages 754–763. Springer, 2013.

[330] Raquel A Silva, Kim Rogers, and Timothy J Buckley. Advancing environmental epi-
demiology to assess the beneficial influence of the natural environment on human health
and well-being. Environmental Science & Technology, 52(17):9545–9555, 2018.
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