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Abstract

Globally, around 20% of people suffer from chronic pain, an illness that cannot
be cured and has been linked to numerous physical and mental conditions. According to
the BioPsychoSocial model of pain, chronic pain presents patients with biological,
psychological, and social challenges and difficulties. Immersive virtual reality (VR) has
shown great promise in helping people manage acute and chronic pain, and facilitating
empathy of vulnerable populations. Therefore, the first research trajectory of this
dissertation targets chronic pain patients’ biological and psychological sufferings to
provide VR analgesia, and the second research trajectory targets healthy people to build

empathy and reduce patients’ social stigma.

Researchers have taken the attention distraction approach to study how acute
pain patients can manage their condition in VR, while the virtual embodiment approach
has mostly been studied with healthy people exposed to pain stimulus. My first research
trajectory aimed to understand how embodied characteristics affect users’ sense of
embodiment and pain. Three studies have been carried out with healthy people under
heat pain, complex regional pain syndrome patients, and phantom limb pain patients. My
findings indicate that for all three studies, when users see a healthy or intact virtual body
or body parts, they experience significant reductions in their self-reported pain ratings.
Additionally, | found that the appearance of a virtual body has a significant impact on

pain, whereas the virtual body’s motions do not.

Despite the prevalence of chronic pain, public awareness of it is remarkably low,
and pain patients commonly experience social stigma. Thus, having an embodied
perspective of chronic pain patients is critical to understand their social stigma. Although
there is a growing interest in using embodied VR to foster empathy towards gender or
racial bias, few studies have focused on people with chronic pain. My second trajectory

explored how researchers can foster empathy towards pain patients in embodied VR.

To conclude, this dissertation uncovers the role of VR embodiment and dissects
embodied characteristics in pain modulation and empathy generation. Finally, |
summarized a novel conceptual design framework for embodied VR applications with

design recommendations and future research directions.

Keywords: chronic pain; virtual reality; virtual embodiment; sense of ownership;

sense of agency; empathy
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Glossary

In this section, | briefly introduce the reworded definitions of the technical terms

that are mentioned frequently in this dissertation. The selection criteria of the following

definitions are from the most cited and accepted research papers adopted the same

research methods or in the same fields where my research falls under.

Anterior Cingulate Cortex

Augmented Reality

Avatar

Body Image and Body

Schema

Brain-Computer Interface

Brachial Plexus Avulsion

is the frontal part of the cingulate cortex that resembles a
“collar” surrounding the frontal part of the corpus
callosum. It lies in a unique position in the brain, with
connections to both the “emotional” limbic system and the

“cognitive” prefrontal cortex (Stevens et al., 2011).

is the experience of actual environments that is
supplemented by digital information in the form of

images, sounds, and texts (Sumadio & Rambli, 2010).

in this dissertation, avatar refers to an electronic image or
3D model that represents and may be manipulated by a

computer user (as in a game) (Definition of avatar, 2020).

body image is a conscious image or representation,

owned, but abstract and disintegrated, and appears to be
something in-itself, differentiated from its environment. In
contrast, body schema operates in a non-conscious way,

is pre-personal, functions (Gallagher, 1986)

is a computer-based system that acquires brain signals,
analyzes them, and translates them into commands that
are relayed to an output device to carry out a desired
action (Shih et al., 2012).

A brachial plexus avulsion occurs when the root of the
nerve is completely separated from the spinal cord. This
injury is usually caused by trauma, such as a car or
motorcycle accident. More severe than ruptures,

avulsions often cause severe pain. Because it is difficult
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Chronic Pain

Complex Regional Pain
Syndrome

Embodied Cognition

Functional Magnetic

Resonance Imaging

Field of View

Gate Control Theory

and usually impossible to reattach the root to the spinal
cord, avulsions can lead to permanent weakness,
paralysis and loss of feeling (Brachial Plexus Injury,
2020).

is a time-based definition, and refers to pain that lasts or
recurs for more than 3 months (IASP, 2011).

in 1994, the International Association for the Study of
Pain (IASP) entered the condition into its taxonomy as a
diagnostic entity. The hallmarks of CRPS as defined by
IASP include the following: (a) specific injury or noxious
stimuli, which may include surgery; (b) continued pain
that is disproportionate to the noxious stimuli or injury,
including allodynia and hyperalgesia; (c) changes in
localized skin, including edema and changes in blood
flow and coloration of the skin; and (d) no specific

dermatomal or nerve pattern (IASP, 1996).

the emerging viewpoint of embodied cognition holds that
cognitive processes are deeply rooted in the body’s

interactions with the world (Wilson, 2002).

is a class of imaging methods developed in order to
demonstrate regional, time-varying changes in brain
metabolism. It depicts changes in deoxyhemoglobin
concentration consequent to task-induced or
spontaneous modulation of neural metabolism (Glover,
2011).

the extent of the observable environment at any given

time, or the range of what a user can see (Jerald, 2016).

The Gate Theory of Pain, published by Ronald Melzack
and Patrick Wall in Science in 1965, was formulated to
provide a mechanism for coding the nociceptive
component of cutaneous sensory input (Melzack & Wall,
1965).
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Galvanic Skin Response

Head-mounted Display

Human-Computer

Interaction

Mirror Therapy

Motor Execution

Mixed-Reality

Numerical Rating Scale

Phantom Limb Pain

Peripheral Nerve Injury

or electrodermal activity (EDA), is an “electrodermal”
signature of the sympathetic nervous innervation of the
skin (Nagai et al., 2019).

is a display device, worn on the head or as part of a
helmet, that has a small display optic in front of one
(monocular HMD) or each eye (binocular HMD)
(Sutherland, 1968).

is a multidisciplinary field of study focusing on the design
of computer technology and, in particular, the interaction
between humans (the users) and computers (Carroll,
2003).

is the use of a mirror to create a reflective illusion of an
affected limb in order to trick the brain into thinking
movement has occurred without pain. It involves placing
the affected limb behind a mirror, which is sited, so the
reflection of the opposing limb appears in place of the
hidden limb. (Ramachandran et al., 1995).

is the overt and volitional movement associated with body

movement or activities (Raffin et al., 2012).

is the merging of real and virtual worlds to produce new
environments and visualizations, where physical and
digital objects co-exist and interact in real-time (Jerald,
2016).

is a subjective measure in which individuals rate their
feelings or experience on a point-based numerical scale

(ScienceDirect Topics, 2020).

phantom limb pain (PLP) is defined as pain felt in the
missing portion of the amputated limb following
amputation (Limakatso et al., 2019).

a peripheral nerve injury refers to destruction, damage, or

crushing of the peripheral nerve which is a serious health
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Quality of Life

Rubber Hand lllusion

Randomized Controlled

Trial

Sense of Agency

Sense of Ownership

Standard of Care

Short-Form McGill Pain

Questionnaire

problem that affects 2.8% of trauma patients annually
(Hebl, 2007).

is an overarching term for the quality of the various
domains in human life. It is an expected standard level
that consists of the expectations of an individual or

society for a good life (Quality of Life, 2020).

the Rubber Hand lIllusion (RHI) is a tantalizing illusion,
where the feeling that a rubber hand belongs to one's
body (feeling of ownership) is brought about by stroking a
visible rubber hand synchronously to the participant's
own occluded hand (Rohde et al., 2011).

is a trial in which subjects are randomly assigned to one
of two groups: one (the experimental group) receiving the
intervention that is being tested, and the other (the
comparison group or control) receiving an alternative

(conventional) treatment (Kendall, 2003).

refers to the sense of having “global motor control,
including the subjective experience of action, control,
intention, motor selection and the conscious experience
of will” (Kilteni et al., 2012).

refers to one’s self-attribution of a body. It has a
possessive character and it implies that the body is the
source of the experienced sensations. (Kilteni et al.,
2012).

a diagnostic and treatment process that a clinician should
follow for a certain type of patient, illness, or clinical

circumstance (Definition of Standard of Care, 2020).

the short-form McGill Pain Questionnaire (SF-MPQ) is a
shorter version of the original MPQ, and was developed

later in 1987. The pain rating index has 2 subscales:
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Visual Analog Scale

Virtual Embodiment

Virtual Hand Illusion

Immersive Virtual Reality

and Virtual Environment

sensory subscale with 11 words, and affective subscale
with 4 words from the original MPQ (Melzack, 1987).

is @ measurement instrument that tries to measure a
characteristic or attitude that is believed to range across a
continuum of values and cannot easily be directly

measured (Visual Analogue Scale, 2020).

sense of embodiment (SoE) in Virtual Reality. The
capability of our brain of having a representation of our
body results in a mental construction composed of
perceptions and ideas about the dynamic organization of
our own body, involving vision, touch, proprioception,
interoception, motor control, and vestibular sensations.
(Kilteni et al., 2012).

is an illusion that can be induced even in the absence of
tactile stimulation, simply by manipulating the temporal
delay between the participant's own movement and the
movements of the virtual hand on a screen (Ma &
Hommel, 2015).

is the computer-generated simulation of a three-
dimensional image or environment that can be interacted
with in a seemingly real or physical way by a person
using special electronic equipment, such as a helmet with
a screen inside or gloves fitted with sensors. Virtual
environment (VE) normally refers to the immersive and

illusory environments rendered in VR (Jerald, 2016).
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Chapter 1. Introduction

1.1. Overview of Research Problems

Chronic pain affects approximately 20% of people worldwide (Schopflocher et al.,
2011). The International Association for the Study of Pain (IASP) defined chronic pain as
pain that persists for longer than three months (IASP, 2020). In addition to the physical
and psychological effects (pain, stress, depression, and distorted body images), the
emotions and social environments of chronic pain sufferers are also severely impacted
due to experiences such as stigma and social isolation (Duefias et al., 2016). Therefore,
clinicians have developed and tested other alternative treatments, such as yoga and Tai
Chi, psychotherapy, cognitive behavior therapy, mind-body techniques (mindfulness-
based stress reduction [MBSR], hypnosis), and virtual reality (VR) and augmented reality
(AR) interventions (Turk, 2002).

Among non-pharmacological treatments, immersive VR has great promise for
acute and chronic pain management (Mallari et al., 2019). Although the underlying
mechanisms of VR pain modulation (or VR analgesia) remain unclear, two primary
approaches to utilizing it for pain management have been widely studied: attentional
distraction (directing attention inward to the pain or outward from the pain) and virtual
embodiment (sense of embodiment in VR). The effectiveness of the attentional
distraction approach has been validated with evidence from acute and chronic pain
patients. For instance, many studies by Hoffman’s and Gold’s groups adopted an
attentional distraction approach to pain alleviation in virtual environments (Gold &
Mahrer, 2018; Hoffman et al., 20014, b, ¢; Hoffman et al., 2011). Although most studies
that adopted this approach showed significant pain reduction levels during the study

period, very few studies followed up with the patients after the research in the long-term.

In other studies, the virtual embodiment approach has also resulted in pain
alleviation in healthy study participants experiencing pain stimulus through the visual and
motor feedback of a virtual body (Gilpin et al., 2014; Martini et al., 2014; Martini, 2016;
Zanini et al., 2017).



Virtual embodiment research was initiated by cognitive scientists who believed
rubber hand illusion (RHI), virtual hand illusion (VHI), or virtual body illusion (VBI) might
explain the pain alleviation phenomenon (IJsselsteijn et al., 2005; Petkova & Ehrsson,
2008; Slater et al., 2008, 2010). RHI refers to the perception of owning a rubber hand
similar to owning one’s real hand, which was elicited by viewing a co-located rubber
hand (Botvinick & Cohen, 1998). Similarly, VHI is the feeling of owning virtual hands in
VR (Slater et al., 2008) and VBI is the feeling of owning the entire virtual body (Slater et
al., 2010).

For instance, researchers found that different levels of embodiment and pain
outcomes can be induced by manipulating the appearance and motion of virtual limbs,
including their color (Martini et al., 2013), arms’ shapes (realistic arms and abstract
tubes) (Zanini et al., 2017), skin transparency (Martini et al., 2015), body sizes (Romano
et al., 2016), and movement states (synchronized and asynchronized) (Martini et al.,
2014; Zanini et al., 2017). However, most of the studies exploring manipulated avatar
features were conducted by exposing healthy participants to pain stimulus. In a recent
study, Matamala-Gomez et al. (2019) found that chronic pain participants and healthy
participants’ pain perception and sense of embodiment did not react similarly to the
same avatar features. Patients with different types of pain also did not react similarly.
For instance, increasing the skin transparency decreased pain in complex regional pain
syndrome (CRPS) patients but did the opposite in peripheral nerve injury (PNI) patients
(Matamala-Gomez et al. 2019). Further, though the movements of virtual arms can be
manipulated to regulate the sense of agency (Martini et al., 2014; Zanini et al., 2017),
only one research has analyzed the potential correlations between agency and pain
(Kathner et al., 2019).

Therefore, this dissertation’s first research trajectory focused on utilizing virtual
embodiment for analgesia and aimed to (1) manipulate avatar features and evaluate
how they affect pain and embodiment (the sense of ownership and agency); (2) further
explore the correlations between virtual embodiment and induced pain with a focus on
sense of agency (SoA); and (3) compare the effectiveness of the virtual embodiment
approach in managing different types of pain, healthy participants’ induced acute pain,

and unhealthy participants’ chronic pain.



Virtual embodiment also holds promise for eliciting empathy towards chronic pain
too. Despite the prevalence of chronic pain, public awareness of it was remarkably low
until the opioid crisis that began in the 2000s (Eriksen et al., 2006). Since chronic pain is
a condition that does not necessarily include amputation, scars, deformities, or the
objective evidence seen on imaging, it remains mostly invisible to the public. As a result,
social stigma remains a problem for people who live with this condition (De Ruddere &
Craig, 2016). Further, stigmatization might reduce patients’ self-esteem and social
support, leading to isolation; it may also cause negative emotions and issues with well-
being, such as stress and depression (De Ruddere & Craig, 2016). Many researchers
have been evaluating how digital media can impact the affective and perspective-taking
aspects of empathy in both clinical and non-clinical settings. Evidence has also shown
that VR applications (either environments or games) could stimulate a significantly
higher level of empathy than videos or traditional media forms (Herrera et al., 2018). In
this dissertation, VR environments refer to applications that don’t have game mechanics
implemented, but more for therapeutic purposes; while VR games refer to commercial
titles that has game mechanics but weren’t developed for therapeutic features. The
immersive and convincing nature of VR has profound effects and may confer meaningful
benefits to an individual’s cognition or behavior (Slater & Sanchez-Vives, 2016). Despite
the growing interest in using VR applications to motivate empathy, few studies have
focused on empathy for people who live with chronic pain. Hence, this dissertation’s
second research trajectory examined the effect of embodied VR in facilitating non-
patients’ empathy toward chronic pain patients. Moreover, | was keen to explore
potential design features and recommendations for empathy facilitation in embodied VR

games.

In this chapter, | first introduce the background of my research on pain and VR
and discuss my two research trajectories: (1) utilizing virtual embodiment for analgesia
and (2) utilizing it to foster empathy toward pain patients. Next, | discuss the research
guestions that informed each trajectory and present an outline of this dissertation.

Finally, | briefly discuss the contributions of my dissertation.



1.2. Research Background

1.2.1. Pain: An Unpleasant Sensory, Emotional, and Social
Experience

IASP defined pain as “an unpleasant sensory and emotional experience
associated with actual or potential tissue damage, or described in terms of such
damage” (IASP, 2020). Since the 1800s, philosophers and psychologists have put
forward formal theories, such as specificity theory and pattern theory (Moayedi & Davis,
2012), to explain how and why people feel pain. In the 1960s, Melzack and Wall (1965)
published a paper proposing gate control theory (GTC) to explain the mechanisms of
pain; the theory put forward a biological and physiological theory describing how pain
signals are processed in the body and perceived by the brain. Then, Melzack and Casey
(Casey, 1968) added emotional and cognitive aspects to the pain theory. Thirty years
later, Melzack (1999) proposed the neuromatrix theory, a theory based on neural
networks that incorporated GCT as well as emotional and cognitive feedback loops all
together. More recently, Moseley’s (2003) “pain matrix” (p.1) focused more on the
holistic predictors of pain; this theory arrived late to the field because its development

relied on advancements in neuroscience.

The two most important categories of pain are chronic pain and acute pain.
Chronic pain is defined as persistent or recurrent pain that lasts longer than three
months (IASP, 2011). Chronic pain affects 20% of people worldwide. Functional
impairment, distress, and demoralization often accompany chronic pain, making it a
significant source of suffering and economic burden (Breivik et al., 2013). In this
dissertation, due to the scope of my research questions, | focus more on chronic pain

than acute pain.

Similar to Melzack, Gatchel et al. (2007) proposed a biopsychosocial (BPS)
approach for pain that suggests it is the result of dynamic interactions among
physiological, psychological, and social factors. Gatchel's comprehensive BPS approach
considers both the health and mental iliness of the pain sufferers (Gatchel, 2004), and it
has been especially influential and useful in contexts of chronic pain (Gatchel et al.,
2007) and mental health conditions (Gatchel, 2005). Initially, it focused on both disease
and illness and proposed that iliness is a complex interaction of three factors: biological,
psychological, and social (Gatchel, 2004; Gatchel, 2005). Later, Gatchel (2007) used
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this approach to specifically address chronic pain because it is the result of that type of
dynamic interaction. Although the underlying mechanisms of pain have been frequently
debated, the implication of GCT and other theories—specifically, the interaction between
the psychological (or psychosocial) and physiological processes—has been widely
accepted (Gatchel, 2007). In my research, | utilized Gatchel's (2007) BPS approach as
an underlying theory for understanding the modulation process and potential impacts of

chronic pain.

Similar to Melzack, Gatchel et al. (2007) proposed a biopsychosocial (BPS)
approach for pain that suggests it is the result of dynamic interactions among
physiological, psychological, and social factors. Gatchel’'s comprehensive BPS approach
considers both the health and mental illness of the pain sufferers (Gatchel, 2004), and it
has been especially influential and useful in contexts of chronic pain (Gatchel et al.,
2007) and mental health conditions (Gatchel, 2005). Initially, it focused on both disease
and illness and proposed that iliness is a complex interaction of three factors: biological,
psychological, and social (Gatchel, 2004; Gatchel, 2005). Later, Gatchel (2007) used
this approach to specifically address chronic pain because it is the result of that type of
dynamic interaction. Although the underlying mechanisms of pain have been frequently
debated, the implication of GCT and other theories—specifically, the interaction between
the psychological (or psychosocial) and physiological processes—has been widely
accepted (Gatchel, 2007). In my research, | utilized Gatchel's (2007) BPS approach as
an underlying theory for understanding the modulation process and potential impacts of

chronic pain.
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Figure 1.1.Conceptual approach of BPS interactive processes involved in health and illness (Gatchel et al.,
2007).

1.2.2. Virtual Reality as an Embodied Technology and Virtual

Embodiment

The term “virtual reality,” first coined by Jaron Lanier (Wikipedia, 2020), is
defined as an interactive simulated environment that can provide sensory stimuli that
range from auditory and visual feedback to haptic feedback (Jerald, 2016). To precisely
define the VR technology that was created for this dissertation, | differentiated non-

immersive VR from immersive VR.

Immersive VR refers to 3D environments with immersive visual interfaces (Slater
& Sanchez-Vives, 2016), such as VR head-mounted displays (HMDs), and immersive
projections, such as the cave automatic virtual environment (CAVE) system (Cruz-Neira
et al., 1992). While the former offer 3D graphics that reduce our awareness of the
physical world, the latter use a 360° field of mapped projections of a room or a helmet,
thus preserving the perspective of one’s real body or the real-world. In this dissertation, |

used the term VR referring to immersive VR.

Non-immersive virtual reality refers to computer-generated 3D environments that
users can navigate in a virtual space to which their sense of awareness is tethered

(Slater & Sanchez-Vives, 2016). Non-immersive VR is generally displayed through 2D
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interfaces, such as computer monitors, projectors, and TVs. Immersive 360°
environments allow participants to feel as though they are inside the environment while
non-immersive environments only allow participants to see the contents based on how
the device in use — PC, smartphone, or tablet — is held and moved. According to Ventura
et al. (2019), the difference between immersive and non-immersive VR can be better
clarified through the concept of spatial presence, meaning “the sense of being in an
environment” (Kober et al., 2012). See more in Chapter 2.2.2.1 for details about this

presence illusion.

Because of the revolutionary development of hardware devices since 2000
(Jerald, 2016), VR has been widely adopted in multiple industrial and academic fields,
including medicine and health, education and training, commercials, entertainment, art,
and communication (Bailenson, 2018; Dyer et al., 2018; Grau, 2002; G. Riva et al.,
1999; Sveistrup, 2004).

VR HMDs’ multisensory feedback and powerful technical properties can provide
the users with a sense of presence. This is the sense of being there, which refers to
people’s responses to their surroundings and their ability to take action to modify them
(Slater et al., 2009). Researchers believe that presence is one of the most critical factors
in VR environments’ elicitation or alteration of people’s perceptions in most VR HMDs.
This sense of presence is what makes VR a novel medium that immerses all our senses

and embodies our actions in a virtual world, changing us cognitively and psychologically.

According to Slater et al. (2009), the sense of presence consists of two primary
perceptual illusions: place illusion (the sense of being in a place) and plausibility illusion
(the sense that the depicted scenario is occurring). Later, Jerald (2016) offered a
refinement of plausibility illusion, breaking it into self-embodiment illusion (the sense of
embodiment or embodiment presence; the sense of having a body in the virtual world),
the illusion of physical interaction (the sense of having physical responses that match
the visual representations), and social communication (social presence; Jerald, 2016).
Among the four illusions, embodiment illusion, or the sense of embodiment, is the only
component that considers the impact of the virtual avatar or body (parts) on one’s
perception. Prior research (Banakou et al., 2013; Bertrand et al., 2018; Gilpin et al.,

2014) revealed that people could feel ownership or control of virtual avatars, thus



allowing them to take the perspective of the virtual avatars. In this dissertation, | mainly

focus on embodiment illusion and its impact on pain reduction and empathy facilitation.

When defining the phenomenon of sense of embodiment (SoE) in VR, some
researchers have followed classic embodied cognition (EC) theory through a cognitive
science lens (Kirsh, 2013). For instance, some of Bailenson et al.’s (2018) research
focuses on how being embodied in an avatar results in perceptual or behavioral changes
across a broad range of topics, including empathy toward a specific population. In these
studies, the authors adopted EC theory to interpret the outcomes, suggesting that
cognition is grounded in the body and the body’s relationship to the environment.
Admittedly, EC theory can be applied to SoE in VR, but it is too general and inclusive to
further explain its composition. According to Kilteni et al.’s (2012) framework of virtual
embodiment, a sense of embodiment (or self-embodiment) in VR is the experience or
feeling of ownership of a body, control over it, and the sense of being inside it. These
experiences and feelings consist of three subcomponents: sense of ownership (So0),
sense of agency (SoA), and sense of self-location. Kilteni et al. deducted these
subcomponents from an abundant review of previous studies to answer the question of
how and to what extent a person can experience a virtual body in a virtual environment
as their own. In this dissertation, | mainly focus on SoO and SoA, as they are the primary

attributes affecting people’s perception of and cognition related to a virtual body.

1.2.3. VR Analgesia as Non-Pharmacological Therapy

VR has been used for pain management for over two decades, and mounting
evidence supports its effectiveness in pain modulation. Since the 1990s, Hoffman’s
research group has been conducting a series of studies and has convincingly
demonstrated that immersive VR is an effective way to manage attention as a form of
pain distraction, especially in the contest of acute pain (Hoffman et al., 2000; Hunter G.
Hoffman et al., 2001a, b, c; Hoffman et al., 2011). In addition to assisting burn pain
patients, VR distraction has also been proven to have an effect in other acute medical
conditions, such as in interventions for cancer pain patients (Schneider et al., 2004), IV
placement (Gold et al., 2006), wound care procedures (McSherry et al., 2018), and
pediatric blood draw procedures (Gold & Mahrer, 2018).

Although the mechanisms of chronic pain differ from acute pain, researchers

investigated the possibility of utilizing VR pain distraction to control the acute moment of
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chronic pain patients, and the results revealed temporary pain reductions after the study
interventions (Amin et al., 2017; Choo, 2015; Hua et al., 2015; Ng et al., 2018;
Simmonds, 2008; Wiederhold et al., 2014). Intriguingly, in addition to their examinations
of attentional distraction in VR environments, Gromala et al. (2015a) and Oneal et al.
(2008) addressed and represented pain in the virtual environment and explored pain
self-control (self-management) to help the participating patients direct their attention to
the pain itself (via MBSR or hypnosis strategies). In addition to measuring pain levels
from self-reported questionnaires, Hoffman et al. (2003) moved further by designing an
fMRI-friendly VR headset, and then scanned healthy participants’ brains while inducing
pain (Hoffman et al., 2004). The authors’ fMRI data revealed that pain-related brain

areas are less active after VR than before.

Gold et al. (2007) and Li et al. (2011) undertook a literature review to analyze the
neurological implications of VR for pain attenuation, and they also explored potentially
relevant mechanisms that cause pain. They agreed on the attentional distraction and
emotional changes achieved by VR as well as the potential brain area changes that
caused reductions in pain sensation based on the gate control theory of pain. Thus, VR
can be used as a powerful pain control technique and tool so that patients can manage
and alleviate acute or short-term pain. However, it is not yet known if the analgesic
effects of VR persist beyond the sessions. Factors that influence the effectiveness of the
analgesic effect include presence levels (Hoffman et al., 2004, Triberti et al., 2014) and

other psychological aspects, such as feelings of fun or anxiety (Triberti et al., 2014).

In the virtual embodiment approach, the VR environment only shows a virtual
avatar (or body) from the first-person perspective; it is not a 360-degree animated
environment without virtual avatars. Researchers have investigated various visual
presentations of virtual bodies and how pain is affected by the same avatar features
relevant to the efficiency of the analgesic approach and, focusing on SoQO, if a sense of
embodiment correlates with pain. Such VR environments provide opportunities for
people to map their body image onto a virtual character by creating a mental model of
their bodies and eliciting an SoO (or SoA) based on that virtual body. Slater and
Sanchez-Vives’ research group believes that having an SoO over virtual avatars
alleviates heat-induced pain, also known as the analgesic effect of virtual hand illusion,
similar to the analgesic effect of rubber hand illusion (Martini et al., 2014; Martini et al.,
2015; Sanchez-Vives et al., 2010).



However, virtual embodiment studies have been largely conducted by exposing
healthy participants to pain stimulus. Findings have suggested that if a person’s avatar
looks similar to their real body (for example, its size and pigment), different types of pain
are experienced in different ways (Matamala-Gomez et al., 2019). For instance,
Matamala-Gomez et al. found that complex regional pain syndrome (CRPS) patients’
pain ratings decreased while the virtual avatar’s skin transparency increased, but
peripheral nerve injury (PNI) patients experienced an opposite tendency in pain
(Matamala-Gomez et al. 2019).Prior research found that many chronic pain patients
have distorted body images when compared to healthy people (Gilpin et al., 2015). The
conscious sense of one’s body, or body image, is often taken for granted, but it is
disrupted in many clinical states, such as phantom limb pain (PLP) and CRPS. Few
virtual embodiment studies have been conducted with such chronic pain patients, and
some evidence has revealed that unhealthy patients in certain VR embodiment
conditions experience pain differently than the simulated pain induced in healthy
participants (Martini et al. 2015; Romano et al., 2016; Matamala-Gomez, Diaz Gonzalez,
et al., 2019). In other words, when seeing the same visual conditions, chronic pain
patients appear to have different responses, possibly based on the kind of chronic pain

they have.

The other challenges virtual embodiment research faces are that prior studies
mostly manipulated avatar features and evaluated the correlation between SoO and
VR’s analgesic effect. However, how SoA may affect VR’s analgesic effect is still under
investigated. Therefore, one of my research trajectories is to further explore the
association between virtual embodiment and induced pain with a focus on SoA; how the
VR environment and avatar design features affect VR analgesia and are significant to

informing future VR environment development and design.

Manipulating the avatar features of virtual bodies or body parts, such as their
size, skin transparency, and movements, has been shown to offer analgesic effects to
healthy people under pain stimulus as well as patients with chronic pain. Researchers
have suggested that virtual embodiment is one of the potential causes of avatar-
mediated analgesic effects, focusing on virtual hand and body illusion, or the SoO of the
presented body or body parts (Gilpin et al., 2014; Kathner et al., 2019; Martini et al.,

2014). However, prior findings indicated that manipulating each avatar feature may have
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varied effects on or correlations to pain modulation, which may also depend on pain

types (Matamala-Gomez et al., 2018).

Therefore, | investigated two avatar features of virtual arms—visual realism
(realistic arms versus abstract tubes) and motion states (synchronous versus static)—
and explored how the induced ownership and agency further correlated with pain
modulation. | recruited 18 healthy participants and 12 CRPS patients in two separate
studies to reveal the influence of pain etiology on the same set of avatar features. In both

studies, self-reported pain ratings and embodiment scores were evaluated.

1.2.4. Virtual Reality: The Ultimate Empathy Machine?

In a TED Talk, Milk (2015) proposed that VR is “ultimate empathy machine”
(2:27), and this phrase was later adopted by researchers because the technology has
the effect of evoking people’s emotional engagement in their responses to virtual content
(Bevan et al., 2019). Embodying an avatar from a first-person perspective leads to
changes in cognition and perception; known as “perspective-taking” (Loon et al., 2018;
Parsons, 2015). This occurs when people perceive a situation or understand a concept
from another person’s or group of people’s point of view. For instance, embodying
participants in a dark-skinned avatar from the first-person perspective led to a reduction
of implicit racial bias (Peck et al., 2013), which was sustained over time (Banakou et al.,
2016). However, other researchers have opposite opinions that against empathy, such
as Bloom. He argued that rational compassion is more helpful for facilitating prosocial

behaviors than empathy (Bloom, 2016).

As discussed in Chapter 1.2.2, VR has been proven to generate self-embodiment
illusions, including SoO and SoA over virtual bodies with different genders, races, ages,
and other visual characteristics (Bailey et al., 2016; Banakou et al., 2013, 2016; Lopez et
al., 2019). Several studies have shown that when people are virtually embodied or
represented online with a virtual body that differs from their own, they exhibit behaviors
concomitant with the attributes of that body. Yee (2007) referred to this as the Proteus
effect. Among other things, when people have a virtual body with a more attractive face
than their real one, their social-spatial behavior alters—specifically, they stand closer to
virtual representations of other people than they do if the virtual face is less attractive.
Additionally, people will become more aggressive in negotiations if they are embodied in

an avatar that is tall rather than short (Yee et al., 2007).
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VR has also been developed as a training tool for medical education purposes
because healthcare practitioners and providers require high empathy levels to effectively
work with patients. Researchers simulated the interactive VR experiences of people with
dementia and mental illness to improve their caregivers’ understanding of this disease
(Jatten et al., 2018; Lindsay et al., 2012; Wijma et al., 2018). Overall, researchers found
that VR enhanced participants’ empathy levels and understanding of these medical
problems. However, no VR environments were created to simulate the experience of
chronic pain or foster the understanding of how it presents chronic pain patients with life
challenges and social stigma. This research gap motivated me to further explore how

embodied VR can be designed for understanding pain.

1.2.5. Section Summary: VR Technology and Embodiment and

Research Framework

Here, | summarize section 1.2, Research Background, and further discuss the
interrelationships and connections between my two research trajectories—VR and
analgesia and VR and empathy—to present the logical flow of my research problems
and the experiments mentioned in the later chapters. First, | reviewed the definitions,
characteristics, and problems of chronic pain and the models scholars have utilized to
understand the compaosition of chronic pain. Next, | focused on VR and discussed how it
works as a simulated and embodied technology that is powerful enough to induce the
four types of perception illusions, including virtual embodiment. Following the
explanation of virtual embodiment, | introduced the background and research problems

that inform my research trajectories.

As shown in Figure 1.2, this dissertation aims at researching the three main
issues experienced those with chronic pain: biological, psychological, and social (i.e.,
from the three aspects in the BPS conceptual model). The first research trajectory about
VR and pain targets people in pain to provide methods for alleviating pain while the latter
research trajectory about VR and empathy targets healthy people to build empathy and
reduce the social stigma problem of pain patients. In my first research trajectory, the
targeted audience was people in pain who saw a healthy virtual avatar with the purpose
of developing their pain self-modulation. The visual and movement conditions of the
avatar were investigated as factors that may impact VR'’s analgesic effects. The second

goal was to assess the correlations between embodiment and pain outcomes. However,
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in the second trajectory, my participants were non-patients who saw the unhealthy virtual
avatar of a chronic pain patient. My primary focus was to understand if being embodied
in an avatar in the context of a narrative game affects people’s empathy toward pain

patients. Figure 1.2 illustrates the frameworks for this dissertation’s research domains.

Virtual Embodiment (SoE) Chronic Pain
I |

Ownership Agency Self-location Biological Psychological Social

|

L4

People in pain Healthy people
Healthy Unhealthy
- L
Dissertation (1) Effects of SoE on pain (1) Proof-of-concept
(2) Correlations: SoE & pain | (2) Effects of SoE on empathy
(3) Effects of pain etiology (3) Correlations: SoE & empathy

Figure 1.2 Framework for research domains.

1.3. Research Questions

Here, | summarize the research questions in my two trajectories to address the
research gaps identified in Subsection 1.1, Research Problems, and to better
understand and investigate the effects of virtual embodiment on pain reduction and
empathy generation. My overarching research questions are: how can virtual
embodiment affect people’s perception of pain and address the BPS challenges that
chronic pain patients face? Can a virtual embodiment approach effectively (a) support
pain patients in modulating their pain and (b) stimulate empathy toward pain patients’
conditions? What are the potential correlations between embodiment and pain levels
and between embodiment and empathy levels? Below, each trajectory’s specific

research questions are presented.

1.3.1. Virtual Embodiment and Pain

My first research trajectory explores the mechanics of how avatar features

modulate virtual embodiment and pain (see Figure 1.3 for concept map). My goals were
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twofold: first, to examine the effects of avatar features, such as the look and movement
of virtual bodies, on pain perception; second, to research the associations between the
elicited sense of embodiment and pain perception, with a focus on agency. Further, |
wanted to understand if pain types affect the outcomes of embodiment and the
effectiveness of VR analgesia by comparing healthy subjects under pain stimulus to
chronic pain patients. Therefore, my research questions for virtual embodiment and pain
trajectory are: (1) what are the effects of avatar features on embodiment and pain
modulation? (2) What are the correlations between embodiment and pain? (3) How do
healthy participants under pain stimulus and chronic pain patients respond to
manipulations of the same avatar features? In answering these questions, my
overarching goal was to provide inspiration for research on virtual embodiment’s
implications for pain modulation and inform the design of future VR environments to

improve their effectiveness in pain modulation.

As a first step, | focused on how heat-induced pain might be affected by different
VR visual conditions. The next step was to develop a controlled strategy for assessing
the potential effects of virtual embodiment among chronic pain patients with different
pain types. It necessarily required more emphasis on patients’ responses than on
inductions of precise pain-inducing stimuli because inducing more pain in a chronic pain
patient can lead to adverse outcomes, such as pain catastrophizing, anxiety, or panic

attacks (Gatchel et al., 2007). A more specific subset of questions is listed below.

(1) Virtual embodiment and the induced pain of healthy participants. How do the
movements (synchronous and asynchronous movement conditions) of virtual arms affect
healthy participants’ perception of heat-pain stimulus? Is there any correlation between

the sense of virtual embodiment (SoO and SoA) and pain?

(2) Virtual embodiment and CRPS. How do movements (synchronous and
asynchronous movement conditions) and the appearance (abstract tubes and realistic
arms) of virtual arms affect CRPS patients’ pain? Is there any correlation between the
sense of virtual embodiment (SoO and SoA) and CRPS patients’ pain? The reason |
chose CRPS patients is that Prior studies showed that viewing pictures of healthy hands
or mirror therapy can reduce CRPS patients’ pain, but these approaches are not as
immersive and embodied as a VR experience. Moseley et al. (2005) found that CRPS

patients have a faulty estimation about their body size, spatial mislocalization, or
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decreased tactile acuity with direct correlation between body perception and pain. Thus,
I'd like to know how viewing different appearances of a virtual body might affect their
estimation of pain. Further, Matamala-Gomez et al. (2019) also assessed CRPS
patients’ pain reduction in different virtual embodiment conditions, the virtual arms’ size,
and transparency levels. I'd like to build upon their research and continue researching
the effect of appearance (tube and arm shapes) and motion (synced and static) on

CRPS patients’ pain levels.

(3) Virtual embodiment and PLP. Can PLP patients reduce their pain when
seeing the virtual avatar’s phantom limb mirror the movement of the intact limb? Is there
any correlation between the sense of virtual embodiment (SoO and SoA) and PLP? |
recruited PLP patients because it's a special type of chronic pain, defined as painful
sensations perceived in the missing portion of the amputated limb, and it's challenging to
cure. Prior studies suggested that feeling the sense of ownership of a mirror or virtual
hand can affect one’s PLP perception. Researchers found that mirror movement in VR
also successfully reduced PLP and findings suggest that feeling embodied in a body
may be critical to PLP reduction. Therefore, I'd like to further explore how embodied VR
affects PLP, and the potential relationships between embodiment and PLP changes. In
Chapter 4.2, we included patients whose PLP were caused by limb amputation AND
brachial plexus avulsion injury (BPA), because our BPA patients also felt PLP as

diagnosed by healthcare professionals.

(4) Virtual embodiment, etiology, and pain. How does pain etiology affect virtual
embodiment’s analgesic effects? In other words, do the avatar features deployed in this
research (movements and visuals) affect different populations in the same way? Do
healthy participants feel different levels of embodiment than chronic pain patients with
CRPS or PLP?
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Figure 1.3 Map of research questions and conceptual framework of the VR and pain research trajectory.
1.3.2. Virtual Embodiment and Empathy

For the second research trajectory, my primary goal was to investigate the
effectiveness of using an embodied avatar to stimulate non-patients’ empathy toward
chronic pain patients. Moreover, | have extracted potential design features and
recommendations from this study for use in future VR applications that aim to stimulate

empathy using an embodied avatar.
The specific research questions are:
(1) With what approaches can chronic pain be presented in a virtual avatar?

(2) Does being embodied in a chronic pain patient’s avatar effectively stimulate
healthy participants’ empathy toward chronic pain patients? If so, is there any correlation
between the sense of virtual embodiment (SoO and SoA) and healthy participants’

empathy levels?

(3) What design features can stimulate healthy participants’ empathy toward

chronic pain patients?

1.4. Outline of the Dissertation

This PhD dissertation structure is shown in Figure 1.4 below.

Chapter 1. Introduction. | began with an overview of my research problems

about virtual embodiment and pain. Then | introduced the background research on VR,
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embodiment, and pain to situate those research problems. | listed my research
guestions and outlined the dissertation. Finally, | concluded this chapter with the

contributions of this dissertation.

Chapter 2. Virtual Reality and Pain Alleviation. In Chapter 2, | carried out a
narrative review in VR research and studies on pain alleviation. | discuss the pain
distraction approach and its analgesic effects. Then | introduce the related embodied
pain modulation interventions, such as mirror therapy, RHI, and graded motor imagery
interventions. These phenomena help reveal the underlying mechanisms of utilizing
virtual embodiment for pain modulation. In reviewing pain distraction and virtual
embodiment approaches, | summarize the studies’ methodologies to differentiate these
two methods and detail the landscape of existing research. Finally, | categorize what the
literature views as the potentially impacting factors on VR analgesia, and | give an

overview of the existing theories that explain it.

Chapter 3. Virtual Embodiment and Pain Alleviation: Studies with Healthy
Participants Experiencing Pain Stimulus and CRPS Patients. In Chapter 3, |
describe two separate experimental studies involving healthy people experiencing pain
stimuli and chronic pain patients with CRPS. | further analyze the correlations between
embodiment (ownership and agency) and pain to answer the research questions in my
first research trajectory. | put these two studies together because they share similar
study objectives, methods, and procedures. The only difference was the type of pain
participants experienced. Comparing these two groups, | further discuss the potential

effect of pain types on the study outcomes.

Chapter 4. Alleviating Phantom Limb Pain in VR: The Landscape and a New
Attempt. In Chapter 4, the focus shifts to another type of chronic pain—PLP—which is a
special type of pain that patients feel pain when they damage or lose a limb. Mirroring
the movements of the impaired virtual limb in VR with the intact real limb has been
shown to successfully reduce PLP. Nevertheless, few studies have explicitly measured
the potential effects of embodiment on PLP modulation. Therefore, in this chapter, |
explore the correlation between PLP patients’ embodiment and pain changes. | present
a literature review that analyzes the embodiment approaches of VR or AR studies, their
methods, and their findings. The review results led to a more solid study design for the

third experiment, which took the form of a longitudinal study involving five patients.
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Chapter 5. Virtual Embodiment and Empathy. Similar to Chapter 2, in Chapter
5, | review embodied VR environments and their applications in the development of
empathy. First, | discuss the general frameworks and dimensions needed to understand
empathy, how embodied technology has been developed to foster it, and the reasons
the technology works. Then | review the literature and present different scenarios and
cases in which VR was used to foster empathy toward vulnerable populations. Last, |
focus on utilizing embodied VR environments and other embodied digital platforms to
foster empathy toward chronic pain patients, and this situates the background of my

second research trajectory.

Chapter 6. Virtual Embodiment and Fostering Empathy toward Pain
Patients. Chapter 6 consists of two studies on the iterative design-research process of
an embodied VR game called AS IF. The purpose of AS IF is to foster non-patients’
empathy toward patients with chronic pain. | started off from a proof-of-concept
prototype in which participants were put in the shoes of a chronic pain patient from a
third-person perspective. In the first version, participants’ movements were captured to
carry out motion-related tasks, such as connecting dots to complete the game’s narrative
story. With participant feedback from the pilot study, | iterated the game features and
evaluated the new version in a second study. The narrative component was kept, but |
altered participants’ view from the third-person to the first-person perspective, and |
changed the game tasks from puzzle solving to direct object manipulation. Finally, in this
chapter, | propose design recommendations for creating empathetic and embodied VR

applications for patients with chronic pain.

Chapter 7. Embodied Design in VR for Analgesia and Empathy. In Chapter 7,
I summarize the significant findings of both research trajectories. | conclude by
highlighting this dissertation’s primary contributions to VR and embodiment research,
especially for modulating pain and fostering empathy. Building on the literature, | also
discuss my studies’ results, the theories that explain their outcomes, and the studies’
limitations. This dissertation’s findings raise more questions for future research.
Therefore, | propose follow-up research questions for both trajectories as well as

potential experiments for future work.
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Figure 1.4 Dissertation outline diagram.

1.5. Dissertation Contributions

My dissertation examines the roles of VR in resolving the physical, psychological,
and social challenges pain patients experience, and it offers an empirical understanding
of how virtual embodiment affects patients’ pain and others’ empathy toward pain
patients. This includes two main parts. First, this dissertation explores how an avatar’s
different avatar features (motions and appearance) can affect a person’s sense of
embodiment and pain reduction; it does so by consolidating three studies involving
healthy subjects experiencing heat-induced pain, CRPS patients, and PLP patients. The
insights from these three studies can help shape our scholarly understanding of how
people in different types of pain respond to avatar features as well as how VR
researchers and practitioners can better implement embodied VR environments to offer
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people analgesic benefits. Second, this dissertation acknowledges the social stigma that
pain patients face, and it includes a design thinking process to create an embodied VR
game people can use to better understand patients’ invisible pain. Two rounds of
iterative evaluations suggested practical ways of communicating pain with non-patients,

leading to design recommendations and implications for future research.

Results from both trajectories also highlight the value and benefits of embodied
VR for pain self-management and empathy. With its focus on a marginalized population,
my dissertation contributes to the discourse of treating chronic pain. Often, chronic pain
is challenging to cure and difficult to understand. This dissertation provides experimental
findings as strong evidence to support technological solutions for people living with

chronic pain.

To conclude, the findings from this dissertation contribute to the computer
science and cognitive science areas, more specifically, the interdisciplinary fields of VR
for pain management and empathy facilitation. VR developers and researchers will gain
greater insights as well as actionable design recommendations from this research in
designing proper embodiment features for pain and empathy. Cognitive scientists in pain
and empathy could benefit from the data and its analysis of the three pain-related
studies and the two empathy practices. The framework proposed in the last chapter also
provides a clear flow of the potential underlying mechanisms of how VR works for pain
and empathy for future studies to follow. My work contributes a new approach for HCI
researchers, as it explores the roles of embodied VR in altering people’s perceptions
and behaviors. The conceptual framework also exemplify how researchers can look
beyond the bounds of embodiment illusions, and look at the other three illusions (see
Chapter 7.4.3). This work extends virtual embodiment from its three subcomponents to a
broader design framework for pain management and empathy. Further, | examine
underlying theories to explain the effect of virtual embodiment on these changes. This
holistic research lens has allowed for a far more complete understanding of virtual

embodiment and pain.
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Chapter 2. VR and Pain Alleviation

In this Chapter, | adopted a narrative review approach to explore the research
background of VR and pain alleviation. Immersive VR was introduced to the field of pain
management at the beginning of the 21st century. Growing evidence has demonstrated
its effectiveness in pain modulation, which is known as VR analgesia, but how and why it
works are unclear. Further, few studies have discussed the factors impacting VR
environmental design and how the two existing approaches to VR analgesia differ from

each other. The approaches are detailed immediately below.

Attention distraction. This is the channeling of one’s attention into an
immersive VR environment and is particularly relevant to acute pain patients (Bidarra et
al., 2013; Gold et al., 2005; Wiederhold et al., 2014). It can also be thought of as
focusing one’s attention inward to the pain. It can be combined with other cognitive
therapies, such as mindfulness meditation and controlled breathing, that have been

proven to help chronic pain patients self-manage their pain (Gromala et al., 2015).

Virtual embodiment occurs when a person sees a virtual body or has an SoO
over one, and it can alleviate pain, especially that induced in healthy subjects (Martini et
al., 2014). SoO is independent of pain, and prior research has been mostly exploring the
potential effect of virtual body’s motion and appearances on pain, or the correlations
between SoO and pain (Kéthner et al., 2019; Martini et al., 2013, 2015; Zanini et al.,
2017).

Outward
Environmental
o Distraction

Attention
] Inward

Self-control

VR Analgesia Self-modulation

@ Visual Looks

@ Embodiment
® Movement

@® Touch

Figure 2.1 Diagram of two primary approaches to VR analgesia.
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This chapter is organized as follows: | review the literature on both approaches,
including study methodologies, research instruments, and materials. | also analyze
factors that impact VR analgesia. Additionally, | explore the types of embodiment illusion
used in pain-related behavioral-cognitive interventions, including mirror therapy, RHI,
and virtual body illusion, as well as the various explanations of their analgesic effects

that inform our understanding of virtual embodiment’s effects on pain.

To set up this dissertation’s theoretical framework, this chapter seeks to answer
the following questions inspired by the literature: what are the approaches to VR
analgesia? How has each approach been practiced in research settings? What is virtual
embodiment, and what role does it play in pain modulation? What theories inform VR

analgesia, and what factors affect it in practice?

2.1. Distraction in VR for Pain Alleviation

2.1.1. Prior Research

At the turn of the 21st century, Hoffman’s research group began studying VR’s
relevance to pain distraction in a virtual environment called ShowWorld (Hoffman et al.,
2001a, b, ¢, 2008, 2011). They first explored whether immersive VR environments
reduce burn pain patients’ acute pain, and their results showed significant improvement
in patients’ self-reported pain ratings. Because processing pain signals requires
conscious attention and an individual has only a finite amount available at any given time
(Villemure & Bushnell, 2002), Hoffman et al. (2000) hypothesized that immersive VR
could compete with pain for limited cognitive resources and thus reduce pain levels. In
other words, the authors thought that VR could draw the patient’s focal spotlight into a
virtual world, providing an intense immersion and shifting the patient’s awareness away
from their pain. Since then, Hoffman’s group and other researchers (Das et al., 2005;
Gold et al., 2006; Hoffman et al., 2007, 2011; Wiederhold et al., 2014; Chan et al., 2019)
have pursued a series of clinical VR attention distraction studies. Hoffman et al.
conducted a series of studies to understand if VR could provide better analgesia effect
than other media distraction, and his group found that participants felt great perceptual
and multisensorial intensity in VR environments that watching movies or playing games
can’ offer (Hoffman et al., 2001a, b, ¢; Hoffman et al., 2004). Also, Gold et al. compared
the effect of pain reduction of the same game in immersive VR and in a 2D screen, and

discovered that VR outperformed the screen because of its strong immersion (Gold &
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Mahrer, 2018). However, most research didn’t follow up after the one-session lab
intervention. Further, the VR environments have seldom included an avatar that patients

can embody.

Similarly, directing attention inward in order to self-control pain can result in
significant pain alleviation after the VR intervention than before, which is also called pain
self-control or self-modulation). For instance, Gromala et al. (2015) evaluated how
directing patients’ attention to real-time audio-visual feedback in VR affected pain and
found that chronic pain patients’ pain levels decrease. The pain levels were visualized as
fog, the thickness of which correlated with the intensity of pain. However, no study has
yet compared the efficacy of directing attention inward into one’s body rather than

outward into the environments.

Gold et al. (2007) and Li et al. (2011) analyzed the neuroscience of using VR for
pain attenuation by conducting literature reviews to search for relevant pain
mechanisms. The authors agreed on the attentional distraction and emotional changes
achieved by VR and that the brain changes leading to reductions in pain sensations can
be explained by the ascending and descending pain pathway systems. Gold et al.
hypothesized that the emotional component of VR might further modulate pain by means

of the connections between the amygdala, the ACC, and the periagueductal gray (PAG).

Additionally, Hoffman et al. (2004) designed an fMRI-friendly VR headset and
scanned healthy participants’ brains after using heat to induce pain. The fMRI data
revealed that the pain-related brain areas (the anterior cingulate cortex, primary and
secondary somatosensory cortexes, insula, and thalamus) were less active in the

posttest condition than in the pretest condition.

In general, VR has shown great potential for patients seeking to manage or
alleviate acute pain or chronic pain over the short term. However, it is not yet known if
the pain distractive effect persists beyond the VR sessions or how long it lasts because
very few studies (Ambron et al., 2018; Ortiz-Catalan et al., 2016) followed up with their

participants once completed.

Beyond not knowing its long-term effects, the attention distraction approach has
a few limitations. The VR games evaluated in research studies are either commercial

products not specifically designed for patients or have very similar mechanics and user
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interactions to SnowWorld (e.g. throwing balls on a moving trail), thus producing similar
outcomes (Wiederhold et al., 2014; Choo, 2015; Gromala et al., 2016; Jin et al., 2016).

Further, current VR attention distraction studies have low evidence levels. Their data are

considered high risk because of the studies’ small sample sizes, novelty effects, and

placebo effects. They are also characterized by short-term interventions that do not

include follow ups as well as a lack of strong biological evidence. Measuring brain

changes using fMRI data is expensive, time consuming, and complicated when

participants need to wear an HMD. Still other studies have arrived at conflicting

conclusions. To verify the effectiveness of VR analgesia, more evidence needs to be

gathered to resolve three problems:

2.1.2.

(1) most studies have been based on short-term interventions, and follow ups or

long-term interventions are needed;

(2) the determining factors of VR analgesia are less investigated, as most studies
utilized dated VR environments or commercial games, and more modern,
bespoke interventions are required. Two reasons support explorations in this
direction: (1) most of the results from prior studies were based on older version of
VR environments. For instance, SnowWorld was initially designed for burn pain
patients but later adopted in other situations, such as dental pain, heat-pain, and
so on. In other words, most studies don’t use VR that are specifically designed
for a specific treatment modality. Further, (2) Technology advances so fast and

the look and feel of VR environments constantly change; and

(3) most studies have lacked physiological evidence or proof of brain changes,
such as fMRI or EEG data, which are needed to generate more robust evidence.
Although no clear biomarkers of pain, there are compelling arguments that fMRI

or EEG data may indicate neuroplasticity changes in the brain.

Research Methods

Here, | summarize the common research methods adopted in most VR pain

distraction studies from study design, VR content, and instruments aspects.

2.1.2.1. Study Design
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Before-and-after pilot studies with no control groups. Some studies used
before-and-after comparisons to assess how VR environments or games impact
participants’ pain ratings, e.g., (Hoffman, Richards, et al., 2004; Gold et al., 2005;
Shahrbanian et al., 2009; Hoffman et al., 2011). In these cases, only the VR experiment
conditions were evaluated. For instance, some of Hoffman'’s studies evaluated VR
interventions in a single experimental condition without control conditions (Li et al., 2011;
Hoffman et al., 2004). The drawback was that this study’s positive findings could have
resulted from a novelty or placebo effect. This type of study is mostly seen in pilot or
feasibility studies or experiments with PLP patients or those suffering from other types of

chronic pain, as such patients are rare and hard to recruit.

Case studies or case series with a few participants. Case studies refer to in-
depth or intensive studies of a single individual or specific group, whereas case series is
a grouping of similar case studies. When participants are difficult to recruit in pain and
VR research or researchers want to validate proof of concept and the technology’s long-
term feasibility and effectiveness, case studies or case series were generally conducted
(Gershon et al., 2003; Hoffman et al., 20014, c; Steele et al., 2003). The most
commonly published case studies involved certain groups of chronic pain patients,
particularly PLP patients (Ambron et al., 2018; Chau et al., 2017; Ortiz-Catalan et al.,
2014). Researchers chose to conduct case studies instead of regular controlled

experiments because PLP patients’ mobility issues prevented their participation.

Randomized control trials. Hoffman et al. (2003) began by conducting a
preliminary study with a small group of participants in which they tried all conditions (the
within-subjects approach) or only one condition (the between-group approach).
Recently, more and more studies have run randomized control trials (RCTs) and
compared two or three VR conditions with a control condition to prove the analgesic
effect of VR systems (Chan et al., 2019; Das et al., 2005; Gold & Mahrer, 2018; Jin et
al., 2016).

2.1.2.2. Study Materials: VR Content

Research prototypes. Most researchers have used self-developed research
prototypes, e.g., (Hoffman et al., 2011; Choo, 2015; Gromala et al., 2016), while a few

have tested commercial VR games as listed in the next paragraph, e.g., (Amin et al.,
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2017; Montano, et al., 2011). Among all VR research prototypes, the earliest and most
well-known is Hoffman’s SnowWorld, which has been assessed multiple times (Hoffman
et al., 2001b, c, 2004, 2011, Mihlberger et al., 2007). Their prototypes have also been
evaluated for their effects on pain modulation, including SurrealWorld (Gutierrez-
Martinez et al., 2010), SpiderWorld (Carlin et al., 1997), Dante’s Valley (Mihlberger et
al., 2007), Virtual Meditative Walk (Gromala et al., 2015a), Mobius Floe (Gromala et al.,
2016), and various movie clips.

Commercial titles. Numerous VR companies have developed commercial
games in different genres for pain management purposes, including Firsthand (Firsthand
Technology, 2020), AppliedVR (AppliedVR, 2020), Virtual Therapeutics (Virtual
Therapeutics, 2020), and KarunaLabs (Karuna, 2020). AppliedVR, for example, has
developed interactive exploration games, breath-training applications, mindfulness
applications, and relaxation applications, while FirstHand developed an interactive
exploration game called COOL! and a breath-training application called GLOW. The
companies conducted scientific studies themselves or with clinical partners to prove the
effectiveness of their products, but few of their studies investigated how environmental

design factors affect the games’ analgesic effects.
2.1.2.3. Study Instruments

Self-reported pain ratings are generally used to measure study outcomes, and
researchers usually adopt more than one rating to validate them. The Short-Form McGill
Pain Questionnaire (SF-MPQ; Melzack, 1975), visual analog scale (VAS), and numerical
rating scale (NRS) are commonly the primary pain measures. In some cases, secondary
outcomes are measured. Secondary outcomes consider different aspects of chronic
pain, such as frequency, quality, disability, self-efficacy (susceptibility to patient’s self-
management), intrusion in sleep, the patient’'s mood, presence of catastrophizing
thoughts, the patient’s health-related quality of life, and the patient’'s own impression of

the treatment’s efficacy of treatment. Such instruments include.

Pain Disability Index. This instrument is a seven-item questionnaire designed to
investigate the extent to which chronic pain interferes with a person’s ability to engage in
various activities (Tait et al., 1990). An overall score is obtained by adding up the

numerical ratings of the questionnaire’s single items.
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Short-Form Brief Pain Inventory. This instrument is a nine-item self-
administered questionnaire used to evaluate the severity of a patient's pain and its
impact on the patient's daily functioning (Cleeland & Ryan, 1994).

Hospital Anxiety and Depression Rating (HADS). This instrument is a
fourteen-item scale with seven items related to anxiety and seven to depression. Doctors
commonly use it to determine the levels of anxiety and depression a person is

experiencing (Snaith, 2003).

EuroQol-5D-5L. This instrument is a standardized questionnaire used to
investigate health-related quality of life in terms of health status and health evaluation
(EQ-5D, 2020). Health status is measured in five dimensions (mobility, self-care, usual

activities, pain/discomfort, and anxiety/depression) on a five-point scale (“no problems,”

LT3 ” o«

“slight problems,” “moderate problems,” “severe problems,” and “extreme problems”). In
the health evaluation part, the EQ VAS records the respondent’s health on a vertical
VAS, the endpoints of which are labeled “best imaginable health state” and “worst

imaginable health state.”

Pain Self-Efficacy Questionnaire. This instrument is a two-item questionnaire
that measures pain self-efficacy, which is the belief held by people with chronic pain that
they can carry out certain activities and enjoy life despite experiencing pain (Nicholas et

al., 2015). The items are rated on a scale of O to 6.

Pain Catastrophizing Scale. This instrument is a six-item questionnaire that
investigates catastrophizing thinking using a range of 0 to 4. Pain catastrophizing refers
to a negative cognitive-affective response to pain and is associated with increased pain

severity, disability, depression, and poor adjustment to chronic pain.

Patient Health Questionnaire. This is a screening instrument consisting of two
items assessing the presence of a depressed mood and a loss of interest or pleasure in

routine activities. The items are rated on a scale of O to 3.

Patients’ Global Impression of Change. This instrument consists of a single
question identifying a clinically significant change by rating the patient’s belief about the
efficacy of treatment on a seven-point scale that ranges from “no change (or condition

has gotten worse)” to “a great deal better.”
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Additional measurements. Most researchers ask participants to supply
background details, such as their age, gender, height, weight, type and use of
medication, details about previous and ongoing interventions for chronic pain, and level
and date of diagnosis as chronic pain patients. Additionally, semi-structured qualitative
interviews might be conducted to explore participants’ subjective experiences of using a

VR system for pain self-modulation.
2.1.3. Section Summary

According to systematic literature reviews (Dunn et al., 2017; Mahrer & Gold, 2009;
Malloy & Milling, 2010; Triberti et al., 2014), although VR research shows great initial
promise in its ability to decrease pain and other negative aspects of painful medical and
experimental procedures, the experimental design didn’t control the bias in RCT study
design and can be considered weak. In other words, they should be interpreted cautiously
and in light of fundamental scientific limitations. In general, sample sizes continue to be
small, losing the power to detect the possible real effect, i.e., type 2 error. Additionally, the
methodology used to test the technology has been highly variable, even though VR has
been tested with specific populations. Researchers who have adopted the VR attention
distraction approach have used a variety of VR environments, pain measures, and study
designs. Further, most have deployed a single intervention, and very few have followed
up with participants. The long-term impact of VR in pain thus remains unclear. Future
studies should use consistent and experimentally rigorous methodologies and recruit a

larger number of participants to increase the power and generalizability of their results.
2.2. Embodied Cognition, Embodiment, and Pain

In this section, | first review how one’s embodied cognition affects pain, the
embodied phenomena related to pain, and the embodied cognitive therapies developed
for pain modulation. As mentioned in Subsection 1.2.2, VR can elicit four primary forms
of presence illusions: place illusion, self-embodiment illusion, physical interaction, and
social communication (Jerald, 2016; Slater, 2009). In this section, | offer an in-depth
explanation of each illusion, and | focus on the self-embodiment illusion because of its

singular relevance to virtual body presentation.
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2.2.1. Embodied Cognition, Embodiment, and Pain

2.2.1.1. Distorted Body Image and Pain

In everyday life, our sense of embodiment affects almost everything we do. Using
a mapping procedure, the human brain annexes the invisible space out to the limbs’
length from the body. Blakeslee and Blakeslee (2008) mention that this map connects
one’s cognition to the events possible in the space around the body. They also
suggested that this map could include the shared space of another object, animal, or
person. Therefore, the brain does not only map the body but also the space around it

and even the social world.

Body image and body schema are two essential concepts when developing an
understanding of embodiment and embodied cognition. In the context of body image and
pain, differentiating the concepts of body image and body schema is important, as is
explaining how they are associated with one’s embodied experience and how they affect
one’s perception of pain. Gallagher (1986) argued that they are two distinct concepts
that should be separately defined, and he proposed a phenomenological clarification of
each. In short, body image refers to one’s estimations of body dimensions. Body image
is a perceptual, cognitive, or emotional awareness of the body, whereas body schema is
neither perception nor the cognitive understanding/emotional apprehension of the body.
Instead, body schema is a non-conscious postural performance of the body and
operates the body in an unconscious, unowned, or anonymous manner. In the concept
of body schema, the body functions holistically and is not in and of itself apart from the
environment. Interestingly, according to Gallagher, body schema maintains equilibrium
between one’s body and the environment, but sometimes is also determined by body

image.

Lotze and Moseley’s (2007) evidence of neural representations of body image in
the primary sensory and motor cortices suggested that patients in pain have distorted
body images. The increased cortical excitability found in pain patients may help drive
cortical reorganization. Although clinical evidence is scarce, imaging findings have
revealed how one’s body image may be distorted in pain and that the treatment of pain
may reduce and normalize the distorted body image, which has significant clinical

implications (Lotze & Moseley, 2007). Other experiments suggested that disrupted body
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images critically impact chronic pain patients (those with PLP, CRPS, back pain, and
osteoarthritis) and alter sensory input for motor imagery and executed movement (Gilpin
et al., 2015; Lotze & Moseley, 2007; Moseley, 2004, 2005, 2008). For instance, Moseley
(2005) conducted a study with CRPS Type 1 patients and used healthy control
participants to compare how they perceived their hand sizes. Participants were asked to
select images that matched their affected limbs, and the CRPS 1 patients picked images
of limbs 105% larger than their own limbs. Overall, 63% of CRPS 1 patients and 17% of
control group participants selected an image of a limb larger than their actual limb,
meaning they perceived the affected limb to be larger than it was. Other studies took
other measurements and tests to evaluate and visualize patients’ distorted body image,
such as tactile function test using a two-point discrimination threshold measurement
(Moseley, 2004, 2005, 2008; Osumi et al., 2014, 2015).

Here, | briefly explain PLP and CRPS and why most chronic pain studies have
focused on it rather than other types of chronic pain. PLP is a type of chronic pain
caused by limb amputation (Nikolajsen, 2012). Besides amputation, brachial plexus
avulsion (BPA) injury—the detachment of the nerves from the nerve roots of the spinal
cord in the arm—also leads to partial or complete arm paralysis and chronic pain (Wang
et al., 2015). For instance, Teixeira et al. (2015)’s review showed that BPA patients
experience PLP, similarly to some amputees, and they also found evidence from
multiple studies that the central mechanisms play a more important role in BPA-related
PLP. Most patients with BPA develop sensations in their damaged arm such as tingling,
electric shock, and burning pain; this is similar to the PLP experienced by amputees
(Abdel-Aziz & Ghaleb, 2014). Therefore, researchers believe that studying BPA has the
potential to deepen the understanding of the roles that the peripheral and central
nervous systems play in PLP (Russell & Tsao, 2018). The neural mechanism of PLP is
still under debate. Some researchers proposed that cortical reorganization of neural
representations of the missing limb and its neighboring body parts causes PLP (Flor et
al., 1995, 2001; Karl et al., 2004). Others hold that the functional representation of the
missing limb is preserved (Mercier et al., 2006; Raffin et al., 2012), and “peripheral”
contributors—such as neuroma formation and ectopic firing in the residual nerves—are
the major contributors of PLP (Kikkert et al., 2018; Makin et al., 2013, 2015). It has also

been proposed that impaired sensorimotor circuitry leads to PLP because both central
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and peripheral factors play a role (Ramachandran & Altschuler, 2009; Sumitani et al.,
2008).

With impaired sensorimotor circuitry, PLP patients also show degraded
movement performance of the phantom limb. As a phantom limb is usually paralyzed or
perceived as fixed in one or more particular positions (Ramachandran & Altschuler,
2009), it is difficult for patients to imagine moving their phantom limbs visually. Thus, the
capacity of motor imagery (e.g., the time a patient takes to perform a task) might serve
as a measurement of movement performance of the phantom limb, given that similar
activations in the motor cortex during motor imagery and actual movements were
observed in healthy individuals (Ehrsson et al., 2003). Indeed, previous studies
demonstrated a prolonged response time and a lack of activation in the sensorimotor
cortex during motor imagery tasks in amputees with PLP when compared to those
without and that their response times, as well as activation, were closely related to the
magnitude of the PLP (Diers et al., 2010; Lyu et al., 2016).

CRPS is describing excessive and prolonged pain and inflammation that follows
injury to a limb. Defined by IASP, The hallmarks of CRPS as defined by IASP include the
following: (a) specific injury or noxious stimuli, which may include surgery; (b) continued
pain that is disproportionate to the noxious stimuli or injury, including allodynia and
hyperalgesia; (c) changes in localized skin, including edema and changes in blood flow
and coloration of the skin; and (d) no specific dermatomal or nerve pattern (IASP, 1996).
It has acute (recent and short term) and chronic (lasting longer than six months) forms
(Moseley, 2005). Although CRPS may improve over time, severe or prolonged cases are
profoundly disabling. In short, CRPS is caused by damage to or malfunctions in the
peripheral and central nervous systems, and it most often affects one limb or extremity
(arm, leg, hand, or foot). It is a difficult disease to cure, and psychotherapy and graded
motor imagery have been most commonly adopted in rehabilitations. In this dissertation,

| only deal with the chronic conditions of CRPS.

Further, Moseley et al. (Moseley et al., 2008) also addressed the significant role
of movement. In a motor imagery task, healthy participants had significantly faster
reaction times than chronic pain patients, which was attributed to the pain patients’
distorted body images (Moseley et al., 2008; Uritani et al., 2018). However, motor

imagery, mirror box therapy (Ramachandran et al., 2009b; Ramachandran & Rogers-

31



Ramachandran, 1996), and combined graded motor imagery therapy (Bowering et al.,
2013) have shown successful results in managing chronic pain, especially patients
suffering from distorted body images, such as those with PLP or CRPS (Diers et al.,
2010; Giummarra & Moseley, 2011). Below, | describe how mirror therapy and graded
motor imagery therapy work and explain the role of embodiment and body image in

these interventions.
2.2.1.2. Mirror Therapy

Initially developed by Ramachandran (2009a), the virtual mirror box is an
intervention in which a mirror is vertically positioned on a table and a patient’s intact
hand is effectively superimposed on the felt position (visually superimposed position) of
the phantom one. Researchers call this “mirror therapy” or “mirror exposure therapy”
(e.g., Delinsky & Wilson, 2006; Chan et al., 2007; Henriksen et al., 2018). In
Ramachandran and Rogers-Ramachandran’s (1996) study, six out of 10 PLP patients
reported perceiving the phantom hand when their normal one moved. The patients’
kinesthetic sensation merged with the phantom hand, which put them in a pleasant
mood. Not only did they experience a sense of ownership over the phantom arm, their
PLP was mitigated (Dunn et al., 2017). Findings showed that most PLP patients
experience a decrease in pain intensity when they perceive the willed visuomotor
imagery of the affected limb (Sumitani et al., 2008). Later, Ramachandran et al. (2009b)
discovered that using optical techniques to present a smaller hand in a mirror to PLP
patients can also decrease their pain levels. The researchers believed that viewing the
intact hand through a mirror can alter a person’s body-related perceptions and emotions,

which may also alter their body images.

To date, the mirror box technique (or mirror therapy) has inspired many current
VR/AR systems, and designers have adopted the technique of mirroring the movement
of PLP patients’ intact limbs to reconstruct the movement of their phantom ones. This
technique was also adopted in one of my studies involving PLP patients, which is

described in Chapter 5.

Besides mirror therapy, other cognitive behavior therapies have also been
developed to treat chronic pain, such as left/right judgment training and explicit motor

imagery (Bowering et al., 2013; Moseley, 2006). Bowering et al. didn't consider Johnson

32



et al.’s (2012) case series study because it wasn’t an RTC design. However, Johnson et
al.’s (2012) received opposite results and found that mirror therapy didn’t work.
Therefore, the effect of mirror therapy remains controversial and requires further
explorations. Left/right judgment training refers to a person’s ability to identify left or right
images of their painful body part(s) and is relevant because pain patients take longer to
identify left or right body parts than healthy people (Moseley, 2004; Moseley et al.,
2012). Explicit motor imagery describes the movements a person imagines. Motor
imagery can be defined as a dynamic imagining during which an individual mentally
simulates a physical action. It is the mental execution of a movement without any overt
movement or peripheral muscle activation. Mulder (2007) found that motor imagery

leads to the activation of the same brain areas as actual movement.

In 2004, Moseley et al. proposed a new form of cognitive behavior therapies,
named Graded Motor Imagery (GMI), which included mirror therapy. GMI is increasingly
applied in the treatment of chronic pain conditions. As shown in Figure 2.2, GMI includes
three motor-related stages in chronic pain management. In a systematic review,
Bowering et al. (2013) analyzed all the evidence proving the effects of GMI and its
constituent components on chronic pain. The authors targeted studies that conducted
RCTs, and eight met their inclusion criteria. By calculating effect size, they found that the
overall methodological quality was low. Some conflicting results were found when motor
imagery was used as a stand-alone technique, and no effect was seen in a left/right
judgment training sub-intervention. However, other studies observed the positive effects
of both mirror therapy and GMI. To conclude, mirror therapy and GMI might be useful,

but the current evidence is limited by sample sizes and effect sizes.
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Figure 2.2 The graded motor imagery approach to treating chronic pain (Graded Motor Imagery, 2020).

2.2.1.3. Rubber Hand Illusion, Virtual Body lllusions, and Pain

Embodiment-illusion-triggered analgesic effect has been demonstrated with
rubber hands and mirrors by neuroscientists and perceptual psychologists.
Ramachandran et al. (1996) and Botvinick and Cohen (1998) wrote well-known studies
that are relevant to VR. Studies that explored the Rubber Hand Illusion (RHI) found that
people perceive a rubber hand as theirs when their actual hand is hidden (Botvinick &

Cohen, 1998), and this can have an analgesic effect (Fang et al., 2019).

Therefore, | will now focus on studies that used RHI to influence people’s pain
(Mohan et al., 2012; Moseley, Parsons, et al., 2008). Cognitive scientists discovered RHI
in the late 90s (Botvinick & Cohen, 1998), when the perception of owning a rubber hand
was elicited by having study participants who are able to feel the sense of ownership
(unlike blind people), experience multisensory integration of seeing the rubber hand
touched while feeling the touches on the real hand, which led the participant to have a
sense of embodying it. RHI can foster an SoO. Most studies found that the vision of a
rubber hand offers an analgesic effect when a person incorporates it into their body
image. However, studies on RHI and pain had conflicting findings: some found that RHI
increases pain ratings (Fang et al., 2019), while another study found that it has no effect
(Mohan et al., 2012). Martini (2006) proposed a theory to explain the conflicting findings,
suggesting that the physical appearance of the rubber hand plays a critical role in driving
the modulatory effect of body image on pain perception.
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Although RHI is the illusion of owning a rubber hand, scientists have recently
shifted their attention to how one perceives the body and hand in VR, and they
discovered the Virtual Hand lllusion (VHI) or Full-Body lllusion (Martini, 2016). Similar to
RHI, VHI is the feeling of owning virtual hands in VR. After researchers discovered that
people could perceive virtual hands to be their own (IJsselsteijn et al., 2005; Petkova &
Ehrsson, 2008; Slater et al., 2008, 2010), they began testing if SoO in VR can produce
an analgesic effect (Martini et al., 2014, Gilpin et al., 2014; Martini et al., 2015;
Matamala-Gomez et al., 2018, 2020). However, most studies had more positive findings
than null effects (Martini et al., 2014; Martini et al., 2015); these results seemed to be

strictly connected to the visual properties of the hands or other body parts.

2.2.2. Self-Embodiment lllusion and Virtual Embodiment

In this section, | first introduce the four presence illusions in VR, focusing on the
embodiment presence and then discuss the definition and subcomponents of virtual

embodiment in depth.
2.2.2.1. The Four Types of Presence lllusions in VR

The illusion of being in a stable place. This illusion is sometimes called place
illusion (Slater, 2009) and sometimes spatial presence (Schubert, 2003). Slater (2009)
described it as the feeling that one’s physical environment is the most important aspect
of their sense of presence. In another of his papers, Slater (2009) defined place illusion
as “being there,” and is a perceptual illusion that occurs automatically under the right
conditions (sensorimotor contingencies). However, he also indicated there is plausibility

illusion (Psi), which refers to the illusion that the depicted scenario is real.

The illusion of embodiment (self-embodiment). Self-embodiment has multiple
working definitions. Kilteni et al. defined it as the ensemble sensations that arise in
conjunction with being inside, having, and controlling a body (2012). Certainly, any
feelings about their virtual body fall under this presence category, including SoO or the
sense of having control over the body. For more information, see Section 3.1 of this
chapter. Many cognitive science studies, especially those conducted by members of
Slater’s and Bailenson’s research groups (Bailey et al., 2016; Banakou et al. 2016;
Tajadura-Jiménez et al., 2017), tried to investigate how embodiment illusion alters the

mind perceptually and/or behaviorally.
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The illusion of physical interaction. This illusion occurs when a person feels a
physical response that aligns with a visual representation. This response is not limited to

tangible feelings; it also includes visual changes or audio feedback (Jerald, 2016).

The illusion of social communication (social presence, or co-presence).
Social presence is the perception that one is communicating with other characters in VR
either verbally or with body language (Gerhard et al., 2004; Jerald, 2016; Nowak &
Biocca, 2003; Schroeder, 2005). The other characters could be computer controlled or
user controlled. This component is another essential aspect of presence that most
researchers investigate, including many of those in Slater’s group (Slater et al., 2006; Oh
et al., 2018).

2.2.2.2. The lllusion of Virtual Embodiment

In this dissertation, my focus is the effect of self-embodiment illusion on human
perception, which is also called sense of embodiment or virtual embodiment in VR. SoE
in VR is defined as the experience or feeling of owning (SoO), controlling (SoA),
and being inside a body (self-location). As discussed in Chapter 1, Section 1.2.2, |
adopted Kilteni et al.’s (2012) definition and framework of virtual embodiment for this
dissertation, and it specifies three subcomponents: SoO, SoA, and sense of self-

location.

The sense of embodiment is defined as “the ensemble of sensations that arise in
conjunction with being inside, having, and controlling a body” (Kilteni et al., 2012, p. 2).
According to Kilteni et al. (2012), embodiment consists of three subcomponents: SoO,
SoA, and sense of self-location. SoO commonly refers to one’s self-attribution of a body
(e.g., Gallagher, 2000; Tsakiris, 2010), whereas SoA is concerned with the subjective
experiences of motor control and the conscious experience of will (Blanke & Metzinger,
2009). Ownership, agency, and self-location are not inclusive to artificial bodies or body
parts but also include avatars and mannequins (Petkova & Ehrsson, 2008; Slater et al.,
2010; Slater, Perez-Marcos, et al., 2009). While my literature review revealed potential
interrelationships among the three subcomponents (Braun et al., 2018), the current state
of knowledge on embodiment does not enable further specification of their significance

to the embodied experience (Kilteni et al., 2012).
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So00. This sense refers to one’s self-attribution of a body (Gallagher, 2000;
Gallagher & Marcel, 1999). Braun et al.’s (2018) literature review suggested that SoO
describes the feeling of mineness that one experiences toward the body parts. People

”

describe this feeling with statements such as “This is ‘my’ hand,” “I' am thinking this

thought,” or I’ am the one who is having this feeling.” Some studies have investigated
which properties of the virtual body affect So0O, such as the transparency level of an
avatar’s skin (Martini et al., 2015), appearances of the virtual arm (Martini et al., 2013),
and synchronous or asynchronous movement between real and virtual arms (Zanini et
al., 2017). Further, getting visual feedback from the virtual world that is synchronous with
tactile feedback from the real world like in the RHI phenomenon has also been

associated with one’s SoO in VR (de Jong et al., 2017).

SoA. This sense refers to the sense of having “global motor control, including the
subjective experience of action, control, intention, motor selection and the conscious
experience of will” (Braun et al., 2018). Unlike ownership, which describes an attributive
relationship, agency is felt dynamically and presented in active movements (this is
authorship rather than ownership; Braun et al., 2018). A person experiencing SoA in VR
will say something like, “It seemed like | was in control of the virtual hand.” SoA
distinguishes one’s self-generated actions from actions generated by other people
(David et al., 2008; Moore, 2016). Sanchez-Vives et al. (2010) found that SoA in VR is
easily achieved when a person’s real-body motions are mapped to the virtual body in
real time. Therefore, the development of SoA primarily depends on the synchronicity of
visuomotor correlations, regardless of the artificial, mirrored, or virtual conditions.
Numerous studies have found that asynchronicity between the visual feedback of the
action and the actual movement negatively affect SoA (Blakemore et al., 2002; Franck et
al., 2001; Sato & Yasuda, 2005).

Few studies explored the relationships or associations between SoA and pain in
VR conditions compared to SoO. Moreover, it has rarely been studied separately from
SoO (Braun et al., 2018). In one case (Braun et al., 2018), the synchronous feedback of
movement (correlated visuomotor) not only increased SoA but also correlated with an
increased So0. Although | have examined SoO and SoA separately, quite a few
researchers have investigated the interplay of SoOA and SoO (Braun et al., 2018).
However, in many quotidian situations, we experience SoO and SoA simultaneously.

Since the operationalization of S0O and SoA are not necessarily exclusive, the
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measurement of each (and their self-location) can overlap (Ehrsson et al., 2007; Slater
et al., 2008; Slater et al., 2010).

Sense of self-location. The sense of self-location refers to where a person feels
they are located; generally, self-location and body space coincide with a person feeling

self-located inside a physical body (Lenggenhager et al., 2009).
2.2.2.3. Study Instruments of SoO and SoA

In general, SoO has been well-examined using both quantitative approaches
(task performance, questionnaires, and physiological biomarkers) and qualitative
approaches (questionnaires or interviews). However, SoA has not been comparably well
examined, especially in VR. Cognitive scientists have been studying the potential
neurological models of how the brain computes SoA (Haggard & Chambon, 2012).
Although some VR studies (Cole et al., 2009; Matrtini et al., 2014; Zanini et al., 2017)
provided their participants with motor control over the virtual body (or body parts), only

few measured SoA (Kathner et al., 2019; Matamala-Gomez et al., 2019).

Lacking a gold standard of measuring SoO and SoA, some researchers adopted
the explicit method through participants’ subjective ratings. In contrast, others relied
more on implicit measurements, such as behavioral tests or biofeedback. Although
aiming to measure the same sensations (SoO or SoA), implicit and explicit results could
be different (Kong et al. 2017). Next, | discuss how each approach were utilized in

varying studies.

Self-reported questionnaires and interviews (explicit measures). Most virtual
embodiment studies rely on self-reported questionnaires to report SoO. For instance, all
of Slater’s group’s studies (e.g., Slater et al., 2010; Aspell et al., 2009) adopted standard
survey statements and questions to assess So00. Statements included “I felt as if the
rubber hand was my hand” and “I felt as if the virtual body was my body” (Aspell et al.,
2009, p. 4), and questions included “How much did you feel that the seated girl’s body
was your body?” (Slater et al., 2010, p. 4). Likewise, the Sense of Agency Rating Scale
guestionnaire (Polito et al., 2013) has two factors: involuntariness, which represents a
subjective reduction in control over one’s own actions (e.qg., ‘I felt that my experiences
and actions were not caused by me”, Polito et al., 2013, p. 208), and effortlessness,

which represents a subjective increase in the ease and automaticity with which actions
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occur (e.g., “My experiences and actions occurred effortlessly,” Polito et al., 2013, p.
208). However, as when measuring SoO, researchers usually develop new
guestionnaires based on existing ones to fulfill their specific research goals. For
instance, Slater’s group mostly asked participants to rate SoA using scales on a
guestionnaire, which appears to be the most widely used approach to evaluating SoA in
VR conditions. Two statements that participants ranked were “It seemed like | was in
control of the virtual hand” and “I felt as if | was controlling the movements of the virtual
hand” (Sanchez-Vives et al., 2010, p. 3; Martini et al., 2014, p. 4).

Task performance (implicit measure). The specific tasks vary depending on
the researchers’ goals for specific VR situations, and some tasks conducted in the real
word to measure SoO are hard to carry out in VR. Although different proprioceptive
estimation tasks, such as proprioceptive drift, have been used to measure SoO in non-
VR situations (Botvinick & Cohen, 1998; Jsselsteijn et al., 2006) and a few VR studies
(Sanchez-Vives et al., 2010; Slater et al., 2008), they have rarely been adopted in VR
situations. However, a few studies (Banakou et al., 2013; Braun et al., 2018) utilize
participants’ performance in body part estimation to measure SoO. In other cases
(Ehrsson et al., 2007; Steptoe et al., 2013), researchers measured participants’

reactions when their virtual body was threatened.

However, apart from proprioceptive estimation tasks, motor tasks can be used to
assess agency, such as the intention-binding task (Braun et al., 2018). Kong et al.
(2017) included this task in VR and used it to measure participants’ SoA. The idea is that
the more successfully the motor tasks are performed, the finer the control a person can
achieve over the artificial body. Presumably, higher SoA correlates with higher task
performance. The intention-binding effect refers to the subjective compression of time
experienced between a voluntary action (e.g., a self-conducted button press) and its
external sensory consequences (e.g., a sound played thereafter). A common finding is
that this time interval is only underestimated when the action is voluntary, not when it is

involuntarily (Braun et al., 2018).

Physiological measurement. Electrophysiological information, including that
related to touch (Hohwy & Paton, 2010; Moseley, 2008), heart rate (Slater et al., 2010),
as well as hemodynamic information (Kanayama et al., 2009; Press et al., 2008) and

body temperature (Ehrsson et al., 2007) have been collected to measure SoO, though
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not in VR environments. Ehrsson et al. (2007) investigated physiological data and
correlated the biomarkers with participants’ SoO. However, physiological data seems to
be necessary to indicate SoO but is not a primary means of measuring it. In my literature
review, | did not find any studies that used physiological measurement to assess SoA

levels in VR.

The central prerequisite of inducing SoO and SoA in VR is an avatar or, at least,
part of one avatar, such as limbs or tubes. Correlated and synchronous visuomotor
feedback in VR could contribute to stronger SoO and SoA. The explicit communication
of one’s feelings of owning (So0O) or controlling (SoA) an avatar can be qualitative. For
instance, for SoO, “| felt as if the virtual right arm/hand was my own right arm/hand”
(Martini et al., 2014, p. 4) could be a useful description; for SoA, it could be “During the
experiment there were moments in which it seemed that my real arm was moving”
(Zanini et al., 2017, p. 4). Even though participants of Zanini et al. and Martini et al. were
shown unrealistic bodies or body parts, after an adaptation period, the aforementioned
statements could also be used to evaluate or express feelings of SoO and SoA. Task
performances’ results can also be used to describe implicit feelings of SoO and SoA.
Although not all studies have measured the implicit and explicit aspects of SO0O/SoA
together, a select few did show that explicit results can be significantly different than
implicit results (Braun et al., 2018; Kong et al., 2017). For example, Kong et al.’s study
showed that participants did not report a strong SoA but the implicit test showed that
agency did exist. In my dissertation, | adopted the subjective SoO and SoA ratings.

Carrying out the other implicit measurement may vyield other findings.
2.2.3. Section Summary

“‘Embodiment” is a term here used to refer to a general sense of one’s body as
the center of identity and inseparable from sensory experience and perception. The
sense of virtually embodying an avatar conveys a feeling of mineness from the first-
person point of view. Kilteni et al. (2012) investigated components that inform the sense
of embodiment, including ownership, agency, and the self-location of an avatar. In this
section, | first described the body-related illusions and interventions relevant to pain
modulation, such as body image and body schema RHI, VHI, mirror therapy, and graded
motor imagery. Then, | cited literature that defines the framework of embodied cognition
(Costa et al., 2013), embodiment (Longo et al., 2008), and virtual embodiment (Kilteni et
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al., 2012), and | explored potential measurements of its two primary subcomponents,
So0 and SoA. Designing this structure helped me to better scope my research and
investigate the subcomponents of embodiment in VR, such as SoO and SoA (Braun et
al., 2018). The research on the definition and composition of virtual embodiment

introduced here laid the foundation for both research trajectories.

2.