
Computers in Human Behavior 130 (2022) 107197

Available online 15 January 2022
0747-5632/© 2022 Elsevier Ltd. All rights reserved.

A meta-analysis and systematic literature review of mixed reality 
rehabilitation programs: Investigating design characteristics of augmented 
reality and augmented virtuality 

Matt C. Howard *, Maggie M. Davis 
The University of South Alabama, Mitchell College of Business, USA   

A R T I C L E  I N F O   

Keyword: 
Mixed reality 
Augmented reality 
Augmented virtuality 
Rehabilitation 
Kinect 
Hololens 

A B S T R A C T   

Researchers have shown great interest in the creation of rehabilitation programs using mixed reality (MR), which 
includes both augmented reality (inclusion of virtual elements in a real environment) and augmented virtuality 
(inclusion of real elements in a virtual environment). Due to its recent development and systematic limitations of 
associated studies (e.g., small sample sizes), many pivotal research questions for the study of MR rehabilitation 
(MRR) programs remain unanswered, and the current article seeks to answer these questions via a meta-analysis 
and systematic literature review. Our random-effects meta-analysis, including 29 studies, showed that MRR 
programs produce significant improvements in users’ outcomes, and they were significantly more effective than 
alternative rehabilitation programs when matched for duration. It also demonstrated that there was not a sig-
nificant effect regarding all studied characteristics of MRR programs, including the incorporation of game ele-
ments, use of head-mounted displays, and task-technology fit. Our systematic literature review identified the 
most studied types of MRR programs, and it revealed that the most common research designs are the least 
methodologically robust (e.g., single group post-test only design). Our discussion suggests that MRR programs 
are still in the earliest stage of research, and the current results are encouraging for future development. Because 
none of our studied characteristics altered the effectiveness of MRR programs, we argue that characteristics that 
are generally consistent across all MRR programs are the drivers of their effectiveness, which can be categorized 
as fidelity and motivational characteristics.   

Researchers have continuously applied cutting-edge technologies to 
improve physical rehabilitation program outcomes, and among the most 
lauded applications is mixed reality (MR) (Alamri et al., 2010; Mubin 
et al., 2019; Ying & Aimin, 2017). MR refers to the presentation of in-
tegrated real and virtual content, and it exists on a spectrum between 
entirely real environments and entirely virtual environments (Car-
migniani & Furht, 2011; Milgram & Kishino, 1994). The two primary 
types of MR are augmented reality and augmented virtuality (Car-
migniani et al., 2011; Van Krevelen & Poelman, 2010). Augmented re-
ality is the inclusion of virtual elements in a real environment, such as 
the mobile game, Pokémon Go, that digitally imposes virtual Pokémon 
in the presentation of a real environment; whereas augmented virtuality 
is the inclusion of real elements in a virtual environment, such as Xbox 
Kinect games that digitally impose an image of the user in the presen-
tation of a virtual environment. Both augmented reality and augmented 
virtuality have been repeatedly applied in physical rehabilitation 

programs to improve the physical capabilities of people with disabilities, 
and researchers often discuss them together within the scope of MR 
(Berton et al., 2020; Gorman & Gustafsson, 2020). 

Despite the fanfare surrounding MR rehabilitation (MRR) programs, 
there remains significant uncertainty regarding their application. Most 
extant studies on MRR programs are largely intended to demonstrate 
that the applied approach is feasible and does not pose severe concerns 
for users (Dorado et al., 2019; Hoermann et al., 2017; LaPiana et al., 
2020). Researchers have yet to provide, however, robust evidence that 
MRR programs are capable of either improving physical abilities or 
improving physical abilities more than comparable alternatives. Like-
wise, characteristics of MRR programs can greatly vary, and few insights 
have been provided regarding which characteristics produce the most 
beneficial outcomes. For instance, while authors have provided argu-
ments regarding whether MR presented via head-mounted display or 
screen is more effective for physical rehabilitation purposes, it is still 
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unknown whether significant outcome differences occur in MRR pro-
grams when applying these displays. These cumulative uncertainties 
pose significant barriers to the study of MRR programs, as researchers 
and practitioners may continue to be limited in the development of MRR 
programs that produce beneficial outcomes. Equally important, these 
uncertainties hamper theoretical development regarding MRR pro-
grams. As these questions represent essential introductions to theoret-
ical development, researchers cannot confidently apply a specific 
theoretical lens until these basic insights are established. Thus, resolving 
these tensions in the current literature is an essential step for the 
refinement of MRR programs and associated theory. 

To address present uncertainties and advance the study of MRR 
programs, the current article reports a meta-analysis and systematic 
literature review. Our meta-analysis tests whether MRR programs 
significantly improve participants’ physical capabilities, whether MRR 
programs significantly improve physical capabilities more than alter-
native interventions, and which characteristics of these programs sys-
tematically produce more beneficial outcomes. Our studied 
characteristics include aspects of the software (e.g., augmented reality 
vs. augmented virtuality, purpose, game elements), hardware (e.g., 
output device), context (e.g., task-technology fit), and research design 
(e.g., one-group vs. two group). We guide researchers and practitioners 
towards effective types of MRR programs and the contexts for which 
these programs may be effective. Alternatively, our systematic literature 
review characterizes the current field of study on MRR programs. It 
provides frequencies of studied MRR program characteristics, showing 
which types of MRR programs and contexts are dominant in empirical 
research. We likewise assess the frequency of applications relative to the 
applied research design. This analysis indicates whether researchers are 
equally applying research designs that adequately assess efficacy across 
all types of MRR programs or whether certain types of programs are 
assessed more frequently with research designs that can skew our un-
derstanding of MRR programs. Lastly, our discussion integrates our 
observations to direct future researchers towards theories and explan-
atory mechanisms that may be essential in understanding MRR 
programs. 

Given these objectives, the current article has four primary impli-
cations. First, studies on the efficacy of MR rehabilitation programs 
often suffer from small sample sizes (e.g., 5 or 10) (Almasi et al., 2020; 
Blomqvist et al., 2021; Hoda et al., 2015). While they can assess whether 
some type of change occurs to participants’ physical abilities, they are 
often unable to adequately assess whether these changes are statistically 
significant. By performing a meta-analysis, we aggregate these samples 
to more robustly assess whether changes in physical abilities from MRR 
programs are statistically significant. Second, it is difficult for a single 
study to compare MRR program elements (e.g., hardware, software, 
participant population), as researchers would need separate samples for 
each condition. A meta-analysis, however, can test whether certain MRR 
program elements systematically produce larger benefits to physical 
abilities, addressing these research questions. Third, our systematic 
literature review determines which types of programs are most inves-
tigated, which outcomes are most targeted, and which research designs 
are most used. We identify which characteristics have been sufficiently 
studied as well as characteristics requiring further investigation. Fourth, 
our discussion highlights novel theories and mechanisms that may 
explain the effectiveness of MRR programs, integrating our observations 
with future research directions. Together, these implications enable 
future research on MRR programs to progress in a more unified and 
sophisticated manner. 

1. Background 

Physical rehabilitation refers to a medical specialty concerned with 
optimizing physical abilities and reducing disability in people with 
health conditions (e.g., stroke, chronic pain, and brain injury), often 
with the goal of restoring or enhancing physical abilities to perform 

daily activities (e.g., dressing and eating) (WHO, 2021). Prior research 
has categorized physical abilities as balance, gait, strength/flexibility, 
motor control, and general (Blankevoort et al., 2010; Howard, 2017; 
Wísniowska-Szurlej et al., 2019). Balance refers to the control of 
postural stability, and it is often assessed by visual or digital pad ratings 
of sitting or standing sway (Lv et al., 2016). Gait refers to walking 
abilities, and it is often assessed by the 10-m walk test and 6-min walk 
test (Lord et al., 2013). Strength/flexibility refers to generated force and 
range of motion, and example measures are number of exercise repu-
tations, grip strength, sit and reach, and capable degrees of movement in 
arms or legs (Roberts et al., 2011). Motor control refers to fine move-
ments and speed of action, and it is often assessed by pointing, touching, 
and grasping objects (Woodbury et al., 2010). General refers to a com-
bination of these abilities, and it is often assessed by 
participant-reported measures of capabilities for completing tasks 
requiring multiple physical abilities together (e.g., preparing for work 
and grocery shopping) (Wiener et al., 1990). Given the essential nature 
of physical abilities for everyday functioning and overall well-being, 
researchers have continuously applied cutting-edge technologies to 
improve physical rehabilitation efficacy with MRR programs being 
among the most recent innovations. Today, MRR programs have been 
used to improve physical abilities in all of these categories. 

Great variation can be seen across the applications of MRR programs. 
One program may present a virtual gym environment on a television, 
and an image of the user may appear in this virtual gym via a camera 
(augmented virtuality). A virtual trainer could provide instruction, and 
the user could see themselves performing rehabilitation activities. 
Another program could be presented via head-mounted display, in 
which a transparent screen covers the users’ eyes and a projector in-
tegrates virtual images with the real environment (augmented reality). 
The head-mounted display could present targets that must be reached by 
the user, and feedback could be provided based on the number of goals 
met. Despite the varied nature,1 authors have repeatedly argued that 
these differing programs can improve rehabilitation outcomes, and they 
often discuss augmented reality and augmented virtuality in tandem 
within the scope of MR. 

MRR programs do have certain consistent characteristics. Like all 
rehabilitation programs, MRR programs instruct users to perform 
certain activities to develop user physical capabilities (e.g., gait, bal-
ance, motor control, strength/flexibility, or general). These programs 
are typically used over the course of several weeks, and the amount of 
time per session can vary from minutes (e.g., 15–30) to hours (e.g., 1–2) 
depending on the users’ needs (Assis et al., 2016; Koroleva et al., 2020; 
Vukićević et al., 2019). These programs may be utilized in conjunction 
with an instructor who provides direction and feedback; however, MRR 
programs can typically recognize users’ movements because they digi-
tally blend reality and virtuality, and they often include the capability to 
provide automated direction and feedback. There may be no in-person 
instructor involved when using an MRR program (Trojan et al., 2014; 
Viglialoro et al., 2019). This feature enables users to utilize MRR pro-
grams in their homes, which can enable more widespread access to 
rehabilitation opportunities than traditional interventions. 

Presently, no theoretical lens is dominant to understand the 
improved outcomes of MRR programs. Instead, researchers often imply 
that advancements to technologies should result in advancements to 
rehabilitation outcomes, which is common in the broader study of 
rehabilitation (Cervera et al., 2018; Howard, 2017) as well as MR 
(Garzón et al., 2019; Tekedere & Göke, 2016). In specific cases, some 

1 Both described programs use cameras or motion sensors as input devices 
rather than controllers. We intended to compare programs that utilize cameras 
and motion sensors against those that utilize controllers; however, too few 
studies utilized controllers to be included as category in the meta-analysis or 
systematic literature review. Thus, we solely refer to MRR programs as utilizing 
cameras and motion sensors due to their widespread popularity. 
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researchers argue that MRR programs can provide rehabilitation in-
struction that may be difficult via other approaches, such as home 
coaching, but such proposals are likewise made without integrating 
theory. We believe, however, that MRR programs improve physical ca-
pabilities due to two primary theoretical mechanisms, which have been 
occasionally discussed in prior studies (e.g., de Souza et al., 2019; Li 
et al., 2021). 

First, most MRR programs enable the user to perform naturalistic 
rehabilitation tasks, whether using augmented reality or augmented 
virtuality, which reduces the “translation” of behaviors from the training 
environment to the transfer environment. When users perform physical 
rehabilitation activities using an MRR program, they can reach for 
familiar objects, step over common obstacles, and perform an array of 
other daily activities. The majority of MRR programs also allow users to 
view their limbs to perform behaviors, further increasing the similarity 
of behaviors between training and transfer environments (Eichler et al., 
2019; Jeon & Kim, 2020). The extent that rehabilitation activities 
replicate behaviors intended to be performed after the intervention is 
called fidelity,2 which is known to produce a positive relation with 
rehabilitation program effectiveness (Hardeman et al., 2008; Hochmitz 
& Yuviler-Gavish, 2011; Howard & Jacobs, 2016). The heightened fi-
delity produced by typical MRR programs is believed to, in part, cause 
them to be effective rehabilitation interventions. 

Second, users tend to naturally enjoy using MR devices, and they 
often express favorable reactions to programs utilizing the technological 
medium (Jang & Park, 2019; Rasimah et al., 2011). In modern appli-
cations outside of rehabilitation, researchers regularly propose that the 
novelty of these programs is a large cause of these positive reactions, as 
users enjoy exploring the capabilities of MR programs that they have 
otherwise never experienced (Feng & Xie, 2019; Yim et al., 2017). This 
enjoyment may cause users to remain motivated towards otherwise 
boring rehabilitation activities. As a baisc example, a person may 
become bored with reaching for balls to develop their motor abilities, 
but they may enjoy reaching for digital balls presented on a 
head-mounted display. In turn, this increased motivation may cause 
users to work harder at developing physical abilities, ultimately result-
ing in MRR programs producing improved physical outcomes. There-
fore, the heightened motivation produced by modern MRR programs is 
likewise believed to, in part, cause them to be effective rehabilitation 
interventions. 

Due to these mechanisms, we propose that MRR programs are 
beneficial for improving physical abilities, and we distinguish two 
important aspects of MRR program performance that have yet to be 
sufficiently tested in prior research. Researchers have yet to firmly 
establish that (1) MRR programs can improve physical capabilities or (2) 
MRR programs can improve physical capabilities more than alternative 
interventions (Almasi et al., 2020; Blomqvist et al., 2021; Dorado et al., 
2019; Hoermann et al., 2017; LaPiana et al., 2020). Investigations into 
these research questions include small sample sizes, among other con-
cerns, which precludes robust insights into the effectiveness of MRR 
programs. For this reason, the current article performs a meta-analysis of 
prior investigations into the two hypotheses below to aggregate prior 
findings, which can address concerns of extant studies and provide 
firmer insights into the effectiveness of MRR programs. It should be 
noted, however, that it may be sufficient for practice to show that MRR 
programs produce comparable effects. If the case, then MRR programs 
may be suitable alternatives to traditional interventions, which could be 
applied based on contextual needs. 

Hypothesis 1. Mixed reality rehabilitation programs improve physical 
capabilities. 

Hypothesis 2. Mixed reality rehabilitation programs are more effec-
tive than alternative interventions at improving physical capabilities. 

As mentioned, researchers typically discuss augmented reality and 
augmented virtuality in tandem under the scope of MR (Carmigniani 
et al., 2011; Van Krevelen & Poelman, 2010). Researchers rarely discuss 
differential effects of augmented reality and augmented virtuality for 
rehabilitation, but it is important to ensure that the effects of these 
mediums are similar enough to discuss them together. One medium may 
produce significantly better rehabilitation outcomes than the other, and 
it may be inappropriate to discuss them collectively under the broader 
scope of MR. We therefore test whether augmented reality and 
augmented virtuality produce differing rehabilitation outcomes. 
Because we do not have an a priori hypothesis regarding their relative 
effectiveness, we test this via a research question rather than a direc-
tional hypothesis. 

Research Question 1. Do augmented reality and augmented virtual-
ity produce differing rehabilitation outcomes? 

1.1. Influences on Mixed Reality Rehabilitation Program Effectiveness 

Each of the hypotheses below assess whether certain characteristics 
alter MRR program efficacy. We begin by discussing software (purpose, 
game elements), followed by hardware (display device), and concluded 
by context (task-technology fit). These characteristics were chosen 
based on their popularity in prior research and practice. For instance, 
past studies have frequently discussed the inclusion of game elements in 
MRR programs (Goršič et al., 2017; Lange et al., 2012; Ma et al., 2018) 
but have less frequently discussed aspects such as the location of use or 
realism of virtual avatars. By identifying whether these commonly dis-
cussed characteristics significantly impact MRR program efficacy, we 
provide broader implications. Furthermore, design characteristics are 
often intended to enhance the beneficial properties of MR, notably fi-
delity and enjoyment. We therefore draw on the same theoretical 
mechanisms discussed above when detailing the proposed benefits of 
our studied design characteristics. 

Researchers have put extensive efforts into creating MRR programs 
that are customized to target specific rehabilitation activities, as 
developing physical abilities is often an idiosyncratic process that re-
quires personalized rehabilitation routines (Gonze et al., 2020; Meurer 
et al., 2017). For instance, a person developing gait abilities after 
experiencing a stroke can suffer severe injury if a rehabilitation program 
includes excessively difficult activities and causes the person to strain or 
fall, whereas the same person could suffer stunted physical rehabilita-
tion if the program does not sufficiently exert their physical capabilities. 
On the other hand, researchers have observed that many MR programs 
developed for alternative purposes may be effective for rehabilitation, as 
they require many of the same movements as standard rehabilitation 
programs (Chang et al., 2011; Da Gama et al., 2015; Webster & Celik, 
2014). For example, many popular Xbox Kinect games require users to 
lean, squat, reach, and jump – which are all activities that would be 
beneficial in rehabilitating gait, balance, motor control, and strength/-
flexibility. These researchers speculate that these games may provide 
effective MRR program outcomes. 

While MR programs developed for general purposes may improve 
physical abilities, research has consistently shown that interventions are 
more effective if they are customized to the participant population 
(Collins et al., 2014; Fritz et al., 2020). Customized MRR programs are 
often designed to elicit behaviors that better imitate actions performed 
in the real-world, and they are likewise often designed to target specific 
behaviors that users have difficulties performing. This suggests that 
customized MRR programs have greater fidelity than MRR programs 
created for general purpose, and MRR programs developed for 

2 “Fidelity”, can also refer to the extent that an intervention was implemented 
as it was conceptualized, but this type of fidelity is often labeled, “treatment 
fidelity”, instead of simply, “fidelity” (Hildebrand et al., 2012). For this reason, 
we use the term, “fidelity”, to refer to similarity of behaviors between reha-
bilitation and transfer activities. 

M.C. Howard and M.M. Davis                                                                                                                                                                                                               



Computers in Human Behavior 130 (2022) 107197

4

rehabilitation purposes are expected to be more effective than MRR 
programs developed for general purposes. 

Hypothesis 3. Mixed reality programs developed specifically for 
rehabilitation purposes are more effective than mixed reality rehabili-
tation programs developed for general purposes (e.g., enjoyment). 

The most discussed software feature of any MR application is likely 
the inclusion of game elements (Ioannides et al., 2017; Muñoz et al., 
2016). Across most contexts, from education to rehabilitation, authors 
have argued that the inclusion of game elements can improve user 
outcomes because game elements enhance user enjoyment and moti-
vation. A traditional rehabilitation program may cause the user to lose 
interest, thus limiting the development of physical abilities. Including 
game elements, however, can enhance excitement during the rehabili-
tation process, causing the user to remain engaged and persist in 
developing abilities. 

Many taxonomies exist to identify and define different types of game 
elements, including assessment, conflict, and fantasy (Bedwell et al., 
2012; Toda et al., 2019). While some authors have begun to investigate 
the impact of individual game elements (Huang & Hew, 2015; Landers & 
Marin, 2021), most authors utilize omnibus approaches wherein the 
influence of “gamifying” a program is assessed. Gamifying a program 
typically refers to adding multiple game elements to a program in an 
omnibus manner (Landers et al., 2015, 2017). For instance, a developer 
could make an MRR program more challenging, implement a method to 
record score, and present user scores together on a leaderboard. While 
each of these changes constitutes separate game elements, the collective 
addition would be considered gamifying a program. The omnibus 
investigation of gamified programs is especially evident in the study of 
rehabilitation, whether using MR or another medium (Goršič et al., 
2017; Lange et al., 2012; Ma et al., 2018). Thus, we assess the overall 
influence of including game elements in MRR programs. 

Hypothesis 4. Mixed reality rehabilitation programs with game ele-
ments are more effective than mixed reality rehabilitation programs 
without game elements. 

Alternatively, the most discussed hardware feature is likely the use of 
head-mounted displays (Guinet et al., 2019, 2021; Xue et al., 2019). 
Head-mounted displays are devices worn on the head with a visor that 
covers the user’s eyes. The visor could be a screen in the case of 
head-mounted displays for virtual reality, or it could be a translucent 
display with projected images in the case of head-mounted displays for 
MR. These devices are presently more associated with virtual reality, as 
several companies now mass-produce head-mounted displays for con-
sumer use (e.g., Oculus and Valve); however, companies have developed 
head-mounted displays for MR applications, such as Microsoft’s Hol-
oLens. Authors have argued that users naturally enjoy head-mounted 
displays (Debarba et al., 2018; Held et al., 2020; Jiang et al., 2020; 
Xue et al., 2019), and the use of devices such as the HoloLens can 
improve MRR program outcomes due to increases in motivation. The 
increased mobility of head-mounted displays can also allow more 
effective rehabilitation exercises (Held et al., 2020). While screen-based 
MRR programs can only present information in one location, 
head-mounted displays move with the user and can present information 
anywhere. MRR programs using head-mounted displays can enable the 
user to perform more realistic practice behaviors for certain physical 
abilities, such as gait, resulting in greater physical fidelity. These two 
benefits of head-mounted displays are believed to improve user out-
comes when developing physical abilities, especially those requiring 
significant movement, such as gait. Therefore, we test whether MRR 
programs using head-mounted displays are indeed more effective than 
alternative MRR programs. 

Hypothesis 5. Mixed reality rehabilitation programs using head- 
mounted displays are more effective than mixed reality rehabilitation 
programs using other output devices. 

While many authors have argued that MRR programs are beneficial 
for users across all applications, others have suggested that their out-
comes are dependent upon the context (Assis et al., 2019; Held et al., 
2020). In other words, MRR programs are effective in contexts that 
benefit from their implementation. This notion matches task-technology 
fit theory, which proposes that technologies positively impact user 
outcomes if the technology’s capabilities align with the task’s needs 
(Goodhue & Thompson, 1995; Howard & Rose, 2019). This theory 
further proposes that the construct of task-technology fit, the extent that 
the technology aligns with the task, is the primary predictor of user 
outcomes. When performing our meta-analysis, we code the 
task-technology fit of the MRR programs relative to each measured 
outcome, and we test whether pairings with high task-technology fit are 
more effective than pairings with low task-technology fit. For instance, 
authors often test the efficacy of an MRR program to develop specific 
abilities, such as balance, but they may measure multiple different 
outcomes, such as balance and gait, as indicators of program efficacy 
(Ku et al., 2019; Lozano-Quilis et al., 2014). In this case, the MRR pro-
gram has high task-technology fit with balance outcomes, but it has low 
task-technology fit with gait outcomes. By coding these outcomes, we 
meta-analytically assess whether task-technology fit theory identifies 
effective applications of MRR programs. 

Hypothesis 6. Mixed reality programs’ task-technology fit has a pos-
itive relation with effectiveness. 

1.2. Characterizing the field of study 

In addition to determining the influence of the studied design char-
acteristics via meta-analysis, we also assess their frequency of applica-
tion in studies of MRR programs by conducting a systematic literature 
review. For instance, we identify whether head-mounted displays or 
screens are more common output devices in studies on MRR programs. 
We also identify the frequency of study for two elements not discussed 
above. 

First, physical abilities developed in rehabilitation programs have 
been categorized as balance, gait, strength/flexibility, motor control, 
and general (Blankevoort et al., 2010; Howard, 2017; 
Wísniowska-Szurlej et al., 2019). We do not have an a priori belief that 
MRR programs would have differential effectiveness based on the type 
of physical ability, but it is important to identify whether certain 
physical abilities are more commonly developed via MRR programs. 
This would indicate that either these abilities are more suitable for 
development via MRR programs and/or more research attention is 
needed for MRR programs to develop less-studied physical abilities. 
Second, while most studies of MRR programs utilize samples that benefit 
from their use (e.g., stroke survivors), some studies utilize able-bodied 
individuals to assess whether the program is feasible. A significant 
portion of extant knowledge regarding MRR programs may be based on 
studies using populations not intended for their use (e.g., able-bodied 
individuals), and it cannot be guaranteed that these results generalize 
to desired populations. If true, then prior findings would need to be 
replicated with participants from targeted populations. 

Research Question 2. What are the common software, hardware, and 
context characteristics of mixed reality rehabilitation programs? 

An array of research designs has been applied to assess the effec-
tiveness of MRR programs, which have varying levels of methodological 
robustness. We focus on the three most common approaches for the 
study of MRR programs to characterize the methodological sophisti-
cation of the field and determine whether MRR programs are investi-
gated via methods that can accurately detect their effectiveness. We also 
assess whether certain research designs are applied more commonly to 
investigate certain types of MRR programs, which may indicate whether 
certain program characteristics are habitually studied via less-than-ideal 
approaches. It should be noted that these research designs are often 
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believed to represent a progression of research, whereas the more-robust 
designs are applied after a certain MRR program has been supported via 
the less-robust designs. Differences in the frequency of application for a 
MRR program characteristic may not indicate shortcomings of re-
searchers, but it may instead suggest that a certain research stream is 
still being developed and necessitates further research. 

The least-robust common research design is the “single-group post” 
design, wherein all participants undergo an MRR program and outcomes 
are solely measured afterwards. This research design is used to assess 
whether the MRR program is feasible and/or detrimental to participants, 
but it cannot robustly assess whether the MRR program improves 
physical abilities or improves physical abilities more than alternative 
interventions. The moderately-robust common research design is the 
“single-group pre-post” design, wherein all participants undergo an 
MRR program and outcomes are measured both before and after the 
intervention. This research design is used to assess whether the MRR 
program improves physical abilities, but it cannot robustly assess 
whether the MRR program improves physical abilities more than 
alternative programs. The most robust common research design is the 
“two-group design”, wherein one group undergoes an MRR program and 
another group undergoes an alternative intervention. This research 
design can assess both whether the MRR programs improves outcomes 
and whether the MRR program improves physical abilities more than 
alternative programs. Of these three designs, it is considered the optimal 
research design for assessing relative improvement, as it can control for 
preexisting differences between the treatment and control groups. We 
assess the frequency that these research designs are applied as well as 
the frequency that they are applied relative to each MRR program 
characteristic described above. 

Research Question 3. What frequency are the common research de-
signs of mixed reality rehabilitation program evaluations? 

2. Method 

To answer our hypotheses and research questions, we performed a 
meta-analysis and systematic literature view. Meta-analyses aggregate 
the results of prior studies to obtain overall estimates, but they can also 
determine whether certain characteristics systematically produce larger 
results. Systematic literature reviews provide quantitative insights into 
specified characteristics of prior studies, but they do not involve the 
aggregation of effect sizes. We followed guidelines of prior authors to 
conduct these analyses with a particular focus on the preferred reporting 
for systematic reviews and meta-analyses (PRISMA) (Borenstein et al., 
2021; Hunter & Schmidt, 2004; Moher et al., 2015; Shamseer et al., 
2015; Wiernik & Dahlke, 2020). 

2.1. Identifying sources 

We used standard practices to discover all relevant published and 
unpublished sources. Searches were conducted in May of 2021 in four 
databases: EBSCO, IEEE Xplore, Cochrane Database, and Google 
Scholar. EBSCO searches return results for several other databases, 
including Academic Source Complete, ERIC, and PsycINFO. All data-
bases catalogue ample unpublished materials (e.g., conference pre-
sentations, theses, dissertations, and grant reports), enabling the 
identification of sufficient original studies. We recorded all results when 
searching EBSCO, IEEE Xplore, and Cochrane Database. Google Scholar, 
however, produced excessive results for some searches (e.g., >15,000 
sources), and we only retained the first 1000 results of our Google 
Scholar searches. This decision was supported when coding our search 
results (detailed below), as Google Scholar results became almost 
entirely irrelevant after the first few hundred results. We are confident 
that this search strategy uncovered most relevant sources. 

Each search within these databases included two parts. The first part 
included: “Mixed Reality”, “Augmented Reality”, “Augmented 

Virtuality”, “Extended Reality”, “HoloLens”, or “Kinect”. The second 
part always included the word: “Rehabilitation”. We also conducted 
forwards and backwards searches of prominent articles on MRR pro-
grams by identifying sources cited by the discovered sources as well as 
relevant sources that cited the discovered sources, and we contacted all 
authors included in our final dataset for unpublished studies on MRR 
programs. All searches were restricted to the year 2010 to the present. 
Dramatic advancements have been made to MR technologies within the 
past decade, such as the Kinect (2010), Kinect 2 (2014), HoloLens 
(2016), Azure Kinect (2019), and HoloLens 2 (2019). Including MRR 
studies prior to the development of these technologies may cause MRR 
programs to appear ineffective, although modern applications may pose 
great benefits. Including only sources from the year 2010 to the present 
can provide more accurate assessments. Our searches returned 4641 
initial sources. 

2.2. Inclusion criteria 

Two coders jointly developed coding guidelines, developed a coding 
rulebook, and trained each other on coding results. The two trained 
coders then initially coded the same 20 sources independently until a 
sufficient level of inter-rater agreement was achieved (Cohen’s κ >
0.80), and then continued to independently code each source while 
conferring on any disagreements. This process is typical in meta- 
analyses (Borenstein et al., 2021). 

In the first coding phase, the sources were coded for the following 
criteria: (a) written in the English language, (b) purported to study MR, 
(c) studied physical rehabilitation, and (c) provided quantitative results. 
The first coding phase reduced the list from 4641 sources to 142 sources. 
For most of these 142 sources, the authors provided sufficient infor-
mation to confirm that they studied a MR program (e.g., program names, 
pictures, descriptions), but some authors did not provide sufficient in-
formation to verify. These authors were contacted for information 
regarding their MR program, but sources were excluded if the authors 
did not respond or were unable to provide information. During this 
process, authors from all 142 sources were also contacted for any 
additional unpublished or published study results. We believed that 
directly contacting authors is more effective than posting to listservs or 
social media, as people are more likely to respond to direct inquiries 
rather than impersonalized and general requests (Muñoz-Leiva et al., 
2010). This process reduced the list from 142 sources to 108. 

In the second coding phase, the remaining sources were coded based 
on their research design. Two group and one group pre-post studies were 
included within meta-analyses,3 whereas all studies with quantitative 
results were included within the systematic literature review. All sources 
were coded for the characteristics described below, and those included 
in the meta-analysis also had their effect sizes recorded. Some studies 
did not report effect sizes that could be meta-analyzed. In these cases, 
the authors were contacted and asked to provide relevant statistics. If 
they did not reply, the article was not included in the meta-analytic 
calculations, but it was included in the systematic literature review. 
This process resulted in 27 sources with 29 total studies included within 
our meta-analysis, whereas 108 sources with 114 total studies were 
included in the systematic literature review. Fig. 1 includes a depiction 
of our coding process. 

2.3. Source and study characteristic coding 

Coding results for each source are provided in Supplemental Material 
A. 

3 One group post studies cannot be included in meta-analyses, as any re-
ported effect size from these studies (e.g., one-sample t-test) are not comparable 
in meta-analytic designs (Borenstein et al., 2021; Hunter & Schmidt, 2004). 
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2.3.1. Type of mixed reality 
Sources were coded on whether the MRR program utilized 

augmented reality or augmented virtuality. 

2.3.2. Purpose of program 
Sources were coded on whether the MRR program was specifically 

developed for rehabilitation purposes or general purposes (e.g., Kinect 
games). We also recorded the name of the applied MR software. 

2.3.3. Game elements 
Sources were coded on whether the MRR program included game 

elements. This was decided by both the presented images and/or video 
of the MRR program as well as the authors’ description of the MRR 
program. If the program appeared or was described to contain game 
elements commonly included in various taxonomies (e.g., score) 

(Bedwell et al., 2012; Toda et al., 2019), then it was coded as including 
game elements. 

2.3.4. Output device 
Sources were coded on whether the MRR program was presented via 

a head-mounted display (e.g., HoloLens) or other output device (e.g., 
screen). We also recorded the name of the applied MR hardware. 

2.3.5. Task-technology fit 
Coders assessed the task-technology fit of the MRR program relative 

to each outcome, coding sources as either high or low task-technology 
fit. This decision was made based on the characteristics of the MRR 
program and the measured outcome. For instance, an MRR program that 
instructed users to stretch would have low task-technology fit with the 
outcome of gait. Alternatively, an MRR program that provided visual 

Fig. 1. Visual representation of coding process.  
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feedback to reaching behaviors would have high task-technology fit 
with the outcome of motor control. 

2.3.6. Outcome 
Coders recorded the outcome associated with each effect size as 

balance, gait, motor control, strength/flexibility, or general. Balance 
included outcomes such as sway while standing on a trackpad; gait 
included outcomes such as the 10-m walk test; motor control included 
outcomes such as the peg test; strength/flexibility included outcomes 
such as shoulder range of motion; and general included outcomes such 
as assessments of functioning in daily living. 

2.3.7. Participant population 
Sources were coded on whether they sampled from a population of 

individuals with physical disabilities or able-bodied individuals. For 
samples of individuals with physical disabilities, we also recorded the 
type of physical disability (e.g., stroke). 

2.3.8. Type of research design 
Sources were coded on the type of research design. One group post 

studies included participants that underwent an MRR program alone, 
and participants’ outcomes were measured solely after the intervention. 
One group pre-post studies included participants that underwent an 
MRR program alone, and participants’ outcomes were compared before 
and after the intervention. Two group studies included two groups in 
analyses (e.g., MRR program and alternative treatment) and analyses 
compared differences between the two groups. 

2.3.9. Type of control group 
Two group studies were coded on their control group. No treatment 

control studies utilized a control group that did not receive an inter-
vention and a treatment group that received a MR intervention; unequal 
treatment control studies utilized a control group that received an 
intervention and a treatment group received the same intervention with 
an additional MR intervention; and equal treatment control studies 
utilized a control group that received an intervention that was equal in 
time to the MR intervention that the treatment group received. 

2.4. Primary analyses 

To begin, we calculated indices of publication biases, including fail- 
safe k, Egger’s test, trim-and-fill method, and weight-function model 
analysis. These analyses were conducted using Comprehensive Meta- 
Analaysis V3 and the Metafor package in R 3.5.1. A summary of these 
results is provided below, and Supplemental Material B provides their 
full reporting. We also calculated indices of outliers and influential 
cases, including standardized residuals, Cook’s distance, covariance 
rations, and others. We primarily used standardized residuals to identify 
outliers, which are summarized below and fully reported in Supple-
mental Material B. 

We calculated our primary results using a random-effects model with 
effect sizes weighted by sample size in Comprehensive Meta-Analysis V3 
adopting the Hedges and Olkin approach. Random-effects meta-analyses 
are more resilient to outlier studies than fixed-effects meta-analyses, and 
it provides more accurate estimates across most situations (Borenstein 
et al., 2021). Comprehensive Meta-Analysis V3 was used to convert ef-
fect sizes into a common metric, which enables the current 
meta-analysis to include an array of effect sizes reported in primary 
sources. We did not include effect sizes that represent the relation of 
more than two variables (e.g., ANCOVA) due to possible statistical 
biases (Boxer et al., 2015; Ferguson, 2015). Pre-post correlations are 
required to include one-group pre-post studies in meta-analyses as 
repeated measures designs, but few authors report these correlations. 
We treated these designs as independent groups in the primary analyses 
to avoid biasing effects of assuming the strength of pre-post correlations, 
and our sensitivity analyses includes results when assuming a pre-post 

correlation of .70 (described below). Our results are reported as 
Cohen’s d, which represents the mean difference between the analyzed 
comparisons (e.g., treatment vs. control group). A Cohen’s d of one in-
dicates that the means of two comparisons were one standard deviation 
apart. 

Multiple effect sizes reported in a single study were aggregated 
together via an approach recommended by Borenstein et al. (2021). 
Borenstein et al.’s (2021) approach incorporates the estimated average 
intercorrelations of outcomes in the aggregation formula, which can 
more appropriately address the effect sizes’ covariance. Because many 
studies comparing group differences (e.g., treatment vs. control) do not 
report outcome correlations, Borenstein et al. (2021) suggest calculating 
multiple sets of meta-analytic estimates with different estimated average 
intercorrelations. As discussed in our sensitivity analysis section below, 
we calculated effects based on an estimated average intercorrelation of 
.00, .25, 0.50, 0.75, and 1.00. Because most studies reported multiple 
outcomes intended to represent the same or very similar physical abil-
ities (e.g., gait), we believed that the most appropriate estimated 
average correlation would meet a strength expected in tests of conver-
gent validity. Likewise, Borenstein et al. (2021) considers larger 
assumed correlations to produce more conservative estimates, which are 
typically preferred when assumptions must be made regarding the na-
ture of effects. Therefore, the primary text reports all effects when 
estimating an average outcome intercorrelation of 0.75. 

We did not perform any corrections for unreliability for two reasons. 
Most studies did not report internal consistency estimates, which would 
make it difficult to accurately calculate an estimate that would 
adequately represent all studies. Likewise, many authors have recom-
mended against correcting for unreliability when effect sizes represent 
objective measurements due to practical implications of identifying the 
relative effectiveness of interventions in their original units of mea-
surement (Harrison et al., 2006; Howard & Gutworth, 2020; Jones et al., 
2016). 

To compare source characteristics, we calculated meta-analytic es-
timates separated by each condition of the source characteristic. We 
calculated a series of meta-regressions in Comprehensive Meta-Analysis 
V3 to obtain statistical significance tests for these comparisons, wherein 
each source characteristic was the sole predictor in each. If the associ-
ated confidence interval excludes zero, then the characteristic is 
considered to significantly influence MRR program effectiveness. We 
assessed each predictor separately due to concerns about statistical 
power when including multiple predictors in meta-regressions (Schmidt, 
2017; Viechtbauer et al., 2015), but our sensitivity analyses include a 
meta-regression with all predictors together. 

2.5. Sensitivity analyses 

Our primary meta-analytic results were calculated by aggregating 
multiple effect sizes from the same study together using the approach of 
Borenstein et al. (2021), and we report this analysis in the primary text 
due to precedence and familiarity. Two alternative approaches are to 
average effect sizes together as well as three-level meta-analysis, which 
identifies dependences within and across studies to aggregate effect sizes 
(Cheung, 2015; Jak, 2015). We conducted the former analysis using 
Comprehensive Meta-Analysis V3 and the latter analysis using the 
metaSEM package in R 3.5.1. Supplemental Material C provides the 
former results, whereas Supplemental Material D provides the latter 
results. All inferences were consistent between our primary results and 
alternative results. Further, pre-post correlations are required to include 
one-group pre-post studies in meta-analyses. Our primary analyses treat 
these effects as independent; however, we also performed sensitivity 
analyses using Comprehensive Meta-Analysis V3 and assuming a 
pre-post correlation of 0.70, which is a typical value reported in reha-
bilitation research (Myers et al., 2015; Paul et al., 2007; Storm et al., 
2020). These analyses are also included in Supplemental Material D, and 
they again do not produce any differing inferences from our primary 
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analyses. Likewise, our primary results were calculated by aggregating 
studies together via Borenstein et al.’s (2021) approach with an assumed 
inter-outcome correlation of 0.75. As recommended by Borenstein et al. 
(2021), Supplemental Material C also includes a replication of our re-
sults with assuming other inter-outcome correlations (0.00, 0.25, 0.50, 
0.75, and 1.00). Once again, these results do not produce differing in-
ferences from our primary analyses. 

We test most of our hypotheses by analyzing together studies that 
utilize one group pre-post designs and studies that utilize two group 
designs (Table 1), as such an approach can test whether certain MRR 
program attributes systematically produce larger effects. Because one 
group pre-post designs test the change produced by an intervention and 
two group designs test the relative change produced by an intervention, 
some researchers may be wary of analyzing these two designs together. 
For this reason, we also provide our results separated by studies that 

utilized one group pre-post designs (Table 2) and studies that utilized 
two group designs (Table 3). These analyses do not produce significantly 
different inferences from our primary analyses, but we do discuss some 
emergent trends from these analyses in our discussion. 

We studied both augmented reality and augmented virtuality 
together under the scope of MR, but some authors may be only inter-
ested in a single medium. Supplemental Material C provides a replica-
tion of all results when only including studies that tested augmented 
reality and not augmented virtuality – and vice versa. Also, the meta- 
regression analyses provided in the primary text assessed the effect of 
each predictor individually. Supplemental Material C provides a meta- 
regression of all predictors together, which produced largely the same 
results with two additional statistically significant effects. Our discus-
sion highlights that these additional findings may be promising di-
rections for future research. Together, all sensitivity analyses largely 

Table 1 
Primary meta-analytic findings.   

# of Sources K n d 95%C.I. z-value Sig. I2 Meta-Reg. 95% C.I. 

1.) Total 27 29 398 .60 .39, .81 5.56 <.01 28.48 – 
2a.) One Group 17 19 149 .80 .42, 1.07 5.70 <.01 30.88 -.89, − .12 
2b.) Two Group 10 10 249 .22 -.05, .49 1.59 .11 0.00 
2b.1.) No Treatment 2 2 45 .11 -.56, .77 .31 .76 0.00 All 

95% C.I. Include 0 2b.2.) Unequal Treat. 3 3 117 .06 -.32, .43 .29 .77 0.00 
2b.3.) Equal Treat. 5 5 87 .51 .05, .94 2.18 .03 0.00 
3a.) Aug. Virtuality 14 15 235 .64 .31, .98 3.74 <.01 47.91 -.43, .44 
3b.) Aug. Reality 13 14 163 .57 .31, .83 4.24 <.01 0.00 
4a.) Rehab. Specific 20 21 309 .54 .33, .76 4.90 <.01 18.44 -.39, .63 
4b.) Gen. Purpose 7 8 89 .74 .18, 1.31 2.58 .01 50.11 
5a.) W/Game Ele. 19 21 211 .68 .42, .94 5.14 <.01 25.77 -.20, .68 
5b.) W/o Game Ele. 8 8 187 .42 .08, .77 2.41 .02 26.34 
6a.) HMD 4 4 41 .51 -.10, 1.12 1.65 .10 37.56 -.48, .74 
6b.) Screen 23 25 357 .62 .39, .85 5.27 <.01 29.71 
7a.) Low TTF 12 13 278 .45 .11, .80 2.59 .01 42.79 -.52, .31 
7b.) High TTF 26 27 440 .56 .32, .79 4.65 <.01 41.49 
8a.) Balance 10 10 114 .48 .21, .75 3.42 <.01 0.00 All 

95% C.I. Include 0 8b.) Gait 14 15 273 .62 .32, .92 4.03 <.01 45.17 
8c.) Motor Control 8 9 79 .61 .25, .97 3.30 <.01 13.65 
8d.) Strength/Flex 5 5 135 .56 -.43, 1.54 1.10 .27 78.69 
8e.) General 12 12 255 .42 .18, .67 3.37 <.01 16.71 

k = Number of Studies; n = Total Sample Size; d = Standardized Mean Difference; 95%C.I. = Confidence Interval of Standardized Mean Difference; z-value = Z-Value 
of Standardized Mean Difference; Sig. = P-Value of Standardized Mean Difference; Meta-Reg. 95%C.I. = Confidence Interval of Beta Coefficient Representing Dif-
ference of Effects Between Conditions. 

Table 2 
Analysis of all results restricted to two group design studies alone.   

# of Sources k n d 95%C.I. z-value Sig. I2 Meta-Reg. 95% C.I. 

1.) Total 10 10 249 .22 -.05, .49 1.59 .11 0.00 – 
2a.) One Group – – – – – – – – – 
2b.) Two Group 10 10 249 .22 -.05, .49 1.59 .11 0.00 
2b.1.) No Treatment 2 2 45 .11 -.56, .77 .31 .76 0.00 All 

95% C.I. Include 0 2b.2.) Unequal Treat. 3 3 117 .06 -.32, .43 .29 .77 0.00 
2b.3.) Equal Treat. 5 5 87 .51 .05, .94 2.18 .03 0.00 
3a.) Aug. Virtuality 5 5 159 .11 -.22, .44 .64 .52 0.00 -.24, .89 
3b.) Aug. Reality 5 5 90 .44 -.03, .90 1.85 .07 0.00 
4a.) Rehab. Specific 8 8 211 .26 -.02, .55 1.80 .07 0.00 − 1.14, .44 
4b.) Gen. Purpose 2 2 38 -.08 -.82, .65 -.22 .83 0.00 
5a.) W/Game Ele. 5 5 90 .37 -.11, .84 1.52 .13 0.00 -.35, .80 
5b.) W/o Game Ele. 5 5 159 .15 -.18, .47 .89 .37 0.00 
6a.) HMD – – – – – – – – – 
6b.) Screen 10 10 249 .22 -.05, .49 1.59 .11 0.00 
7a.) Low TTF 6 6 197 .21 -.12, .53 1.26 .21 0.00 − 2.03, .45 
7b.) High TTF 9 9 231 .18 -.18, .54 .97 .33 33.92 
8a.) Balance 2 2 45 .49 -.18, 1.16 1.44 .15 0.00 Strength vs. Balance, Gait, and General Exclude 0 
8b.) Gait 6 6 197 .19 -.08, .47 1.39 .17 0.00 
8c.) Motor Control 3 3 44 .29 -.29, .87 .98 .33 0.00 
8d.) Strength/Flex 3 3 122 -.18 -.84, .48 -.54 .59 25.68 
8e.) General 6 6 202 .26 -.04, .57 1.73 .08 10.32 

k = Number of Studies; n = Total Sample Size; d = Standardized Mean Difference; 95%C.I. = Confidence Interval of Standardized Mean Difference; z-value = Z-Value 
of Standardized Mean Difference; Sig. = P-Value of Standardized Mean Difference; Meta-Reg. 95%C.I. = Confidence Interval of Beta Coefficient Representing Dif-
ference of Effects Between Conditions. 
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replicated the primary results, providing support that our observations 
were due to the substantive nature of MRR programs rather than our 
analytic decisions. 

3. Results 

3.1. Meta-analytic results 

We first assessed indices of outliers, influential cases, and publication 
bias. Our results did not indicate the presence of any outliers or influ-
ential cases, as no standardized residual was above three – among other 
supporting indicators. Our Egger’s tests and trim-and-fill analyses 
indicated the presence of publication bias for many analyses. Supple-
mental Material B includes a funnel plot to visualize the potential biases 
associated with our overall analyses. While we underwent extensive 
efforts to obtain unpublished results on MRR programs, such as 
obtaining conference presentations and contacting authors, statistically 
significant results were nevertheless more likely to be discovered. The 
current results should be interpreted with this bias in mind. 

Hypothesis 1 proposed that MRR programs can improve users’ 
physical capabilities. We meta-analyzed all one group pre-post studies to 
assess the change in users’ outcomes from undergoing an MRR program, 
and we found that MRR programs statistically significantly change 
users’ outcomes by .80 of a standard deviation (k = 19, n = 149, d =
0.80, 95%C.I.[0.42, 1.07]). Hypothesis 1 was supported. Alternatively, 
Hypothesis 2 proposed that MRR programs improve users’ physical ca-
pabilities more than alternative interventions. We meta-analyzed all two 
group studies to assess differences in the interventions’ changes in 
outcomes, and we did not find a statistically significant differences in 
outcomes between MRR programs and alternative interventions (k = 10, 
n = 249, d = 0.22, 95%C.I.[-0.05, 0.49]). To probe this effect further, we 
differentiated the types of two group studies based on their comparison 
group. MRR programs did not produce differing outcomes to control 
groups in no treatment control studies (k = 2, n = 45, d = 0.11, 95%C.I. 
[-0.56, 0.77]) or unequal treatment control studies (k = 3, n = 117, d =
0.06, 95%C.I.[-0.32, 0.43]), but they did produce significantly larger 
effects in equal treatment control studies (k = 5, n = 87, d = 0.51, 95%C. 
I.[0.05, 0.94]). Based on these findings, we consider Hypothesis 2 to be 
partially supported. 

We also assessed whether there was a difference in effect sizes be-
tween studies utilizing augmented virtuality or augmented reality to 
assess Research Question 1. Effects for augmented virtuality (k = 15, n 

= 235, d = 0.64, 95%C.I.[0.31, 0.98]) and augmented reality (k = 14, n 
= 163, d = 0.57, 95%C.I.[0.31, 0.83]) were statistically significant, and 
there was no statistically significant difference in the effect sizes (B =
0.00, S.E. = 0.22, 95%C.I.[-0.43, 0.44]). This finding justifies the deci-
sion to study both augmented virtuality and augmented reality under 
the scope of MR. 

Next, we proposed several features that may influence MRR program 
effectiveness. Hypothesis 3 predicted that MRR programs specifically 
made for rehabilitation purposes would produce larger effects than 
those made for other purposes. While both the former (k = 21, n = 309, 
d = 0.54, 95%C.I.[0.33, 0.76]) and latter (k = 8, n = 89, d = 0.74, 95%C. 
I.[0.18, 1.31]) produced statistically significant effects, there was no 
difference in the magnitude of their effect sizes (B = 0.12, S.E. = 0.26, 
95%C.I.[-0.39, 0.62]). Hypothesis 3 was not supported. Hypothesis 4 
predicted that MRR programs with game elements produce larger effects 
than those without game elements. Programs with game elements (k =
21, n = 211, d = 0.68, 95%C.I.[0.42, 0.94]) as well as those without (k =
8, n = 187, d = 0.42, 95%C.I.[0.08, 0.77]) both produced statistically 
significant effects. While the difference in their effects trended in the 
hypothesized direction, their difference was not statistically significant 
(B = 0.24, S.E. = 0.22, 95%C.I.[-0.20, 0.68]). Hypothesis 4 was not 
supported. Hypothesis 5 proposed that MRR programs using head- 
mounted displays produced larger effects than those utilizing screens. 
MRR programs using head-mounted displays (k = 4, n = 41, d = 0.51, 
95%C.I.[-0.10, 1.12]) and those using screens (k = 25, n = 357, d = 0.62, 
95%C.I.[0.39, 0.85]) both produced comparable effects, and the dif-
ference was again not statistically significant (B = 0.13, S.E. = 0.31, 95% 
C.I.[-0.48, 0.74]). Hypothesis 5 was not supported. Lastly, Hypothesis 6 
proposed that MRR programs with high task-technology fit would pro-
duce larger effects than those with low task-technology fit. Both MRR 
programs with high (k = 27, n = 440, d = 0.56, 95%C.I.[0.32, 0.79]) and 
low (k = 13, n = 278, d = 0.45, 95%C.I.[0.11, 0.80]) task-technology fit 
produced statistically significant results, but their difference was not 
statistically significant (B = − 0.10, S.E. = 0.21, 95%C.I.[-0.52, 0.31]). 
Hypothesis 6 was not supported. 

3.2. Systematic literature review results 

Table 4 provides the results of our systematic literature review. The 
first goal was to determine which MRR program characteristics are 
studied more often (Research Question 2). More studies were conducted 
on augmented reality (k = 84, 72%) than augmented virtuality (k = 31, 

Table 3 
Analysis of all results restricted to one group design studies alone.   

# of Sources k n d 95%C.I. z-value Sig. I2 Meta-Reg. 95% C.I. 

1.) Total 17 19 149 .80 .42, 1.07 5.70 <.01 30.88 – 
2a.) One Group 17 19 149 .80 .42, 1.07 5.70 <.01 30.88 – 
2b.) Two Group – – – – – – – – 
3a.) Aug. Virtuality 9 10 76 .90 .50, 1.30 4.42 <.01 36.90 -.75, .37 
3b.) Aug. Reality 8 9 73 .70 .30, 1.09 3.48 <.01 28.66 
4a.) Rehab. Specific 12 13 98 .71 .41, 1.01 4.61 <.01 27.08 -.35, .91 
4b.) Gen. Purpose 5 6 51 1.04 .43, 1.66 3.31 <.01 40.97 
5a.) W/Game Ele. 14 16 121 .78 .47, 1.09 4.95 <.01 33.04 -.84, .63 
5b.) W/o Game Ele. 3 3 28 .90 .20, 1.61 2.52 .01 42.34 
6a.) HMD 4 4 41 .51 -.10, 1.12 1.65 .10 37.56 -.26, 1.03 
6b.) Screen 13 15 108 .88 .57, 1.18 5.67 <.01 26.60 
7a.) Low TTF 6 7 81 .81 .16, 1.46 2.43 .02 62.11 -.57, .52 
7b.) High TTF 17 18 209 .70 .47, .93 5.91 <.01 10.71 
8a.) Balance 8 8 107 .48 .18, .78 3.11 <.01 0.00 Balance vs. Strength Exclude 0 
8b.) Gait 8 9 117 .98 .59, 1.37 4.89 <.01 31.03 
8c.) Motor Control 5 6 42 .80 .28, 1.32 3.00 <.01 33.14 
8d.) Strength/Flex 2 2 13 1.37 .63, 2.12 3.61 <.01 0.00 
8e.) General 6 6 83 .65 .29, 1.00 3.57 <.01 0.00 

k = Number of Studies; n = Total Sample Size; d = Standardized Mean Difference; 95%C.I. = Confidence Interval of Standardized Mean Difference; z-value = Z-Value 
of Standardized Mean Difference; Sig. = P-Value of Standardized Mean Difference; Meta-Reg. 95%C.I. = Confidence Interval of Beta Coefficient Representing Dif-
ference of Effects Between Conditions. 
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27%), rehabilitation-specific programs (k = 105, 92%) than programs 
for other purposes (k = 9, 8%), programs with game elements (k = 85, 
75%) than without game elements (k = 29, 25%), programs using 
screens (k = 88, 77%) than head-mounted displays (k = 26, 23%), and 
studies using individuals with a physical impairment (k = 82, 64%) than 
able-bodied individuals (k = 47, 36%). More studies were conducted on 
motor control (k = 78, 68%) than all other outcomes combined (k = 36, 
32%). The one group post research design (k = 71, 62%) was much more 
common than the one group pre-post (k = 25, 22%) or two group (k =
18, 16%) research designs. 

We tested whether certain research designs were more commonly 
applied with specific types of programs (Research Question 3). Chi- 
square tests found significant relations of research design with the use 
of augmented reality or augmented virtuality (χ2 = 10.87, df = 4, p <
.01), the use of rehabilitation-specific or general programs (χ2 = 13.33, 
df = 4, p < .01), the use of game elements (χ2 = 6.81, df = 4, p = .03), the 
use of individuals with a physical disability or able-bodied individuals 
(χ2 = 18.49, df = 4, p < .01), and the type of outcome (χ2 = 26.62, df =
13, p < .01). There was no significant relation of research design with or 
the use of head-mounted displays or screens (χ2 = 0.76, df = 4, p = .68). 
When further inspecting the significant results, studies on augmented 
reality were relatively more likely to have utilized a one group post 
design, whereas studies on augmented virtuality were relatively more 
likely to have utilized a one group pre-post design. Similarly, studies on 
rehabilitation-specific programs were more likely to have utilized a one 
group post design, whereas studies using general purpose programs 
were relatively more likely to have used one group pre-post designs. 
Studies without game elements were more likely to have used the two 
group research design. Studies using individuals with a physical 
impairment were more likely to have applied the one group pre-post and 
two group designs, whereas studies using able-bodied individuals were 
more likely to have applied a one group post design. The outcomes were 
relatively consistent regarding research design, but researchers studying 
motor control were relatively more likely to have utilized a one group 
post design. 

In considering these results, we reassessed our hypotheses via meta- 
regression while controlling for research design for the MRR program 
characteristics that had a significant association with research design. 
Research design was still statistically significant in each of these 

analyses, but no other characteristics were statistically significant, 
providing further support for the consistency of the findings. Hypotheses 
3, 4, 5, and 6 were still not supported. 

Lastly, we recorded the type of physical impairment for samples of 
individuals of physical disabilities, and we also recorded the name of the 
applied hardware and software. The most studied samples were able- 
bodied individuals (k = 47, 37%), stroke survivors (k = 23, 20%), and 
those with motor control disabilities (k = 10, 9%). The most used 
hardware were custom hardware (k = 44, 38%), Microsoft Kinect (k =
43, 37%), and Microsoft HoloLens (k = 10, 9%). The most used software 
was custom software (k = 99, 86%), Microsoft Kinect games (k = 9, 8%), 
TheraMem (k = 3, 3%) and GenVirtual (k = 3, 3%). While the elements 
of these samples and MRR programs could be coded, there was signifi-
cant variation across the studies. 

4. Discussion 

The current article had four primary goals: determine whether (1) 
MRR programs improve physical abilities, (2) MRR programs improve 
physical abilities more than alternative interventions, (3) certain char-
acteristics of MRR programs influence effectiveness, and (4) certain 
characteristics of MRR programs and study designs are utilized more 
frequently than others. Via a meta-analysis and systematic literature 
review, we achieved these four goals. 

Our meta-analysis showed that MRR programs can improve physical 
capabilities. On average, users’ physical abilities improve by about 
three-fourths of a standard deviation from undergoing a MRR program. 
While our results did not support that MRR programs produce signifi-
cantly larger effects compared to no treatment and unequal treatment 
control groups, they did produce significantly larger effects than equal 
treatment control groups. The nuance of this finding is discussed below 
in our methodological insights section, and it should be recognized that 
these findings provide initial support for the efficacy of MRR programs 
when compared to alternative interventions. Further, no characteristic 
of MRR programs systematically produced significantly larger results. 
Augmented reality programs produced comparable results to augmented 
virtuality programs; rehabilitation-specific programs produced compa-
rable results to general-purpose programs; programs with game ele-
ments produced comparable results to programs without game 

Table 4 
Primary systematic literature review findings.   

Research Design   

Two Group One Group, Pre-Post One Group, Post Total 

1.) Total 18 (16%) 25 (22%) 71 (62%) 114 
2a.) Aug. Virtuality 5 (16%) 13 (42%) 13 (42%) 31 (27%) 
2b.) Aug. Reality 13 (15%) 12 (14%) 59 (70%) 84 (73%) 
3a.) Rehab. Specific 16 (15%) 19 (18%) 70 (67%) 105 (92%) 
3b.) Gen. Purpose 2 (22%) 6 (66%) 1 (11%) 9 (8%) 
4a.) W/Game Ele. 9 (11%) 20 (24%) 56 (66%) 85 (75%) 
4b.) W/o Game Ele. 9 (31%) 5 (17%) 15 (52%) 29 (25%) 
5a.) HMD 3 (12%) 5 (19%) 18 (69%) 26 (23%) 
5b.) Screens 15 (17%) 20 (23%) 53 (60%) 88 (77%) 
6a.) Balance 2 (13%) 9 (56%) 5 (31%) 16 (14%) 
6b.) Gait 1 (13%) 3 (38%) 4 (50%) 8 (7%) 
6c.) Motor Control 12 (15%) 10 (13%) 56 (72%) 78 (68%) 
6d.) Strength/Flex 3 (60%) 0 (0%) 2 (40%) 5 (4%) 
6e.) General 0 (0%) 3 (43%) 4 (57%) 7 (6%) 
7a.) Phys. Impaired 15 (18%) 24 (29%) 43 (52%) 82 (64%) 
7b.) Able Bodied 3 (6%) 2 (4%) 42 (89%) 47 (36%) 

Note: Percentages listed in the first three columns represent the percent that the cell accounts for in the row total. 
Percentages listed in the fourth column (total) represents the percent that the cell accounts for in the column 
total. Number of studies in the augmented reality and augmented virtuality rows sum to greater than the total 
number of studies because one source studied both augmented reality and augmented virtuality in the same 
study. Likewise, number of studies when summing all outcome frequencies together is greater than the total 
number of studies because many articles investigated more than one type of outcome. 
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elements; and programs with high task-technology fit produced com-
parable results to those with low task-technology fit. The similarity of 
outcomes was also seen when restricting analyses to one group or two 
group studies alone, further supporting the consistency of observed ef-
fects. These results indicate that many of the dominant research ques-
tions in the study of MRR programs may not influence effectiveness. 

Several characteristics differed in their frequency of study. In reha-
bilitation, augmented reality is studied more frequently than augmented 
virtuality; rehabilitation-specific programs are studied more frequently 
than programs used for general purposes; programs with game elements 
are studied more often than programs without game elements; and 
programs using screens are studied more frequently than programs using 
HMDs. The most popular outcome was motor control followed by bal-
ance. Lastly, studies comparing the effectiveness of MRR programs 
relative to alternatives largely included individuals with physical dis-
abilities, but many studies assessing the feasibility of MRR programs 
utilized able-bodied individuals. Each of these findings pose many im-
plications for research and practice discussed below. 

4.1. Research implications and future directions 

4.1.1. Theoretical insights 
We mentioned that authors rarely apply theoretical frameworks to 

guide the development and application of their MRR programs. While 
our results did not identify any characteristics of MRR programs that 
systematically produce improved results, they can nevertheless guide 
future researchers’ attention towards theories that may be suitable for 
MRR program development. 

We proposed that MRR programs produce higher fidelity and user 
enjoyment compared to alternative interventions. We also proposed that 
the studied characteristics of MRR programs are intended to enhance 
these natural attributes of MRR programs, increasing fidelity and user 
enjoyment. Our results showed that MRR program characteristics asso-
ciated with entertainment (e.g., game elements, head-mounted displays) 
were no more effective than MRR programs with alternative charac-
teristics (e.g., no game elements, screens), and MRR program charac-
teristics associated with fidelity (e.g., rehabilitation-specific programs, 
head-mounted displays) were no more effective than MRR programs 
without these elements (e.g., general programs, screens). We also found 
that task-technology fit did not significantly influence our observed 
results. 

It should be questioned, therefore, why MRR programs show such a 
robust consistency across a myriad of applications, rather than demon-
strating differential effectiveness based on program characteristics. We 
believe that the natural fidelity and increased enjoyment produced by 
MRR programs are primary drivers of their effectiveness. Characteristics 
intended to further increase fidelity or enjoyment may struggle to do so, 
and/or increasing fidelity or enjoyment further than the typical MRR 
program may produce diminishing returns. If the case, then the inherent 
fidelity and enjoyment of MRR programs causes them to demonstrate 
consistent efficacy. We believe that this sentiment is supported by cur-
rent research; many authors stress the realism and entertainment pro-
duced by MR regardless of the application, suggesting that they are 
relatively universal aspects of MR programs (de Souza et al., 2019; 
Hidayat et al., 2019; Savela et al., 2020).4 For this reason, we discuss the 
theoretical associations of fidelity and enjoyment to prompt directions 
for future research – directions that can identify avenues to increase 
MRR program efficacy. Fig. 2 provides a visual representation of our 

theoretical proposals. We then discuss methodological and practice 
considerations produced by the current findings. 

4.1.2. Fidelity 
Two types of fidelity have been identified in modern research: 

physical fidelity and cognitive fidelity (Hardeman et al., 2008; Hochmitz 
& Yuviler-Gavish, 2011; Howard, 2017). Physical fidelity refers to the 
extent that the training environment appears similarly to the transfer 
environment, whereas cognitive fidelity refers to the extent that the 
training environment activates the same psychological mechanisms as 
the transfer environment. Both have been repeatedly linked to improved 
intervention outcomes (Mancuso et al., 2020; Riva et al., 2020). 

MRR programs are believed to have strong physical and cognitive 
fidelity (Eichler et al., 2019; Gavish et al., 2011; Jeon & Kim, 2020), and 
identical elements theory is among the most popular theories to explain 
the beneficial effects of physical and cognitive fidelity (Benzing & 
Schmidt, 2018; Bonney et al., 2017; Nguyen et al., 2019). Identical el-
ements theory proposes that fidelity has a positive relation with transfer 
effectiveness, as users identify how to perform real-world behaviors by 
identifying the common elements in training behaviors. Programs with 
strong physical and cognitive fidelity do not require as much “trans-
lation” between the training environment and the transfer environment, 
and users can more accurately develop correct approaches for per-
forming behaviors. Other rehabilitation programs may instruct users to 
perform behaviors under circumstances rarely seen in naturalistic set-
tings, such as reaching behaviors that are unrealistic in daily life (e.g., 
free of distractions). MRR programs, on the other hand, can instruct 
users to perform familiar behaviors in realistic environments, such as 
reaching for familiar objects in virtual environments that replicate 
common distractions, and practitioners can be more assured that the 
relevant physical capabilities are being developed. Moving forward, 
researchers may benefit from applying theories associated with fidelity, 
such as identical elements theory, and they should assess whether the 
realism of mixed-reality environments is a cause of MRR program 
effectiveness. 

This similarity between training and transfer environments may also 
cause programs with strong fidelity to activate the same neurological 
pathways as performing the behaviors in naturalistic environments 
(Díez-Cirarda et al., 2017; Howard, 2017; Maggio et al., 2019). Physical 
rehabilitation not only involves developing the physical capabilities to 
perform tasks, but it also requires the reactivation of cognitive structures 
that may have laid dormant or been damaged since the user’s physical 
impairment (Dong et al., 2007; Luukkainen-Markkula et al., 2009). For 
some users, such as stroke survivors, this reactivation may be the most 
important benefit of MRR programs. Current research has provided 
initial evidence for the benefits of neurological activation in MRR pro-
grams. Notably, Koroleva et al. (2020) demonstrated that brain-derived 
neurotrophic factor, a potential marker of neurorehabilitation, had a 
clear association with active treatment in MRR programs, and Assis et al. 
(2019) supported, via resting-state fMRI, that brain regions associated 
with motor activity had higher connectivity values after participants 
experienced an MRR program. Future researchers should explore this 
link between the mind and body in MRR programs, especially those with 
high fidelity. 

Further, cognitive fidelity may provide an additional benefit not 
shared with physical fidelity. When performing activities of daily living, 
such as navigating around a grocery store, people must attend to mul-
tiple stimuli in the environment and cognitively regulate their behaviors 
in response to stimuli. Strategies to control these psychological pro-
cesses (e.g., attention and thinking), known as metacognitive abilities, 
are often pivotal to successfully performing behaviors in realistic envi-
ronments (Bivona et al., 2008; Kizony et al., 2006; Skidmore et al., 
2011). MRR programs with strong cognitive fidelity can force users to 
attend to multiple stimuli, which enables them to simultaneously prac-
tice metacognitive abilities. Future researchers should apply theories 
associated with metacognition to determine ideal avenues to improve 

4 These discussed characteristics could not be studied in our meta-analysis. 
These characteristics appear in almost all MRR programs, preventing the 
comparison of studies with and without these characteristics. Likewise, these 
characteristics are difficult to quantify in MRR programs, as almost all MRR 
programs contain them to a significant extent. Thus, we discuss them as 
possible causes of MRR program effectiveness to investigate in future research. 
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MRR program effectiveness. As discovered by Al Banna et al. (2016), the 
most popular theoretical perspective to study metacognition in 
post-stroke individuals is Crosson et al.’s (1989) three-level model of 
self-awareness. This model proposes that individuals’ self-awareness can 
be hierarchically organized as: intellectual awareness, the ability to 
recognize that a physical ability is impaired and the implications of this 
impairment; emergent awareness, the ability to recognize when a 
problem occurs with a physical ability; and anticipatory awareness, the 
ability to anticipate a problem with a physical ability. Most users have 
already achieved the initial level of self-awareness before enrolling, but 
MRR programs are apt for enabling the achievement of levels two and 
three. Users have ample opportunities to practice behaviors in natural-
istic settings, and they can begin to identify and anticipate when prob-
lems occur, such as experiencing sensory overload from surrounding 
stimuli. Research is needed, therefore, to support whether MRR pro-
grams can develop these important metacognitive abilities. 

Together, both physical and cognitive fidelity may improve out-
comes due to identical elements and neurorehabilitation, whereas 
cognitive fidelity may also improve outcomes due to the additional 
mechanism of metacognitive development. The consistency of fidelity in 
MRR programs may explain why differential effectiveness was not 
observed, but this cannot be verified until future research uses them as 
theoretical lenses. Therefore, future research on these mechanisms is 
pivotal for enhancing knowledge and development of MRR programs. 

4.1.3. Motivational characteristics 
Several consistent characteristics of MRR programs may increase 

user motivation. Among the most important is the provision of imme-
diate feedback. Because MRR programs must include some type of image 
recognition to mix reality and virtuality, associated software is typically 
able to identify the movement of users (Cipresso et al., 2018; Yip et al., 
2019). By utilizing this capability, program developers typically incor-
porate feedback within MRR programs, such that users’ movements are 

detected, the movements are compared to proper rehabilitation actions, 
and feedback for improvement is provided (An et al., 2019; Assis et al., 
2016; Dahl-Popolizio et al., 2014). This capability ensures that users are 
performing movements correctly, which can both improve the devel-
opment of physical capabilities and reduce injury. 

Some authors have also noted that immediate and personalized 
feedback can adhere to the recommendations of goal-setting theories, 
which is known to enhance user motivation (García-Bravo et al., 2020; 
Jeon & Kim, 2020; Lee et al., 2016). For instance, a significant amount of 
research has supported the usefulness of specific, measurable, achiev-
able, realistic, and timely (SMART) goals for rehabilitation purposes 
(Bovend’Eerdt et al., 2009; Bowman et al., 2015). The ability to provide 
instantaneous feedback satisfies the SMART goal requirements of 
measurable and timely, which may be difficult to satisfy in alternative 
rehabilitation programs. Instant feedback is also an important aspect of 
many important elements of gamified programs, such as score and 
leaderboards (Jahn et al., 2021; Landers et al., 2017; Moro et al., 2019). 
The common inclusion of instant feedback may also explain why game 
elements did not have a significant impact in our meta-analysis; the 
ability to provide instant feedback may already satisfy a primary benefit 
of gamified programs, causing the addition of game elements to have a 
smaller impact than usual. If this is the case, then instant feedback may 
cause users to undergo similar processes as the inclusion of game ele-
ments, such as increased motivation. Future researchers should assess, 
therefore, whether the game elements of score and leaderboards have 
significant influence on user motivation in MRR programs. If not, then it 
can be supported that the instantaneous feedback provided by MRR 
programs effectively serve these functions. 

Further, the increased excitement produced by MRR programs may 
cause users to remain motivated towards their rehabilitation goals when 
compared to alternative programs, and this excitement may even cause 
users to persist longer with treatment. Future researchers should assess 
excitement and motivation as mediators between MRR program 

Fig. 2. Visual representation of mixed reality rehabilitation program mediating mechanisms and outcomes.  
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application and user outcomes. If supported, developers may not need to 
add extraneous exciting elements to MRR programs, and they can 
instead focus on other elements that may be lacking in MRR programs. 
Future researchers should also assess the efficacy of MRR programs with 
and without specific game elements, as guided by associated taxonomies 
(Bedwell et al., 2012; Toda et al., 2019), to determine whether any 
produce additional motivation beyond the natural novelty of these 
programs. If none significantly contribute to excitement, then it can be 
strongly supported that the inherent excitement in these programs is 
sufficient. 

Lastly, MRR programs often provide automated instruction to users 
based on the recognition of their movements, which allows users to 
perform rehabilitation activities in the home environment (Trojan et al., 
2014; Viglialoro et al., 2019). This capability allows individuals to have 
easier access to rehabilitation, as users do not need to commute to 
perform rehabilitation activities. It also gives users greater autonomy 
and flexibility over rehabilitation activities because they can choose 
when and where to use the MRR programs. Many motivational theories, 
such as self-determination theory (Deci & Ryan, 2008), argue that au-
tonomy is a primary predictor of motivation. The independence facili-
tated by MRR programs along with associated accessibility and 
autonomy may increase user motivation in the short-term (i.e., indi-
vidual sessions) and long-term (i.e., course of entire rehabilitation). 
Future researchers should assess whether feelings of accessibility and 
autonomy are explanatory mechanisms of MRR program effectiveness. 
Researchers should likewise apply modern motivational theory, 
including self-determination theory, to test whether the motivating as-
pects of these programs (e.g., autonomy) can be leveraged to produce 
more beneficial outcomes. 

4.1.4. Methodological insights 
Our results show that most research on MRR programs utilizes the 

one group post design, which can only test whether the MRR program is 
feasible or poses severe concerns. It cannot determine whether the MRR 
program improves user outcomes or user outcomes beyond other in-
terventions (Goodwin & Goodwin, 2016; Leong & Austin, 2006). Like-
wise, we also show that most studies utilizing two group or one group 
pre-post research designs obtain samples of individuals with physical 
impairments, whereas approximately half of studies utilizing one group 
post designs obtain samples of able-bodied individuals. Such trends 
indicate that the study of MRR programs currently exist in early stages, 
as researchers are pilot testing their MRR programs rather than robustly 
assessing program effectiveness (Galna et al., 2014). It is encouraging, 
therefore, to observe that MRR programs are indeed successful at 
improving user physical capabilities despite being within early stages of 
investigation. 

Moving forward, however, researchers should avoid studies with 
able-bodied individuals alone. MRR programs deemed to be safe for 
able-bodied individuals cannot be assured to be safe for those with 
physical impairments, and results found with able-bodied individuals 
cannot be assumed to generalize to those with physical impairments. If 
such samples are utilized, researchers should replicate their results using 
a sample of individuals with physical disabilities. 

Similarly, researchers should adopt more robust research designs, 
such as two-group and one group pre-post studies. For instance, one 
group pre-post studies can still be utilized to assess whether MRR pro-
grams are feasible or pose severe concerns, while simultaneously 
assessing whether the program is able to improve physical capabilities 
(Goodwin & Goodwin, 2016; Leong & Austin, 2006). By moving towards 
these more robust designs, researchers can provide stronger evidence for 
the effectiveness of MRR programs. Perhaps more importantly, re-
searchers can ensure that certain threats to internal validity are 
addressed in their studies. For instance, one-group designs – whether 
post or pre-post – cannot account for history of maturation effects 
(Goodwin & Goodwin, 2016; Leong & Austin, 2006). Researchers should 
utilize two-group pre-post designs whenever possible to address 

concerns with one group designs in addition to determining whether 
MRR programs are more effective than alternatives. 

We observed that MRR programs do not produce significantly larger 
effects than no treatment and unequal treatment intervention, but these 
programs do produce significantly larger effects than equal treatment 
interventions. When conducting physical rehabilitation research 
including participants with a physical impairment,5 researchers are 
expected to provide a standard of care. In no treatment control studies, 
participants may not require an intervention to reach adequate physical 
abilities, and MR interventions may not benefit these participants 
because they do not need their physical abilities improved. In unequal 
treatment control studies, participants in the control group receive an 
intervention, whereas participants in the treatment group receive the 
same intervention as well as the MRR program. The participants may be 
already receiving an intervention to reach adequate physical abilities, 
and MR interventions may not benefit these participants because their 
physical abilities may have already reached an adequate level. In equal 
treatment control studies, however, participants need an intervention to 
achieve adequate physical abilities, and our effects show that MR in-
terventions are more effective at enabling participants to reach this 
level. Based on these findings, currently tested MRR programs may not 
significantly benefit participants who have already reached an adequate 
level of physical capabilities, but they may benefit participants who do 
not have adequate physical capabilities more so than traditional in-
terventions. Thus, future research is needed to differentiate and test 
these two different research questions – whether MRR programs are 
indeed better at enabling participants to reach a sufficient level of 
physical abilities and whether these programs can improve physical 
abilities after participants have reached adequate levels. 

Researchers have primarily focused on motor control and, to a lesser 
extent, balance in MRR programs. This is likely because the most com-
mon approach for MRR programs is to present the MR environment on a 
screen (e.g., television), which lends itself to rehabilitation activities 
performed in a stationary location, such as reaching or squatting. Future 
research should broaden studied outcomes in two manners. First, with 
the increasing availability of MR head-mounted displays, researchers 
should develop programs to enhance physical abilities that benefit from 
the mobility of head-mounted displays, such as gait. Some authors have 
begun to utilize these devices for these purposes, showing great poten-
tial in their application. Second, because we showed that task- 
technology fit did not significantly impact the observed outcomes, it is 
possible that MRR programs are able to develop more physical abilities 
than traditionally assumed, but many authors do not measure a broad 
range of abilities in assessing the efficacy of programs. An MRR program 
to develop balance abilities, for example, may likewise be effective in 
developing gait abilities, but such possibilities are presently unknown 
given current research designs. Therefore, we urge future researchers to 
assess a broader range of outcomes. 

4.2. Practice implications 

Continued development of MRR programs greatly enhances access to 
rehabilitation for populations that may otherwise be unable to seek 
long-term treatment for physical injury or disability. For example, access 
to rehabilitation services is more complex in rural or remote areas (Dew 
et al., 2013; Wilson et al., 2009), which is an issue that is present on a 
global scale (Landry et al., 2009; Roots et al., 2013; Winn et al., 2014). 
Specifically, The World Health Organization (WHO, 2011) estimates 
that over 15% of the global population lives with a disability with over 
75% of those individuals residing in a low to middle income countries. 
As research continues to identify characteristics and techniques to 
improve MRR program outcomes, this can improve health outcomes for 

5 No study included in the meta-analysis included able-bodied individuals as 
participants. 
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individuals in more remote areas of the world. 
MRR programs may also become a lower cost alternative to tradi-

tional treatment programs as many of these programs do not require an 
in-person therapist to conduct treatment, which vastly enhances acces-
sibility for individuals across all levels of socioeconomic status. Poverty 
is also associated as a barrier to physical rehabilitation for individuals 
due to associations with limited social support and lack of transportation 
(Bright et al., 2018). Physical rehabilitation clinics and home health 
agencies should specifically focus on integrating MMR programs into the 
treatment components of post-surgical care and physical rehabilitation 
to enhance health outcomes for individuals within this specific 
population. 

Regarding the motivational benefits provided by the gaming ele-
ments of the MRR programs, there is a chance that the increased moti-
vation towards meeting treatment goals may extend into additional 
aspects of individuals’ lives. The impact of physical disability often ex-
tends beyond physical limitations by impacting relationships, mental 
health, and well-being (Tough et al., 2017). When individuals are 
exposed to a gaming environment provided by the MRR programs that 
enhances motivation towards treatment, they may begin to experience 
motivation towards achieving health and healing in other aspects of life. 
As individuals begin to experience the benefits of improved physical 
health outcomes, it is expected that mental and social health outcomes 
will also indirectly improve as research shows that these areas of a 
person’s life are highly interconnected (Ohrnberger et al., 2017; Repetti 
et al., 2002). Thus, as individuals begin to feel stronger both mentally 
and physically, it is expected that the motivation will be extended to 
enhanced social relationships and professional productivity, ultimately 
contributing greatly to regional, national, and even global economic 
health. 

4.3. Limitations 

The quality of any meta-analysis is dependent upon the included 
articles. Studies on MRR programs were shown to use differing research 
approaches, and we provided our results separated by research design in 
Tables 2 and 3 None of our separated results differed from the aggre-
gated results presented in Table 1 regarding the program characteristics, 
supporting the consistency of our observed effects. Analytical decisions 
can also sway meta-analytic results. We provide ample supplemental 
materials wherein we recalculate our results using alternative analytic 
approaches (Supplemental Material C and D). As our results were 
consistent across these recalculations, we provide firm support that our 
results reflect substantive effects of MRR programs rather than analyt-
ical biases. We further implemented standard search procedures to 
discover published and unpublished works, but meta-analyses always 
benefit from the inclusion of more sources to address publication biases. 
Future researchers should replicate the current results once additional 
studies have been performed. This recommendation is consistent with 
prior work on virtual reality rehabilitation programs, wherein early 
meta-analyses with modest sample sizes (Saposnik et al., 2011) laid the 
foundation for subsequent works with much larger sample sizes 
(Howard, 2017; Karamians et al., 2020). The current meta-analysis and 
systematic literature review should be seen as the first of many such 
studies on MRR programs. 

Meta-analyses obtain estimates of average effects by aggregating 
studies. Meta-analytic results are not estimates of ideal interventions or 
reflective of interventions’ potential. Attempts to maximize the potential 
of MRR programs in individual studies still pose great merit, and the 
current meta-analytic results are not the ultimate indicator of MRR 
program effectiveness. 

Our meta-analysis was specifically focused on overall effectiveness 
and design characteristics of MRR programs, and we included some 
contextual considerations to better understand these characteristics (e. 
g., outcomes). The effectiveness of a MRR program is influenced by more 
than design characteristics alone, however, as it is also influenced by 

contextual and user characteristics. Incorporating these characteristics 
is outside the scope of the current meta-analysis, but future researchers 
should assess the extent that these characteristics influence MRR pro-
gram outcomes. Notably, we argued that current MRR programs may 
not be particularly effective for improving physical abilities of partici-
pants that already possess adequate physical abilities. Future research 
should more directly test this notion and assess whether participants’ 
physical abilities prior to undergoing a MRR program predicts effec-
tiveness. Likewise, we argued that MRR programs may produce 
improved outcomes due to user excitement, enjoyment, and motivation. 
A users’ interest in MR may therefore predict MRR program outcomes, 
suggesting that this direction of future research may be quite fruitful. 

Lastly, the outcomes studied in the current meta-analysis were able 
to be coded within the five categories derived from prior research, but 
there were some differences among the measures within each category. 
The physical capabilities to perform a sitting balance test is different 
than the physical capabilities to perform a standing balance test, and 
future researchers should investigate the effect of specific measures 
when assessing the effectiveness of physical rehabilitation interventions. 
Certain outcome measures may be apt for identifying changes in phys-
ical abilities, whereas others may be relatively ineffective. Similar sen-
timents could be expressed regarding the participant populations and 
applied MRR programs, and future researchers should build upon the 
present investigation by focusing on attributes of MRR programs and 
further differentiating their characteristics. Supplemental Material A 
could serve as a beneficial starting point to conduct these additional 
investigations. 

5. Conclusion 

MRR programs improve user outcomes, but many design character-
istics of MRR programs do not influence effectiveness. Characteristics 
consistent across most MRR programs may be the cause of their 
consistent effectiveness, and we detailed theoretical considerations 
regarding fidelity and enjoyment that can guide researchers towards 
future directions. These directions can identify theories that enable re-
searchers to understand physical and cognitive mechanisms involved in 
effective MRR programs resulting in frameworks akin to Fig. 2. These 
frameworks can serve as guides for future development and application 
of superior MRR programs. Thus, the current article should be viewed as 
the beginning of many studies on MRR. 
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