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Virtual Reality Interventions for Personal
Development: A Meta-Analysis of Hardware and
Software

Matt C. Howard
The University of South Alabama

Virtual reality (VR) has been repeatedly applied for personal development
purposes, ranging from learning and training (cognitive outcomes), to
psychological therapies (emotional outcomes), to physical rehabilitation
(physical outcomes). Several factors lead to a successful VR intervention,
most notably the hardware and software. In the current article, a meta-
analysis is performed to test the effect of specialized input hardware (e.g
motion sensors, floor pads, etc.), advanced output hardware (i.e., head-
mounted displays, surtound-screen displays, etc.), and game elements (i.e.,
score, competition, etc.) across and within the three noted applications of
VR intervention. When analyzing the overall effects, only game elements
had a significant impact on outcomes. When analyzing specific applica-
tions, input hardware did not have a notable impact on outcomes for any
application; output hardware had a notable impact on cognitive and
emotional outcomes but not physical; and game elements had a notable
impact on cognitive outcomes but not emotional or physical. From these
results, the cutrent article provides direct suggestions for future research
and practice. Particulatly, certain mediating mechanisms are suggested to
explain the impact of output hardware and game elements on VR inter-
vention outcomes, spatking possible new directions for research and
practice.

In recent years, the popularity of virtual reality (VR) has greatly expanded, and
the technology has been implemented to improve training, therapy, rehabilitation, and
a host of other applications focused on personal development (Burdea & Coiffet,
2003; Mirelman et al., 2010; Seth, Vance, & Oliver, 2011). In workplace training
applications alone, the computer-administered simulation market, which includes VR,
generated $2.4 billion in revenue in 2012, and it was expected to grow to $6.7 billion
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in 2017 (Adkins, 2013). In regard to therapy, many authors have suggested that VR
therapy programs are the most ideal method to address certain emotional disorders,
particulatly phobias (Bohil et al., 2011; Rothbaum et al., 2014). Lastly, VR rehabilita-
tion programs are often more effective than comparable methods for developing
physical abilities (Briitsch et al., 2011; Yen et al., 2011). While applications of VR for
personal development have been latgely successful, much remains unknown about
VR interventions.'

All VR interventions include various hardware and software. As many have
suggested, the applied hardware and software may have the largest impact of any
factor in predicting VR intervention success (Rahman, 2010; Rizzo et al., 2013;
Rostami et al., 2012). Unfortunately, analyses of particular hardware and software
are difficult to conduct. Most often in research, a VR intervention is contrasted
against a more typical intervention in a randomized control trial. While the results
provide valuable information about the entire VR intervention, it is almost impossible
to discern the effects of particular hardware or software through this method. To do
so using an experimental design, researchers would need to compare multiple VR
interventions, which is beyond the resources of most. Therefore, the answer to a
central question for the study of VR interventions is still unknown—What is the
effect of commonly applied hardware and software on VR intervention outcomes?
Due to the importance of this research question, the current article seeks answers to
guide future research and practice.

VR interventions consist of two types of hardware—inputs and outputs (Burdea
& Coiffet, 2003; Jayaram, Connacher, & Lyons, 1997). Input hardware receives user
commands. Cutrently, the standard input hardware is the keyboard, mouse, and
joystick, whereas specialized input hardware are sensor gloves, motion sensors, and
other technologies (O’Flynn et al., 2013; Regterschot et al.,, 2014). Alternatively,
output hardware presents relevant visual information. Cutrently, the standard output
hatdware is the computer monitor, wheteas more advanced output hardware atre
head-mounted displays (HMDs), surround-screen displays, three-dimensional moni-
tors, and other technologies (Hou, Nam, Peng, & Lee, 2012; Kihara et al.,, 2012).
Both specialized input and output hardware have been suggested to improve the
physical fidelity and immersive properties of a VR intervention, which could result in
better outcomes (Burdea & Coiffet, 2003; Hou et al., 2012; Jayaram et al., 1997,
Kihara et al, 2012; O’Flynn et al,, 2013). The current article tests whether these
specialized input and advanced output hardware provide better VR intervention
outcomes than standard alternatives. In doing so, the results may indicate whether
researchers and developers are allocating costly resources toward creating technolo-
gles with little benefits, and future research can identify the exact mechanisms that
cause these outcomes.

! The current study is multidisciplinary in nature and relevant to all applications of VR technology for personal

development. For this reason, the current study uses the term “intervention” to refer to any effort to alter individuals’
characteristics, whether it is a training to develop knowledge and skills, a therapy to alter emotions, a rehabilitation
program to improve physical abilities, or any other application of VR for personal development.
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Further, serious games are likely the most discussed type of VR intervention
software, which are games with a primary purpose other than entertainment—most
often learning. Authors have proposed that certain game elements, such as challenge
and score, improve user enjoyment and motivation, which may result in better
intervention outcomes (Bedwell, Pavlas, Heyne, Lazzara, & Salas, 2012; Deterding,
Sicart, Nacke, O’Hara, & Dixon, 2011; Sitzmann, 2011). Likewise, these game
elements have also been suggested to improve outcomes via heightened cognitive
fidelity, thereby signifying that game elements may improve VR intervention out-
comes via a variety of mechanisms (Kapp, 2012; Zichermann & Cunningham, 2011).
The current article tests whether serious games actually provide better outcomes than
typical VR interventions. Once again, the results of this analysis may determine
whether resources should be allocated to other aspects of VR interventions, and
future research can further analyze whether the suggested mechanisms cause these
effects.

Additionally, when testing the impact of these hardware and software on VR
intervention outcomes, the current article analyzes their effectiveness across all
personal development applications, as well as within three specific applications:
learning and training, psychological therapy, and physical rehabilitation. Through
performing general and focused analyses, the overall impact of these technologies,
as well as their effectiveness for developing certain outcomes (cognitive, emotional,
and physical), can be determined.

Together, the current article analyses the impact of certain hardware (input and
output) and software (setious games) on VR intervention effectiveness, and the
results provide inferences across and within multiple types of outcomes. To perform
these analyses, meta-analytic methods are applied. Meta-analyses statistically combine
the results of prior studies to obtain estimates of overall effects. Through system-
atically analyzing the effects of particular technologies across studies, a true under-
standing of these technologies can be obtained— an almost impossible feat with
experimental designs alone. Thus, these results may provide great insights into the
effects of certain hardware and software on VR intervention effectiveness.

To achieve the objectives of the current article, the following is organized as
follows: First, a review is provided of the hardware and software of interest, in which
specific hypotheses and research questions are presented. Second, a meta-analysis is
conducted to determine the effects of these specific hardware and software, and a
meta-regression analyses each of these effects simultaneously. Third, the implications
of the results are discussed, and the findings are integrated into current literature on
VR interventions.

1. BACKGROUND

VR is the computer-simulation of an environment that imitates a physical
presence in real or imagined worlds, and users navigate these worlds through a
realistic or unrealistic digital representation of themselves called an avatar (Mirelman
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et al., 2010; Seth et al., 2011). Across the many applications of VR, authors regularly
propose that the purpose of VR is to cognitively transport the user to a digital
environment (Burdea & Coiffet, 2003; Cairns, Cox, Day, Martin, & Perryman, 2013;
Mirelman et al., 2010; Schmierbach, Limperos, & Woolley, 2012). Whereas users only
interact with other types of technology, they may be able to “experience” VR. For
this reason, the concepts of fidelity, immersion, and presence become pivotal when
discussing VR (Witmer & Singer, 1998).

Fidelity refers to the similarity of the practice environment and/or tasks to the
transfer environment and/or tasks (Cairns et al., 2013; Hou et al., 2012; Slater, 2003).
A VR intervention with realistic environments and tasks would be considered to have
high fidelity, whereas a VR intervention with basic graphics and dissimilar tasks has
low fidelity. Further, fidelity can be further differentiated as physical and cognitive
(Cairns et al., 2013; Hou et al., 2012; Slater, 2003). Physical fidelity is the extent that
the practice environment and/or tasks look like the transfer environment and/or
tasks, whereas cognitive fidelity is the extent that the cognitive processes during
practice are similar to the cognitive processes during transfer. A VR intervention to
train military skills would likely have poor cognitive fidelity if it does not have
consequences for failure, for example (Cairns et al., 2013; Hou et al,, 2012; Slater,
2003).

Further, immersion is an objective qualification of the VR system, and it refers
to “the extent to which the [VR systems] are capable of deliveting an inclusive,
extensive, surrounding, and vivid illusion of reality” (Slater & Wilbur, 1997, p. 3).
Immersion is often synonymous with physical fidelity (Cairns et al., 2013; Hou et al,,
2012; Slater, 2003). Alternatively, presence is “a psychological state or subjective
petception in which ... patt or all of the individual’s perception fails to accurately
acknowledge the role of technology in the experience” (Lombard, 2000; as cited in
Krijn et al., 2004; Schmierbach et al., 2012), and immersion (physical fidelity) and
cognitive fidelity are often expected to contribute to feelings of presence (Cairns
et al., 2013; Hou et al., 2012; Schmierbach et al., 2012; Slater & Wilbur, 1997). Most
often, users of VR are cognizant that they are using the technology, but they may
petceive objects, events, entities, environments, and other features as being indepen-
dent of the technology.

As many authors have argued, it may be necessary for users to be immersed
in their experiences and experience feelings of presence to receive the true
benefits of VR (Bouchard et al., 2012; Bulu, 2012; Ling, Nefs, Brinkman, Qu,
& Heynderickx, 2013; Wirth et al., 2007). When interacting with VR without
experiencing presence, users may be detached from their experiences. When
present, however, users may experience notable emotional reactions from their
digital events, and users may also be more mentally engaged in any presented
information (Bouchard et al.,, 2012; Bulu, 2012; Ling et al., 2013). These factors
may subsequently prompt better emotional and cognitive outcomes from a VR
intervention. Further, many of these notions have already been supported by
studies across several applications of VR. For example, for a VR racing video
game, Schmierbach and colleagues (2012) showed that immersion predicted
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petceptions of presence and enjoyment, suggesting that immersed users may be
more emotionally engaged. For a VR educational program, McQuiggan and
colleagues (2008) also showed that immersion predicted perceptions of presence
and self-efficacy, suggesting that immersed users may be more cognitively
engaged. Likewise, a vast amount of other studies have found similar results
when analyzing the impact of physical and cognitive fidelity on personal outcomes
(Bouchard et al., 2012; Cairns et al.,, 2013; Dow, Mehta, Harmon, Maclntyre, &
Mateas, 2007; Fox, Bailenson, & Binney, 2009; Hou et al., 2012; Krijn et al., 2004,
Leong, 2011; Monahan, McArdle, & Bertolotto, 2008; Salmon, 2009), and a recent
meta-analysis showed that immersion indeed has a moderate effect on presence
(Cummings & Bailenson, 2016). Together, these prior findings suggest that
immersion and presence may impact the benefits obtained from a VR
intervention.

For these reasons, developers have placed great efforts toward creating hard-
ware and software that allows users to interact and observe with their digital
environments in a realistic manner, with hopes of creating more immersive experi-
ences that prompt feelings of presence (Diemer, Alpers, Peperkorn, Shiban, &
Miihlberger, 2015; Price, Mehta, Tone, & Anderson, 2011; Sanchez-Vives & Slater,
2005). For example, the most realistic VR program would project an entirely lifelike
digital environment surrounding users; they would only need to reach out their hand
to interact with the environment, feeling haptic feedback as they do so, and these
feelings of presence could be heightened by also engaging the other senses (i.e., smell
and heating; Burdea & Coiffet, 2003; Steuer, 1992). Users would feel present in their
environments when using the described technologies, and they would also experience
similar psychological processes as their transfer environments. From these feelings of
presence and similar cognitive processes, users may also gain better outcomes from
their VR interventions, whether cognitive, emotional, or physical. While current
technologies fall short of this scenatrio, new technologies are being continuously
developed to create more immersive experiences, and these technologies can be
categorized as input or output hardware.

Below, hypotheses are made about the impact of modern hardware and soft-
ware on VR intervention outcomes. It should be noted, however, that the current
meta-analysis does not explicitly test whether fidelity, presence, or any other mechan-
ism may be the cause of these outcomes. Instead, the current meta-analysis only
analyzes the effect of VR interventions, as well as certain aspects of hardware and
software design on user outcomes.

1.1. Hardware
VR Input Hardware

When undergoing a VR intervention, all user interactions must be performed
through an applied technology, such as a keyboard and mouse. Technologies that
receive user inputs are categorized as input hardware. Due to their integral
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function to user experiences, input hardware are pivotal immersion and presence
(Burdea, Richard, & Coiffet, 1996; Jayaram et al., 1997; Krijn et al., 2004). If the
user must interact with their digital environment in an unnatural and non-immer-
sive manner, then they would likely be unable to petceive their experiences as
realistic, and would almost assuredly have difficulties in feeling present. Fortu-
nately, developers have created input hardware that allows users to petform
realistic and immersive actions to interact with their digital environments (Greffou
et al., 2012; Krijn et al., 2004; Sanchez-Vives & Slater, 2005).

Currently, the traditional input hardware are the keyboard, mouse, and joy-
stick (Rahman, 2010; Rizzo et al, 2013; Rostami et al, 2011). These three
technologies are relatively cheap, providing accessibility to most practitioners or
researchers. Also, almost anyone that has used a computer is familiar with a
keyboard and mouse, and most are, at least, familiar with the functions of a
joystick. Users can use these technologies without any prior training. While these
three input hardware are commonplace and easy to apply, they provide an
unrealistic and non-immersive user experience (Lull & Bushman, 2016; Martel
et al., 2015; Mikropoulos & Strouboulis, 2004). Very few real-life experiences
involve rapidly pressing buttons to perform activities, and even fewer involve
interactions similar to a mouse or joystick. Likewise, these technologies do little to
invoke feelings of presence, and likely reduce the effectiveness of any VR
intervention that applies these technologies (Burdea et al, 1996; Kihara et al,
2012; Mon-Williams, Warm, & Rushton, 1993; O’Flynn et al.,, 2013). Neverthe-
less, due to the widespread use of these three input hardware, they serve as a
comparison for all other input hardware.

Alternatively, specialized input hardware exist in an array of forms. The most
popular specialized input hardware are sensor gloves, motion sensors, and track-
pads, but many other specialized input hardware exist that allow usets to perform
realistic movements to interact with their digital environments (Krijn et al., 2004;
Roy, Soni, & Dubey, 2013; Sanchez-Vives & Slater, 2005). Authors have proposed
that, because these technologies allow realistic and immersive interactions, spe-
cialized input hardware may prompt feelings of presence, thereby improving
subsequent VR intervention outcomes. These technologies have even been pro-
posed to improve learning from a VR training program, emotional skills from a
VR therapy program, and physical abilities from a VR rehabilitation program
(Chang, Chen, & Huang, 2011; Greffou et al., 2012; Ip et al., 2013). The current
study tests these suggestions through comparing traditional input hardware (key-
board, mouse, and joystick) against specialized input hardware for improving
outcomes from VR intervention programs, with the belief that the latter is
more effective.

Hypothesis 1: VR interventions that use specialized input hardware result in better
outcomes than VR interventions using traditional input hardware
(keyboard, mouse, and/or joystick).
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VR Output Technology

While many developers have created innovative input hardware, the creation of
displays that provide immersive expetiences may be an even more popular research
topic (Hou et al., 2012; Kihara et al., 2012; Rushton, Mon-Williams, & Wann, 1994).
Displays can also be called output hardware. All visual information in a VR inter-
vention, such as the digital environment and the results of users’ actions, ate
presented via output hardware. Due to the central role of output hardware in VR
interventions, this technology is extremely important for fidelity, immersion, and
presence. Thereby, this technology effects more distal and important outcomes, such
as learning, emotional skills, and physical abilities. Like input hardware, users may be
unable to develop feelings of presence if the output hardware presents visual
information in an unrealistic and non-immersive manner—and vice versa. Modern
output hardware can be categorized as traditional or advanced.

Currently, the traditional output hardware is the standard computer monitor
(Bohil et al., 2011; Briitsch et al., 2011; Rothbaum et al., 2014). Compared to other
output hardware, computer monitors are inexpensive. Also, anyone who has used a
computer is familiar with a computer monitor, allowing the technology to be used
without any prior training. While these two factors lead to their widespread applica-
tion, computer monitors provide an unrealistic and non-immersive experience. Com-
putet monitors present visual information on a two-dimensional plane, inherently
preventing a completely realistic presentation of a VR environment. Due to this
artificiality, computer monitors do little to invoke feelings of presence, possibly
reducing VR intervention outcomes (Bouchard et al., 2012; Bulu, 2012; Butrdea
et al,, 1996; Chang et al., 2011; Mon-Williams et al., 1993). Due to their widespread
application, however, computer monitors setve as a frame of reference for new and
innovative output technology.

Many types of advanced output hardwate exist. The most common advanced
output hardware are surround-screen displays, HMDs, and three-dimensional moni-
tors (Howard, 2017a; Maiberg, 2014; Robinett & Rolland, 1992; Shibata, 2002). To
create a surround-screen display, multiple two-dimensional screens are placed or
projected around the user, and each screen presents visual information in sync with
the others. Alternatively, HMDs are worn over the users’ head, appearing similar to
night-vision goggles, and completely cover users’ field of vision. HMDs are pro-
grammed to track users’ head movements, and the displayed visual information
changes in alignment with these head movements. Lastly, a three-dimensional moni-
tor creates an artificial depth perception, often in conjunction with specialized glasses.
Of these, the most acclaimed is likely the HMD, especially after the purchase of
Oculus, the creator of the Rift (a HMD), for two billion dollars by Facebook
(Maiberg, 2014).

These specialized displays are able to present visual information in a more
realistic manner, whether through providing a truly immersive experience (sur-
round-screen display and HMD) or presenting environments as they more naturally
appear (three-dimensional monitor). Authors regularly propose that these advanced
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displays can increase feelings of presence, which thereby causes users to become
morte emotionally and cognitively engaged in their VR experiences (Bouchard et al.,
2012; Bulu, 2012; Mon-Williams et al., 1993; Ward, Azuma, Bennett, Gottschalk, &
Fuchs, 1992). Further, authors have likewise suggested that advanced output hard-
wate can improve participant enjoyment and motivation, which may influence devel-
opmental outcomes (Grossbetrg, 1999; Mayes & Calhoun, 2007). Lastly, HMDs have
been suggested to narrow the attention of participants to the developmental activities,
as these devices restrict the field-of-vision (Maiberg, 2014; Robinett & Rolland, 1992;
Shibata, 2002). Being unable to view the “real-world,” participants may be therefore
forced to only engage with their digital environments.

With these assumptions, more advanced displays should result in better VR
intervention outcomes. Although this sentiment is regularly endorsed, a wide-scale
comparison between traditional and advanced output hardware has yet to be per-
formed. Researchers and practitioners may be spending resources on hardware which
provides few benefits. Therefore, a comparison between traditional, HMD, and other
advanced output hardware is presented in the current article, with the belief that
HMDs and advanced displays produce better outcomes than monitors.

Hypothesis 2: VR interventions that use HMDs result in better outcomes than VR
interventions using computer monitors.

Hypothesis 3: VR interventions that use advanced display hardware, other than
HMDs, result in better outcomes than VR interventions using
computer monitors.

1.2. Software

In addition to hardware, software is also pivotal in predicting VR intervention
success (Burdea & Coiffet, 2003; Mirelman et al., 2010; Seth et al., 2011). Developers
often create new software to provide more realistic experiences through making
programs with better graphical capabilities. Like hardware, researchers and practi-
tioners propose that more realistic and immersive programs may prompt presence,
thereby improving other outcomes. While the creation of more realistic software
programs is extremely popular, authors have also focused on another important
attribute of VR intervention software.

Possibly, the most popular new direction in software development for VR
intetventions is the serious game and gamification movement (Deterding et al.,
2011; Kapp, 2012; Zichermann & Cunningham, 2011), which has spread to almost
every type of VR application. Game elements have been incorporated into rehabilita-
tion programs to improve physical capabilities, organizational training programs to
improve employee performance, and even therapy programs to improve emotional
capabilities (Burdea & Coiffet, 2003; Mirelman et al., 2010; Seth et al., 2011). This
area of research poses that game elements can improve computer-based
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interventions, as users often find these game elements naturally exciting. For instance,
many students find educational math programs boring, but they may be mote
motivated if these programs include interactive elements (i.e., story progtession for
correct answers, customizable characters) or tewards (i.e., unlockable features for
cotrect answers, high-score list). Further, adding game elements can improve the
cognitive fidelity of a VR intervention (Cairns et al., 2013; Hou et al., 2012; Slater,
2003). Certain game elements, such as score, add consequences to developmental
activities, causing the user to possibly feel stress to perform well. If stress is involved
in the transfer activity, then the added game element may indeed improve the
cognitive fidelity of the VR intervention, which would assumingly improve VR
intervention outcomes. Thus, game elements may improve outcomes via a vatiety
of mechanisms that may be relevant to a wide array of contexts, which may partially
explain their widespread application.

To understand the effects of serious games, certain authors have created game
element taxonomies (Bedwell et al., 2012; King, Delfabbro, & Griffiths, 2010; Rego,
Moreira, & Reis, 2010). These taxonomies separate and describe individual game
elements that may be included in any serious game. Among these taxonomies, the
most popular and empirically supported is Bedwell and colleagues’ (2012) taxonomy.
This taxonomy was created to identify the effect of game elements on learning, but
the authors note that the elements may extend to other contexts, such as physical
rehabilitation and therapy programs (Bedwell et al., 2012). Further, Bedwell and
colleagues’ (2012) taxonomy identifies 19 different game elements, with some of
the most commonly occurring being challenge, conflict, and rules/goals. Using this
taxonomy, tesearchers and practitioners can identify the game elements present
within their VR interventions, and design VR interventions with certain combinations
of elements. Also, this taxonomy can help identify whether a VR intervention may be
considered a serious game—a distinction that is not always clear.

Due to the direct relationship with motivation and cognitive fidelity, authors
have repeatedly proposed that serious games and serious game elements lead to
improved VR intervention outcomes. While this notion has been tested in individual
studies, studies on serious game elements often suffer the same concerns as research
on hardware. That is, study results can provide important information about the
overall VR intervention, but little can be said about the impact of game elements
themselves. For this reason, the current study provides an overall investigation into
the impact of game elements on VR intervention success. It is expected that VR
interventions that include game elements are more effective than those that do not.

Hypothesis 4: VR interventions which include game elements result in better out-
comes than VR interventions that do not use game elements.

Relatedly, many authors have noted that serious games are rapidly growing in
popularity. So much, in fact, that some authors consider VR programs and serious
games to be the same (Sitzmann, 2011). To test this notion, the current study
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analyzes the number of VR interventions which do and do not specifically mention
the inclusion of popular game elements.

Research Question 1: Do Most VR Interventions Include Game Elements?

A final note should be made about the study of game elements within the
current article. This sole aspect of software design was chosen due to its relative
populatity in research, as well as practice across several domains (Burdea & Coiffet,
2003; Mirelman et al., 2010; Seth et al., 2011), and the existence of several typologies
that can be used to identify whether a VR intervention included game elements
(Bedwell et al., 2012; King et al., 2010; Rego et al., 2010). Other aspects of software
design have also seen popularity in research and practice, but many do not currently
have associated taxonomies and lack clear guidelines for categorization. For instance,
many authors have shown interest in the effects of VR intervention realism (Bou-
chard et al, 2012; Kwon, Powell, & Chalmers, 2013). It would be difficult to
accurately categorize the realism of a VR intervention presenting a real-world envir-
onment but poor graphics relative to a VR intervention presenting a foreign environ-
ment but exceptional graphics. For these reasons, we believe that game elements are
prime for inclusion in the present meta-analysis, whereas other elements of software
design are less ideal and therefore not included.

1.3. Application Differences

As mentioned, VR has been applied for an array of developmental purposes,
ranging from learning and training, to psychological therapy, to physical rehabilitation
(Burdea & Coiffet, 2003; Mirelman et al., 2010; Seth et al., 2011). When applied for
learning and training, VR interventions are often used in the workplace or classroom
with the intentions of improving declarative knowledge and/or skills, such as a
surgery simulation to train surgeons (Huang, Rauch, & Liaw, 2010; Monahan et al.,
2008). When applied for psychological therapy, VR interventions are often used in
conjunction with a therapist to improve emotional states and/or conquer certain
phobias, such as a military simulation to address Post Traumatic Stress Disorder
(PTSD) (Anderson et al., 2013; Malbos, Rapee, & Kavakli, 2013). When applied for
physical rehabilitation, VR interventions are often used with a physical therapist or
trainer to develop muscle and/or regain physical abilities, such as a virtual running
simulation to develop gait abilities (Howard, 2017b; Meldrum et al., 2012; Tao et al,,
2013). Each of these applications is extremely important, and their differences likely
cause attributes of the VR intervention to have differing effects based on the
application.

Primarily, three mechanisms were proposed above: fidelity/presence, attention,
and motivation. Prior research has argued that presence may improve all develop-
mental outcomes (Caitns et al., 2013; Mirelman et al., 2010; Schmietrbach et al., 2012),
and a VR intervention characteristic may have an influence on presence if it positively
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effects all outcomes. Authors have often suggested that attention positively influ-
ences cognitive outcomes, and some have suggested the same for psychological
outcomes (Maiberg, 2014; Robinett & Rolland, 1992; Shibata, 2002); however,
attention has generally not been attributed to physical outcome success. Some
authors have even suggested that physical outcomes may be best developed when
participants are not mentally engaged in the task at hand (Britsch et al., 2011; Yen
et al,, 2011). Lastly, participants often find the development of cognitive outcomes,
especially for school or work purposes, relatively boring and unexciting (Grossbetg,
1999; Mayes & Calhoun, 2007). On the other hand, participants are often intrinsically
motivated to develop their psychological or physical outcomes (Briitsch et al., 2011;
Yen et al., 2011). For this reason, improvements to motivation would be expected to
improve cognitive outcomes, but have little effect on psychological or physical
outcomes—as users are already motivated to achieve these outcomes.

The hypotheses presented in the current article are studied across all VR
interventions, as well as within the three noted applications: learning and training,
psychological therapy, and physical rehabilitation. The mechanisms that cause VR
intervention features to influence outcomes are not directly studied in the current
article; however, the pattern of results could provide indirect inferences regarding the
relevant mechanisms. For this reason, results are analyzed together, as well as
separated by outcome, but no a priori hypotheses are made.

Research Question 2:  What is the differential impact of VR intervention hardware
and softwatre in the applications of learning and training,
psychological therapy, and physical rehabilitation?

2. METHODS

2.1. Literature Search?

To perform a meta-analysis, relevant studies investigating the content of interest
need to be discovered, and these studies can be considered as the “data points.”
Multiple strategies were used to discover all studies, both published and unpublished,
that empirically analyzed VRT programs. Searches were conducted in December 2014
within the following scholatly databases: Psyclnfo, EBSCOhost, and Dissertation
Abstracts International. For these separate searches, relevant keywords were “virtual
reality,” “digital simulation,” and “computer simulation” (quotations included) fol-
lowed by the words training, intervention, therapy, enhance, promote, and support.
Second, reference sections of review articles and meta-analyses were cross-refer-
enced. Third, e-mails were sent to authors in VR intervention research inquiring

2 The current literature scarch coincided with Howard (2017b). The reported meta-analytic effect sizes do not
overlap with those reported in Howard (2017b).
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about unpublished data. Through these efforts, a large set of initial studies was
identified.

2.2. Inclusion Criteria

Initially, 4,488 articles wete recorded, but they had to meet the several critetia to
be included within the meta-analysis. For each critetion, listed below, trained coders
independently coded the same set of articles, and interrater agreement statistics were
calculated. If the ICC(2, k) value was above .8, then the coders continued coding the
articles independently. If the ICC(2, k) value was below .8, the coders discussed their
coding decisions until a consensus was reached, and the process was repeated until an
ICC(2, k) value of .8 was reached.

First, the atticle must have included an empitical study. This resulted in 2,687
articles from the initial search. Second, article must include (1) quantitative statistics, (2)
a total sample size larger than nine, and (3) human participants. After removing these
articles, 1,050 remained. Articles were further screened for whether they analyzed the
effectiveness of a VR intervention to alter participant characteristics (i.e., knowledge,
skills and abilities, emotions, etc.). After removing these articles, 662 remained. Next,
articles were screened for whether they included an outcome measure administered
after the VR intervention and whether the article included a control group. Once
removing these articles, 264 remained. Lastly, many of these articles did not report
sufficient statistical information to be included within analyses. If an atticle did not
report sufficient statistical information, such as including effect sizes or information to
calculate effect sizes, the corresponding author was contacted and two follow-up
e-mails were sent. If the author never replied, any outcome which could be included
was included, but many articles were forced to be excluded. Therefore, 184 articles, 7
dissertations, and 1 book chapter were included within the current analyses.

Further, justifications for certain inclusion criteria should be noted. Prior
authors have suggested that empirical tests of interventions with sample sizes smaller
than 10 are often pilot studies. These studies are not meant to test the impact of an
intervention, but rather the possibility of applying a subsequent, more effective
intervention. While studies could have been coded for being a pilot, using a sample
size cutoff provides a more objective measure, and it also follows the suggestions and
practices of prior authors (Hedges & Olkin, 2014; Schmidt & Hunter, 2014). Also,
only studies with a control groups were included due to their benefits to internal
validity. Intervention studies without a control group cannot reliably ascertain that
any observed effects ate due to the intervention, rather than the general malleability
of the outcome and/or placebo effects (Keppel, 1991; Kirk, 1982; Winer, Brown, &
Michels, 1971). Through only including controlled studies, the current meta-analysis
can establish that observed effects are likely due to the true impact of the VR
intervention. Similatly, analyses using studies with alternative treatment groups can
identify the effect of VR interventions beyond traditional interventions—an impot-
tant research question for the current study. Thus, the results include between-
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subject designs, as well as between-subject designs that made within-subject compat-
isons. No studies were included that only made within-subject comparisons. For this
reason, we did not make any corrections to account for vatiance across studies due to
individual differences as a random effect, as all studies included some type of
between-subject comparison.

2.3. Coding

After the selection process was completed, two trained coders coded the articles on
the attributes detailed in Figure 1 (Output Hardware, Input Hardware, Game Elements,
Application, Type of Control Group, and Year). For every article, the two coders inde-
pendently coded all attributes and discussed their coding decisions, even after their ICC(2,2)
value for coding agreement exceeded .80. Each disagreement was resolved as a team.

Also, two coded aspects wete not relevant to the proposed hypotheses. The first
was the year of publication. The second was the type of control group (no-treatment
or alternative treatment group). These two aspects could alter the results of a VR
intervention, and should be controlled in analyses testing the effects of interest. For
this reason, the publication year and the choice of control group were recorded and
controlled in the meta-regressions detailed below.

FIGURE 1. Visual Representation of Studies Included in the Overall Meta-Analysis (Funnel
Plot).

Funnel Plot of Precision by Std diff in means

10

Precision (1/5td Err)

Std diff in means

Note: White circles are observed study effect sizes. Black circles are implied missing study
effect sizes.
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2.4. Statistical Procedures

All analyses were calculated with the Comprehensive Meta-Analysis (Borenstein,
Higgins, & Rothstein, 2005) software using a random effects model, guided by the
suggestions of prior authors (Aguinis, Pierce, Bosco, Dalton, & Dalton, 2011;
Aguinis, Sturman, & Pierce, 2008; Hedges & Olkin, 2014; Lipsey & Wilson, 2001;
Schmidt & Hunter, 2014). Multiple effect sizes for the same category of outcome
within a single study were averaged together. For example, if a study tested a VR
intervention to develop cognitive outcomes and three cognitive outcome measures
were used to gauge its effectiveness, these three effect sizes would be averaged
together in analyses.

No corrections were made when calculating the results and this decision was
made for four reasons. First, the outcomes represented an extremely wide array of
constructs, and applying corrections to those without reported reliabilities through
assumptions based on observed reliabilities for entirely different constructs (i.e.,
artifact distribution method) would bias results. Second, recent authors have placed
great concern toward correcting for unreliability (LeBreton, Scherer, & James, 2014).
These authors argue that correcting for unreliability may grossly overinflates relation-
ships under certain conditions, resulting in an inaccurate view of constructs. This
view is shared in the cutrent study. Third, authors have suggested that uncorrected
meta-analysis results should be interpreted when the outcome setves a practical or
operational purpose, such as in selection contexts (Griffeth, Hom, & Gaertner, 2000;
Harrison, Newman, & Roth, 2006; Van Iddekinge, Roth, Raymark, & Odle-Dusseau,
2012; Zimmerman, 2008). In the articles used, authors regulatly applied the results
from a comparison of two intervention programs to determine the supetiority of an
intervention beyond another. Given that these results were used for practical pur-
poses, it is not appropriate to correct for unreliability. Fourth, none of the samples
posed concerns toward range restriction, circumventing the need to correct for range
restriction.

3. RESULTS

Several methods were used to observe publication bias (Table 2; Hedges &
Olkin, 2014; Lipsey & Wilson, 2001; Schmidt & Hunter, 2014). First, the funnel plot
indicated that many studies fell outside the expected range of standard error and
effect size; however, the outliers fall on both sides of the mean effect, indicating that
outliers may not be a concern. Second, the fail-safe # was 10,747 when analyzing all
effects together, indicating that the effect would require an extreme amount of
missing studies to alter the overall interpretation of results. The fail-safe » for the
individual outcomes (cognitive, emotional, and physical) ranged from 200 to 3688.
Third, Egger’s test was significant when analyzing all outcomes together and cogni-
tive outcomes, indicating that some biases may be present in the analyses for these
two outcomes. Fourth, when using the trim-and-fill method with a random effects
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TABLE 1. Variables coded within the current study.

Variable

Definition

Output
hardware

Input
hardware

Game
elements

Application

Cognitive

Emotional

Physical

Type of control
group

Year

The type of display could be categorized into one-of-three categories. The first was
a standard computer monitor. The second was a head-mounted display. The third
was any other display hardware, such as surround-screen displays or three-
dimensional displays. No study used multiple types of display hardware.

The type of input could be categorized into one-of-two categories. The first was
standard, which meant that the VR intetvention utilized only a keyboard, mouse,
and/or joystick. The second was specialized, which included any other input
hardware (e.g., motion sensor, floor pads, etc.). It should be noted, however, that
a HMD itself was not considered a type of input hardware. While HMDs indeed
record user input, they often do so for the purposes of accurate output (e.g.,
aligning visual presentation with user point-of-view) rather than manipulating the
digital environment.

The cutrent study coded whether the VR program included common game
elements, such as score or adventure, when describing the details of the VR
program.

Each article was coded by the application of the VR intervention. The vast majority
of studies were coded into the three categories below; however, if a study could
not be coded into these categories, it was coded as “other” and only included in
the overall analyses.

A study was coded as, “cognitive outcome development,” if it taught new
information or trained new skills. In general, the studies that wetre coded as
cognitive outcomes involved the development of declarative knowledge,
wayfinding, mental models, skills, spatial reasoning, and/or cognitive abilities.

A study was coded as, “emotional outcome development,” if it altered emotional
and/or therapeutic outcomes. In general, the studies that were coded as
emotional outcomes involved the altering of mood, emotions, craving, self-
petceptions, attitudes, motivation, phobias, and/or post-traumatic stress disorder.

A study was coded as “physical outcome development, if it improved physical
abilities. Most often, studies coded as physical outcomes were assessments of
physical rehabilitation programs. In general, the studies that were coded as
physical outcomes involved the improvement of motor control, balance, gait,
and/or strength.

The control group for each article was coded into one-of-two categories: whether it
was a no-treatment (i.e., wait-list design) or alternative treatment control group.
Alternative treatment control groups included those that received any type of
intervention that did not include VR. For instance, some physical rehabilitation
studies compate a group that does physical exercise (control group) against a
group that does the same physical exercise while wearing a HMD (treatment
group). In this case, we considered the control group as an alternative treatment
group.

The year that the article was published was coded.

model, the results indicated that a latge number of studies may be missing when
analyzing all outcomes together (29; Table 1) and cognitive outcomes (14). When
investigating the implied missing effect sizes, all were to the right of the mean,
suggesting that any observed effects for these outcomes may actually be under-
estimated. Thus, in agreement with previous meta-analyses, only effects that were
calculated with more than three studies were considered reliable results.
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TABLE 2. Publication bias analyses results and I°.

0o Trim-and-fill
Total
Number of  sample Fail-  Egger’s FEgger’s Left of Right of
studies size P Safe n  test By test # mean mean

All 192 8508  79.880 949.322 10747 1.096  2.922%* 0 29
outcomes

Cognitive 84 4041 86.095 596911 3688  1.538  2.720%* 0 14
outcomes

Emotional 80 3288  71.725 279.400 688 .528 .833 1 0
outcomes

Physical 27 1002 55.035 57.823 200 297 .337 4 0
outcomes

£ < 055 < 01

In regard to the hypotheses, the current study proposed several effects related
to the software, hardware, and participant population. Effect sizes were calculated for
each category of the variables, and the confidence intervals were compared to
determine group differences. These results are presented in Table 3. Also, meta-
regressions were performed to further test for the significance of each proposed
effect simultaneously, which allows for analyses of each variable while controlling for
the others. For the meta-regressions, each variable was dummy-coded. Table 4
presents a meta-regression with all studies. Table 5 presents a meta-regression of
studies investigating cognitive outcome development (learning and training). Table 6
presents a meta-regression of studies investigating emotional outcome development
(psychological therapy). Table 7 presents a meta-regression of studies investigating
physical outcome development (physical rehabilitation).

TABLE 3. Effect of moderator variables on VR effectiveness (random effects).

Effect size (confidence interval)

Q-value
Variable Standard Specialized
1.) Input hardware .345 (.210-.480) 474 (.309-.640)
705.532 236.591
Monitor HMD Other
2.) Output hardware 347 (223-472) 407 (.208-.605) .563 (.041-1.084)
441.009 401.617 126.408
Not Included Included
3.) Game elements .322 (.206—.437) .685 (.445-.925)
706.679 191.246
No-treatment Alternative treatment
4.) Type of control group .708 (.465-.950) 326 (.211-.440)
146.901 772.655

Note: All Q-values are statistically significant at p < .05 level.
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TABLE 4. Meta-regression of each moderator variable tested together (using all outcomes).

Variable Coefficient SE 95% CI Z P

Intercept —9.261 24.468 —57.218-38.696 —.378 705

1.) Input hardware 180 121 —.057-.417 1.488 137

2a.) Output hardware 157 126 —.090—.403 1.245 213
(Monitor—HMD)

2b.) Output hardware 228 210 —.185-.640 1.083 279
(Monitor—Other)

3.) Game clements 312 139 .039-.585 2.238 025

4)) Year .005 012 —.019-.029 401 .688

5.) Type of control group —.429 149 —.722——.137 —2.875 .004

929.532 <.001

%k = 186; n = 8241 Note: The bold numbers represent statistical significance at a .05 level

TABLE 5. Meta-regression of each moderator variable tested together (only using cognitive
outcomes).

Variable Coefficient SE 95% CI Z P

Intercept —20.224 36.413 —91.593-51.145 —.555 579

1.) Input hardware 223 193 —.156-.602 1.155 248

2a.) Output hardware 675 275 136-1.214 2.455 014
(Monitor—-HMD)

2b.) Output hardware 973 412 165-1.782 2.360 018
(Monitor—Other)

3.) Game clements 732 295 .155-1.310 2.486 013

4)) Year 011 018 —.025-.046 .588 .556

5.) Type of control group —1.067 317 —1.688——.446 —3.367 001

1 456.106 <.000

£k = 82; n = 3916 Note: The bold numbers represent statistical significance at a .05 level

TABLE 6. Meta-regression of each moderator variable tested together (only using emotional
outcomes).

Variable Coefficient SE 95% CI Z P

Intercept —37.565 35.005 —106.174-31.043 —1.073 283

1.) Input hardware 324 182 —.033-.681 1.779 .075

2a.) Output hardware .349 177 .002-.695 1.970 .049
(Monitor—-HMD)

3b.) Output hardware —-.013 .289 —.580-.554 —.045 964
(Monitor—Other)

3.) Game elements 287 223 —.149-724 1.290 197

4.) Year .019 018 —.015-.053 1.076 282

5.) Type of control group —-.317 203 —.714-.080 —1.567 A17

225.939 <.000

% = 78; n = 3236 Note: The bold numbers represent statistical significance at a .05 level
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TABLE 7. Meta-regression of each moderator variable tested together (only using physical
outcomes).

Variable Coefficient SE 95% CI Z p

Intercept —114.894 105.848 —322.352 — 92.564 —1.085 278

1.) Input hardware Not enough studies tested standard inputs to include in analyses

2a.) Output hardware —.698 714 —2.097 =701 —.143 328
(Monitor—HMD)

2b.) Output hardware —-.097 .680 —1.430-1.236 —.759 887
(Monitor—Other)

3.) Game elements —.095 326 —.734—.544 —.292 771

4)) Year .058 .053 —.046-.162 1.091 275

5.) Type of control group —.068 .340 —.735-599 —.201 841

47.475 .001

k = 27; n = 1002 Note: The bold numbers represent statistical significance at a .05 level

Three analyses were used to investigate the hypotheses: standardized effect
sizes, confidence intervals, and meta-regressions. In regard to input hardware, studies
that applied standard hardware (i.e., keyboard, mouse, and/or joystick) had an
average standard effect of .345 (95% C.I. = .210-.480), whereas studies that applied
specialized input hardware (i.e., motion sensors, floor pads, etc.) had an average
standard effect of .474 (95% C.I. = .309 —.640). When analyzing the meta-regression
with all studies together, the effect of input hardware was not significant (B = .180,
Z = 1.488, p > .05). When analyzing the meta-regression with studies that developed
cognitive outcomes alone (B = .223, Z = 1.155, p > .05) and emotional outcomes
alone (B = .324, Z = 1.779, p > .05), the effect of input hardware was again not
significant. The effect of input hardware could not be tested for physical outcome
development, as only one study did not use specialized input hardware to develop
this outcome. Together, Hypotheses 1 was not supported, as specialized input
hardware was not more effective across analyses than standard input hardware;
however, in the case of physical outcome development, specialized input hardware
appear to be mandatory to develop muscle and/or physical abilities.

In regard to output hardware, studies that applied computer monitors had an
average standard effect of .347 (95% C.I. = .223—-.472); studies that applied HMD
had an average standard effect of 407 (95% C.I. = .407-.605); and studies that
applied other output hardware (3D Monitors, surround-screen displays, etc.) had an
average standard effect of .563 (95% C.I. = .041-1.084). When analyzing the meta-
regression with all studies together, the coefficient representing the effect of HMDs
in compatison to monitors was not significant (B = .157, Z = 1.245, p > .05) as was
the coefficient representing the effect of other output hardware in comparison to
monitors (B = .228, Z = 1.083, p > .05). When analyzing the meta-regression with
studies that developed cognitive outcomes alone (Monitor—-HMD, B = .675,
Z = 2455, p < .05; Monitor—Other, B = .973, Z = 2.360, p < .05) and emotional
outcomes alone Monitor—-HMD, B = .349, Z = 1.970, p < .05; Monitor—Othet,
B = -.013, Z= —.045, p > .05), HMDs were more effective than monitors in both
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analyses, and other output hardware was more effective than monitors for cognitive
outcome development alone. Lastly, output hardwate had no notable effects for the
meta-regression with physical outcomes alone (Monitor—-HMD, B = -.698,
Z = —.143, p > .05; Monitor—Other, § = —.097, Z = —.759, p > .05). Thus,
HMDs produce greater effects than monitors when developing cognitive and emo-
tional outcomes, and other output hardware produce greater effects than monitors
when developing cognitive outcomes; however, advanced output hardware did not
have a significant impact on physical outcome development or when analyzing all
outcomes together. Hypotheses 2 and 3 were partially supported.

In regard to game elements, studies that did not include game elements in
their VR interventions had an average standard effect of .322 (95% C.
I. = .206—-.437), whereas those that included game elements had an average
standard effect of .685 (95% C.I. = .445-925). When analyzing the meta-
regression with all studies, the effect of game elements was significant
(B = .312, Z = 2.238, p < .05). The effect of game elements was also significant
in the meta-regression only using studies that analyzed cognitive outcome
development (B = .732, Z = 2.486, p < .05). Alternatively, the meta-regressions
for studies that developed emotional outcomes alone (B = .287, Z = 1.290,
p > .05) and physical outcomes alone (B = —.095, Z = —.292, p > .05) indicated
that the effect of game elements was not significant. Together, game elements
had a significant effect when analyzing all studies and those that developed
cognitive outcomes, but they did not have a significant effect when restricting
analyses to studies that developed emotional outcomes alone and physical out-
comes alone. Hypothesis 4 was partially supported.

Also, Research Question 1 questioned whether game elements were pre-
sented in most VR interventions. Of the 192 studies included in the meta-
analysis, only 38 studies described game-like elements of their VR intervention.
Therefore, VR and serious games are distinct concepts in the current literature,
and most VR interventions do not contain game elements.

Lastly, two additional aspects of the studies were investigated: the year that
the article was published and the choice of control group (no-treatment vs.
alternative treatment). The effect of year was not significant in any meta-
regression (All Outcomes. B = .005, Z = 401, p > .05; Cognitive Outcomes;
B =.011, Z = .588, p > .05; Emotional Outcomes; B = .019, Z = 1.076, p > .05;
Physical Outcomes, B = .058, Z = 1.091, p > .05). Alternatively, studies that
used no-treatment control groups demonstrated an average standard effect of
708 (95% C.I. = .465-950), whereas studies that used an alternative treatment
group had an average standard effect of .326 (95% C.I. = .211-.440). The
coefficients representing the type of control group in the meta-regressions
analyzing all outcomes together (B = —.429, Z = —2.875, p < .001) as well as
cognitive outcomes alone (B = —1.067, Z = —=3.367, p < .001) were very strong
and significant, whereas the same coefficients in the meta-regressions analyzing
emotional outcomes alone (B = —.317, Z = —1.567, p > .05) and physical
outcomes alone (B = —.068, Z = —.201, p > .05 were not significant.
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TABLE 8. Visual representation of meta-analytic results.

All outcomes Cognitive Emotional Physical
together outcomes outcomes outcomes

1.) Input hardware Could not be
tested

2a.) Output hardware
(Monitor—HMD)

2b.) Output hardware
(Monitor—Other)

3.) Game elements

4.) Year

5.) Type of control v

group

NN NN

Note: Highlighted boxes with a [] indicate that the variable (row) was statistically significant in the respective
application (column).

Therefore, the year that the study was completed did not have a large effect on
the resultant effect sizes, but the type of control group had a notable impact.

A visual representation of all significant meta-regression effects is presented in
Table 8, which can be used to answer Research Question 2.

4. DISCUSSION

VR has been repeatedly applied for personal development purposes, ranging
from learning and training (cognitive outcomes), to psychological therapies (emo-
tional outcomes), to physical rehabilitation (physical outcomes). Across these applica-
tions, authors have applied various input hardware, output hardware, and software. In
regard to input hardware, authors often discuss the relative impact of specialized
inputs (motion sensors, floor pads, etc.) beyond traditional inputs (keyboard, mouse,
joystick). In regard to output hardware, authors often discuss the relative impact of
advanced outputs (HMDs, surround-screen displays, etc.) beyond traditional outputs
(monitor). Lastly, in regard to software, authors often discuss the relative impact of
serious games beyond traditional programs. The goal of the cutrent article was to
analyze the actual relative impact of these advanced hardware and software across all
applications of VR interventions, as well as within the three specific applications of
note.

The pattern of findings for each of these VR intervention featutes are reviewed
below. In doing so, suggestions are provided for the causes of these findings based
on prior research. Particulatly, these findings are related to fidelity/presence, atten-
tion, and motivation—of which all studied VR intervention features could influence.
Further, as noted in the Background section, it is also believed that certain patterns of
results may help identify the mechanism that a patticular feature effects. Improve-
ments to presence would be expected to influence all outcomes; improvements to
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attention would benefit cognitive and perhaps emotional outcomes; and improve-
ments to motivation would benefit cognitive outcomes alone. Thus, if these patterns
are found for a VR intervention feature, then the feature may influence the relevant
mechanism.

4.1. Input Hardware

The meta-analysis demonstrated that specialized input hardware did not have a
significant effect when analyzing all outcomes together, cognitive outcomes alone,
and emotional outcomes alone. The effect of specialized input hardware could not be
tested for physical outcome development, however, as only one study did not use
specialized input hardware to develop physical outcomes. These results suggest that
the input hardware has little impact on user outcomes, unless the application requires
a specialized input. For example, gait abilities are unable to be developed through a
keyboard and mouse, and certain skills may only be developed through using realistic
input devices that mimic the application of interest (i.e., treadmill). This widespread
use of specialized input hardware can be seen throughout the study of VR interven-
tions for physical development (O’Flynn et al., 2013; Regterschot et al., 2014).

The nonsignificant impact of input hardware may be due to several reasons,
four of which are discussed. First, input hardware may have little impact on mechan-
isms that may subsequently influence outcomes, such as presence; however, this
possibility is unlikely given that Cummings and Bailenson (2016) meta-analytically
showed that level of tracking, an aspect of input hardware, does have a large influence
on presence. Second, it is possible that current input hardware influences important
mechanisms, but input hardware may not influence these mechanisms enough to
subsequently influence more distal outcomes. If this is the case, then input hardware
may still have an influence on VR intervention outcomes, but these effects may not
be seen until several more years of development. Third, input hardware may influence
mechanisms that have little effect on VR intervention outcomes, whereas other more
important mechanisms may be relatively unaffected by input hardware. For instance,
input hardware may influence presence, but presence may have little influence on
outcomes. Fourth, specialized input hardware may not influence the nature of tasks
enough to incur a substantive effect on outcome. In other words, the interventions
may prompt similar cognitive and physical processes, regardless of whether a specia-
lized input is used or whether a keyboard and mouse ate used. Thus, the current
article demonstrated that input hardware may not have a noteworthy effect for
developing most outcomes, but only suggestions can be provided for the cause for
this result.

It should be noted that some variation was seen in the type of specialized input
applied, ranging from replications of surgical tools, to motion sensots, to pressute
pads. Analyses that compare the different specialized input devices are provided in
the supplemental material. Of the different types, replications of surgical tools and
motion sensors had the largest effects, whereas pressure pads and other types of



22 Howard

specialized input had smaller effects. The confidence intervals of these specialized
input types, except pressure pads, excluded zero; each of their confidence intervals
ovetlapped with each other; and each of their confidence intervals overlapped with
the standard input hardware confidence interval. Thus, specialized input devices again
saw little effect beyond standard input devices, even when analyzed separately.

4.2. Output Hardware

The meta-analysis showed that advanced output hardware had a significant
effect when analyzing cognitive outcomes alone and emotional outcomes alone.
Both HMDs and other display devices were more effective than monitors for the
former, whereas only HMDs were more effective than monitors for the latter.
Output hardware did not demonstrate significant effects with analyzing all outcomes
together and physical outcomes alone. These results indicate that current advanced
output devices, especially HMDs, may be sufficiently developed to trigger improved
VR intervention outcomes. Likewise, these results suggest that the further develop-
ment of these devices may be a worthwhile endeavor, as possibly even more
improved outcomes may be obtained in future research and practice.

The cause of these improvements cannot be definitively identified in the current
article, but suggestions can be provided based on the pattern of results and prior
theory. Output devices may improve outcomes that involve certain psychological
processes, such as cognitive and emotional development, but they may have less of
an impact on outcomes that do not involve these psychological processes, such as
physical development. Specialized input devices may improve outcomes through
prompting feelings of presence (Bouchard et al., 2012; Ling et al, 2013; Wirth
et al, 2007). Presence may be important to cognitive of emotional intervention
outcomes, but the same may not be true for physical intervention outcomes. Like-
wise, these results may be due to the ability of HMDs to reduce outside distractions.
When using a HMD, the user’s entire field of vision becomes the display, which may
provide benefits for cognitive and emotional outcomes but not for physical outcomes
(Maiberg, 2014; Robinett & Rolland, 1992).

Further, it is not believed that the success of HMDs is due to increased
enjoyment and motivation. If this were the case, HMDs would be expected to
provide better results for outcomes that are not naturally motivating. Cognitive
outcomes may not be naturally motivating, as these are often developed for required
work putposes. A long line of training research has supported that trainees may
require extra incentives to be propetly motivated duting a training program (Baldwin,
Magjuka, & Loher, 1991; Weissbein, Huang, Ford, & Schmidt, 2011), thereby
suggesting that trainees often have deficient motivation to improve cognitive out-
comes. On the other hand, participants may already be motivated to develop emo-
tional and physical outcomes, as these are often developed to overcome personal
difficulties. For instance, VR intetventions have been applied to address depression
and phobias (emotional outcomes; Bohil et al., 2011; Rothbaum et al., 2014) as well
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as gait and balance (physical outcomes; Meldrum et al., 2012; Tao et al., 2013). In
each of these cases, improvements to the outcome would likely result in a better
quality of life, and trainees may therefore be more naturally motivated to improve
these outcomes. If HMDs improved outcomes due to increased motivation, it would
be expected to improve cognitive outcomes but have a smaller impact on both
emotional and physical outcomes. This was not the case, and the pattern of results
for input hardware appear to be more likely due to increased presence or decreased
distraction.

Some authors have suggested, however, that participant dropout in interven-
tions for emotional and physical outcomes may be because their motivation is not
sufficient for the intensive efforts that they must allocate to the intervention (Crane
& Williams, 2010; Postel, De Haan, Ter Huurne, Becker, & De Jong, 2010). Given
this suggestion, a significant effect of HMDs on all three types of outcomes
(cognitive, emotional, and physical) could support that improvements to motivation
was the driving force behind the observed outcomes. While this was not the case, the
influence of increased motivation on outcomes cannot be ruled out without addi-
tional research.

Lastly, further analyses are reported in the supplemental material that analyzes
each type of advanced output device, which provides analyses that differentiate three-
dimensional displays, surround-screen displays, and other types of advanced output
device. The magnitude of effects, ordered by largest to smallest, were as follows:
three-dimensional displays, other types of displays, and surround-screen displays. The
confidence interval of other types excluded zero, but the confidence intervals of
three-dimensional and surround-screen displays included zero. Each of their con-
fidence intervals ovetlapped with each other. Thus, while some variation was seen
among the other types of advanced output hardware, they did demonstrate similar
effects.

4.3. Game Elements

Game elements had a significant impact when analyzing all outcomes together
and cognitive outcomes alone, but they had no effect when analyses were restricted
to emotional outcomes alone and physical outcomes alone. This suggests that game
elements are able to improve outcomes for VR interventions that are not naturally
motivating, but they may have less of an effect for interventions to develop outcomes
with an intrinsic purpose. Thus, the differential impact of game elements may be due
to their impact on user motivation, rather than other psychological processes.

Two further notes should be made about game elements. Most VR interven-
tions did not include game elements, and VR and setious games ate two distinct
concepts in the modern literature. Also, the current article demonstrated that game
elements had a notable effect, but it did not specifically analyze the impact of
particular game elements. For instance, the results of the current article cannot be
used to explicitly support control, score, or any other specific game element (Bedwell
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et al, 2012). Thus, while game elements may have a general positive impact on
cognitive outcomes, it remains still unclear which specific game elements are
effective.

4.4. Outcomes and Other Attributes

A note should be made about studying predictors by the application. When
analyzing all outcomes together, game elements and the type of control group wete
significant. When analyzing cognitive outcomes alone, both types of output devices,
game elements, and the type of control group were significant. When analyzing
emotional outcomes alone, only the comparison of HMDs and monitors was sig-
nificant. When analyzing physical outcomes alone, no predictor was statistically
significant. While certain predictors may be more predictive across applications, it is
also possible that certain applications are more susceptible to effects. If this is true,
then cognitive outcomes may be most influenced by attributes of the VR interven-
tion, whereas emotional outcomes and physical outcomes are less influenced. Again,
it is possible that users developing these latter outcomes are already motivated, and
they are already receiving the best outcomes as possible from their interventions—
whether they are technologically advanced or not. While the results of the current
article cannot support this notion, future research should certainly investigate this
possibility, as discussed below.

Further, two analyses focused on aspects of the studies: the year that the article
was published and the choice of control group (no-treatment vs. alternative treat-
ment). Year was not significant in any analysis. The choice of the control group was
significant when analyzing all outcomes together and cognitive outcomes alone.
When analyzing the results of studies, authors should be cognizant of the choice of
control group. As many prior authors have suggested (Keppel, 1991; Kirk, 1982;
Winer et al,, 1971) and the current article demonstrated, studies using no-treatment
control groups (i.e., wait-list designs) often result in larger effects than studies using
alternative treatment groups. Thus, although a VR intervention may appear to be
more effective than alternatives, its effects may actually be driven by the choice of
control group.

4.5. Implications and Future Directions

With these results taken into consideration, implications and future directions
should be noted. First, authors should continue the study of specialized input
hardware with a particular focus on two directions. As mentioned, specialized input
hardware are required to develop certain personal characteristics, such as physical
abilities and particular skills (Burdea et al., 1996; Kihara et al., 2012; Mon-Williams
et al,, 1993; O’Flynn et al., 2013), and these specialized input hardware often provide
tactile resistance to certain physical movements. Without a doubt, specialized input
hardware should still be applied and studied for this purpose; muscle development,
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for example, would be difficult to encourage without manipulating the muscles of
interest. Alternatively, specialized input hardwate are sometimes applied in situations
in which it is not required, often with the intentions to provide a more realistic
experience. Given that specialized input hardware were not more effective than
traditional input hardware in any analyses, these applications may be relatively
ineffective. A possible future direction, however, could be the creation and applica-
tion of specialized input devices meant to improve other aspects of VR interventions,
such as user enjoyment and subsequent motivation. Indeed, some authors have
already created and applied specialized input devices for this purpose, providing
some initial insights for future research and practice (Lange et al., 2011; Li, Lou,
Tsai, & Shih, 2012; Shafer, Carbonara, & Popova, 2011), and this research stream
may continue to be a fruitful endeavor.

Second, authors should further investigate advanced output hardware, particu-
larly HMDs. As mentioned, Facebook purchased Oculus for two billion dollars to
own the production of the Rift, and the application of HMDs is expected to grow in
the future. Further, the current article demonstrated that HMDs had a significant and
positive influence on VR interventions to develop cognitive and emotional outcomes.
Prior authors have proposed that HMDs influence VR intervention outcomes by
heightening perceptions of presence (Bouchard et al., 2012; Bulu, 2012; Ling et al,,
2013; Wirth et al., 2007). The current findings support this notion. VR interventions
for cognitive and emotional outcomes, specifically, may benefit from HMDs because
users experience heightened immersion and presence which may result in heightened
cognitive and/or emotional engagement. From this heightened engagement, users
may be more attuned to the information and expetiences provided through the
HMD. This notion is also in agreement with the null effect of HMDs on physical
outcome development, as users may not need to be engaged with the VR interven-
tion to develop physical abilities. Instead, they may only need to be motivated. Thus,
while the current atticle supported that immersion, presence, and engagement may
explain the link between HMDs and outcomes, fututre research is needed to explicitly
demonstrate these mediators as the cause of beneficial VR intervention results.

In performing these subsequent investigations, it would also be important to
perform a finer grained analysis of VR output hardware. The current meta-analysis
only intended to provide broad strokes of the investigated hardware and softwate
together, but many other characteristics may be important in predicting the effec-
tiveness of VR output hardware. Particularly, output devices may have a differing
resolution or field-of-vision or resolution, which should be considered in future
investigations on VR interventions.

Relatedly, input and output hardware have largely been studied in isolation. As
these hardware are often developed from a common theoretical perspective, more
research should study their effects together. It is possible, if not probable, that
interaction effects may be present between many specialized input hardware and
advanced output hardware, and these interactions are undiscovered in current
research. Further, authors should apply novel experimental designs when testing for
these interactions to simultaneously study the direct effects and interactions of the
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technologies with the same methodological rigor as studying the direct effects alone
(Collins, Murphy, & Strecher, 2007; Shadish, Cook, & Campbell, 2002). Through
these efforts, a more complete understanding can be obtained about input hardware,
output hardware, and their combined effects.

Third, research should further study the cause of game element benefits on VR
interventions. Several prior authors have suggested that game elements are naturally
entertaining (Bedwell et al., 2012; Deterding et al., 2011; Sitzmann, 2011). Also, more
recent research has integrated popular motivational theory, such as self-determination
theory, into serious game scholarship to suggest that certain game elements may
provide motivational benefits (Deci & Ryan, 2011; Ryan & Deci, 2000; Thompson
et al., 2010; Wouters et al., 2009). The findings of the current article support these
notions. Serious game only had a significant impact on cognitive outcome develop-
ment. When developing cognitive outcomes, users may be generally unmotivated. For
example, a host of research has studied methods to improve employee and student
motivations to learn, both being primary targets of cognitive outcome development
(Baldwin et al., 1991; Orpen, 1999; Weissbein et al., 2011). These studies repeatedly
note that employees and students may not naturally value the outcomes from their
intervention programs, and they may see these outcomes as unrewarding and/or
distal. Game elements may motivate these otherwise unmotivated individuals, result-
ing in improved outcomes.

When developing emotional and physical outcomes, however, users may be
more intrinsically motivated (Gold et al., 2013; Miller, 1985; Roth & Fonagy, 2013).
While not always, users often voluntatily choose to undergo a therapy or rehabilita-
tion program to improve certain personal attributes. When undergoing these VR
intetventions, the outcomes have a direct impact on the well-being of the user, such
as regaining the ability to walk, and users may be more conscious of these immediate
and proximal outcomes. In these cases, game elements may have less of an impact, as
users are already motivated to achieve personally valuable outcomes. Futute research
is needed to firmly support this notion, but the results of the current study ate in
agreement with prior suggestions.

Relatedly, the current article only investigated the overall impact of including any
game elements in a VR intervention. As mentioned, several game element taxonomies
exist (Bedwell et al., 2012; King et al., 2010; Rego et al., 2010), and these taxonomies
can be used to study individual game elements, such as challenge and control. Future
research should perform a more honed analysis of game elements to determine their
effect on a VR intervention.

Fourth, authors should consider another meta-analysis that tests the influence of
VR interventions and certain design characteristics on the mechanisms that were
proposed to influence outcomes. Increased motivation has been suggested as a
mediating mechanism, which could be included in a future meta-analysis. Likewise,
presence is often attributed to VR intervention success (Cairns et al., 2013; Mirelman
et al., 2010; Schmierbach et al, 2012). Cummings and Bailenson’s (2016) meta-
analysis showed that immersion relates to presence, and the current meta-analysis
showed that VR interventions may improve outcomes. A meta-analysis analyzing the
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effect of presence on outcomes could provide the final piece of the causal puzzle, and
a full understanding of VR interventions, presence, and outcomes could be achieved.

Fifth, authors should perform meta-analyses that have more focused investiga-
tions into a single outcome category. For instance, it is likely that the effect of VR is
not the same for the development of all cognitive outcomes, and a more focused
evaluation could determine the conditions that VR is more effective. Particulatly,
because VR is able to present a complete visual environment, the technology may be
able to better train complex skills and abilities that require the interpretation of
multiple cues rather than more basic skills (Burdea & Coiffet, 2003; Mirelman
et al, 2010; Seth et al., 2011). It is also expected that similar results could be
found across the other outcomes studied in the current article.

4.6. Limitations

With the implications and future directions noted, certain limitations of the
current article should also be considered. As with all meta-analyses, the current article
was able to provide broad, overall findings, but it was unable to consider certain
contextual factors of VR interventions. For instance, while serious games were shown
to have a notable impact on cognitive outcome development, it is possible that
cognitive outcomes ate relatively unaffected by serious game elements when user
motivation is high. For this reason, meta-analyses are unable to provide completely
conclusive inferences about a phenomenon of interest, but the results can never-
theless guide future research and practice on VR interventions.

Additionally, several efforts were made to discover unpublished studies that
investigated a VR intervention, but it is impossible to conclusively determine that all
studies were discovered. For this reason, the results of the publication bias analyses
should be carefully considered, and certain effects should only be interpreted while
considering that these biases may affect any observed results. It should be noted,
however, that controlled studies of VR interventions are relatively difficult to per-
form, and many journals will consider publishing such studies even if results are not
significant. While publication biases may be a notable concern for many meta-
analyses, this factor may reduce these concerns in the current article.

Meta-analytic results are only as valid as the studies analyzed. If certain meth-
odological concerns are persistent in the literature on VR interventions, then a meta-
analysis would be biased by these concerns. Given that the curtent meta-analysis
contained a large number of articles (192), biases of individual or even several studies
would not greatly impact the results.

The current atticle also assumed that the technologies included within each
category were telatively homogeneous. For example, HMDs were assumed to be
overall more immersive than monitors. Not all devices within these categories ate
identical, however. Some HMDs may have smaller fields of view and/or worse
resolutions than some monitors, and similar sentiments can be expressed for the
other compatison categories. For this reason, the current results should be seen as
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general, broad inferences about the differences between these technology categoties,
and they should not be seen as absolute truths across all possible technology
comparisons.

Lastly, when coding for game elements, the current article included commercial
games, serious games, as well as traditional simulations with game elements included.
While each of these types of simulations include game elements, prior research has
argued that distinctions between these expetiences have important implications for
usetr motivation and possibly presence (Bedwell et al., 2012; Deterding et al., 2011;
Sitzmann, 2011). While the current article did not provide nuanced analyses that
separated these three types of simulations, a future meta-analysis on game elements
should consider such analyses. Doing so could provide important inferences on their
relative influence on user development and ultimately performance.

5. CONCLUSION

The current article investigated the impact of input hardware, output hardware,
and game elements on VR interventions for cognitive, emotional, and physical
outcome development. The results suggested that input hardware did not have a
notable effect across outcomes, but certain applications, such as VR physical
rehabilitation programs, require specialized input hardware to develop relevant
outcomes. Output hardware had a notable impact on cognitive and emotional
outcome development, suggesting that output hardware influences presence and
engagement. Lastly, game elements had a significant impact on cognitive outcome
development, suggesting that game elements may motivate otherwise unmotivated
usets. Together, these results provide several inferences about the benefits (and lack
of benefits) of popular hardware and software applied in VR interventions for
personal development.
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