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Abstract: Virtual reality (VR) demonstrates significant potential to improve rehabilitation outcomes 
for musculoskeletal conditions and chronic pain. However, the field faces notable challenges, 
including inconsistent terminology, a lack of specialized/comprehensive software solutions, and an 
overwhelming variety of hardware options, which can make it difficult for healthcare professionals 
without technical expertise to identify the most suitable tools for clinical use. This article explores 
the current state of VR in the rehabilitation of musculoskeletal conditions and chronic pain, focusing 
on terminology discrepancies, available hardware and software solutions, and key professional 
associations shaping the field. A review of the current state of terminology is essential to address 
inconsistencies that risk perpetuating misuse and limiting the applicability of research findings. 
Building on this review, we propose a conceptual framework for understanding VR that aligns more 
closely with the capabilities of current VR technology. A comprehensive overview of VR hardware 
and software can assist healthcare professionals in selecting appropriate technologies for clinical 
practice, guide researchers in designing interventions, and inform developers on unmet needs in 
the field. Furthermore, understanding key professional associations provides valuable direction for 
those engaged in virtual rehabilitation, enabling them to access resources, foster collaboration, and 
stay informed about the latest advancements in the domain. 
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1. Introduction 

Initially, virtual reality (VR) applications in healthcare predominantly focused on pain 
distraction during acute procedures, such as managing burn patients [1]. Its use for chronic pain 
received less attention, likely due to the persistent nature of chronic pain, making continuous VR use 
seem impractical [2]. This may explain why VR research for chronic pain lags behind its application 
for acute pain. Similarly, the development of VR for musculoskeletal rehabilitation has progressed 
more slowly compared to its adoption in neurological rehabilitation [3]. One potential reason is that 
VR was initially considered more suitable for neurological patients due to its ability to facilitate 
cortical reorganization and potentially restoring motor function [4]. In musculoskeletal rehabilitation, 
however, it initially appears that common goals for this population (such as improving range of 
motion or muscle strength) would not significantly benefit from VR compared to non-VR 
interventions, making it less cost-effective for widespread adoption. 

However, meta-analyses have increasingly highlighted the significant benefits of VR in 
managing chronic pain and musculoskeletal conditions [5–10]. Furthermore, for patients with these 
conditions, the use of VR goes beyond mere distraction from immediate pain, as it can also be applied 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 December 2024 doi:10.20944/preprints202412.1694.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.1694.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

to achieve reduction of kinesiophobia [11], improvement of body image [12], enhancement of pain self-
efficacy [13], promotion of better patient adherence [14] and increase in motivation for exercise [15]. 

Likely due to the relatively recent expansion of VR research in healthcare, particularly in the 
rehabilitation of musculoskeletal conditions, the field faces notable challenges. These challenges 
include inconsistent terminology, a lack of specialized software solutions, and an overwhelming 
variety of hardware options, most of which are not primarily designed for healthcare use. Such 
factors can make it difficult for healthcare professionals without technical expertise to identify the 
most suitable tools for clinical practice. This article explores the current state of VR in the 
rehabilitation of musculoskeletal conditions and chronic pain, focusing on terminology 
discrepancies, available hardware and software solutions, and key professional associations shaping 
the field. A review of the terminology is essential to address inconsistencies that risk perpetuating 
incorrect use and limiting the applicability of research findings. Building on this review, we propose 
a conceptual framework for understanding VR that not only aligns more closely with the capabilities 
of current VR technology but also aims to contribute to a modern understanding of the term and its 
appropriate use in research and practice. Furthermore, a comprehensive overview of VR hardware 
and software can assist healthcare professionals in selecting appropriate technologies for clinical 
practice, guide researchers in designing interventions, and inform developers on unmet needs in the 
field. Understanding the role of key professional associations also provides valuable direction for 
those engaged in virtual rehabilitation, enabling them to access resources, foster collaboration, and 
stay informed about the latest advancements in the domain. 

2. The Ambiguity of Virtual Reality Terminology in Healthcare and Beyond 

Not only in the field of VR, but also within the broader spectrum of related technologies such as 
augmented reality (AR) and mixed reality (MR), a significant issue arises due to the lack of consensus 
on definitions and the meaning of terms. Numerous authors who have explored terminology in this 
area point to discrepancies in the use and interpretation of terms, leading to confusion among 
researchers, practitioners and users, with this inconsistency also evident in the use of VR in healthcare 
[16–19]. The lack of clarity is reflected not only in the scientific literature, but also in the definitions 
provided by various dictionaries [16,19]. It also extends to the marketing of these technologies, where 
professional news agencies have been observed describing the same product as an example of MR, 
AR, and VR, and instances have been noted where companies promote their immersive devices in 
ways inconsistent with common definitions, presenting them as something they are not [17,20]. In 
response to the confusion around definitions, some companies (such as Apple) strategically avoid 
specific terminology related to immersive technologies in their marketing and instead emphasize the 
use and capabilities of their technology [17,21]. 

The reasons for the lack of uniform terminology can be attributed to several factors. On one 
hand, the rapid development of technology means that new innovations are constantly emerging, 
often outpacing the adoption of updated definitions [17,19]. Some researchers suggest that this 
confusion arises from the exploration of VR-related concepts across diverse fields, where varying 
disciplinary perspectives lead to inconsistent applications of technology and thus inconsistent 
interpretations of the terms [17]. Cultural differences influencing the understanding of these terms 
and technology providers redefining terms to position their products more favourably, further 
contribute to the inconsistency [17,22]. 

The lack of uniformity in the definitions of VR is evident in the varying criteria they use: some 
define VR based on the type of hardware employed (e.g., head-mounted displays, HMDs), others on 
the nature of the experience (e.g., the level of immersiveness), and some on the forms of interaction 
[17,19]. Such discrepancies can also be observed in research on the use of VR in the rehabilitation of 
patients with musculoskeletal disorders and chronic pain. For example, in a randomized controlled 
trial of older adults with chronic musculoskeletal pain, Ditchburn et al., (2020) cite a definition of VR 
that describes VR as “an environment generated by artificial means or computer simulations akin to real-life 
situations”. In contrast, Gava et al., (2022) in a meta-analysis focusing on patients with chronic 
musculoskeletal pain, refers to a definition of VR that explicitly specifies the hardware required: 
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“Virtual reality is a goal-focused computer simulated reality, acting on the user’s experience of their perceived 
world through head-mounted displays, headphones, and motion tracking systems”. Similarly to Gava et al., 
(2022), whose definition limits VR technology to immersive experiences (i.e. those using HMDs), 
Darnall et al., (2020) defines VR as an "immersive 3D environment" in a pilot study on patients with 
chronic pain. Fu et al., (2021) in a study on cancer patients with chronic pain, also emphasize that VR 
involves a 3D environment and explicitly point out that it differs from “...watching an image on a typical 
computer or video display...”. Despite the tendency of some authors to limit the definition of VR to 
immersive environments, numerous studies in the same field — musculoskeletal rehabilitation and 
chronic pain — report interventions where participants interact with a digital environment viewed 
on a 2D computer screen, which they also refer to as VR interventions. Interventions classified by 
authors as VR, where participants performed exercises while observing a virtual environment on 
computer screens and interacting with it through motion tracking systems, have been documented 
in studies conducted on patients with conditions such as low back pain [26–28], neck pain [29], and 
knee osteoarthritis [30]. Furthermore, numerous meta-analyses evaluating the effectiveness of VR 
include both, interventions involving HMDs and 2D computer screens, such as Wii games. These 
analyses have been conducted in the context of low back and neck pain [9,31], rehabilitation of 
orthopedic ankle injuries [32], rehabilitation following total hip arthroplasty [33], and anterior 
cruciate ligament (ACL) injuries [6]. Notably, meta-analysis on ACL rehabilitation by Cortés-Pérez et 
al., (2024) did not include any studies that examined immersive VR interventions using HMDs. This 
highlights the inconsistency in understanding what constitutes VR even within a single field of 
application. Such discrepancies can pose significant challenges, as they limit the understanding and 
applicability of research findings, restrict researchers in finding relevant studies, and raise unrealistic 
expectations about these novel solutions [19,34]. 

2.1. Modern Definitions and Concepts of Virtual Reality and Related Technologies 

The inconsistency in terminology surrounding VR and related technologies has led authors to 
propose modern definitions and concepts intended to align with current technological advancements 
and the use of VR systems. However, even up-to-date definitions lack uniformity, despite being 
published within a span of just one to two years [16,18,19]. This lack of consensus can even be seen 
in the definition of the appropriate umbrella term for VR and related technologies (the most 
frequently mentioned besides VR are AR and MR). 

In the literature, the abbreviation "XR" is widely accepted as an umbrella term, but its 
interpretation varies. Some attribute XR to "extended reality" [35], others to “cross reality” [36], and 
some to “X-reality” [37], which is occasionally described as a variaton of “eXtended reality” [38,39]. 
Although it is widely agreed that XR encompasses VR, AR, and MR [40–42], the relationships 
between these technologies are often not clearly defined, except for MR, which is typically described 
as a blend of VR and AR [19]. 

Recently, Rauschnabel et al., (2022) raised concerns about the term "extended reality," 
emphasizing that it fails to include VR, where the real environment is replaced rather than extended. 
As an alternative, the authors proposed "X-reality" as an umbrella term, with "X" functioning as a 
placeholder for any form of new reality. Within their framework, an AR continuum was introduced, 
extending from assisted reality, where virtual content appears clearly artificial, to MR, where the 
integration of virtual and real objects becomes seamless and indistinguishable. The concept also 
incorporates diminished reality, which ranges from the application of unrealistic overlays to the 
undetectable removal of real objects [16]. Additionally, they further outlined a VR continuum that 
spans from atomistic VR, prioritizing specific goals over user experience, to holistic VR, characterized 
by an immersive experience nearly indistinguishable from real-world interactions [16]. In contrast, 
Milgram and Kishino, (1994) proposed the reality-virtuality continuum, anchored at one end by a 
purely real environment and at the other by a purely virtual environment. In their model, MR is 
defined as the umbrella term for environments that combine real and virtual elements, excluding 
fully virtual environments, which are positioned at the far right of the continuum. Critics, however, 
argue that the virtual environment endpoint, defined by Milgram and Kishino, (1994) as "consisting 
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solely of virtual objects" and "completely synthetic," can be fully virtual only for extroceptive senses, but 
not for interoceptive ones [18]. Consequently, they propose that all VR experiences should be 
categorized under the umbrella term “mixed reality”, as they inherently blend virtual elements with 
real-world sensations (e.g., computer-generated stimuli combnined with physical sensations such as 
gravity) [18]. Recently proposed frameworks and the present understanding of VR and related 
technologies are illustrated in Figure 1. 

 
Figure 1. The current state of umbrella terms with the most common understanding and 
contemporary proposals for the meaning of VR and related technologies. VR and related 
technologies, such as augmented reality (AR) and mixed reality (MR), are commonly grouped under 
the umbrella term XR. This abbreviation refers to “extended reality”, “cross reality”, or “X-reality”, 
with no significant difference in meaning between these terms. Under the umbrella of XR, VR and AR 
are the most frequently included components, with their combination forming MR (as shown in point 
1 in Figure 1). In healthcare, this understanding of the relationships between VR, AR, and MR is the 
most widely accepted, where VR is further categorized based on the level of immersion, ranging from 
non-immersive to immersive VR. Recently, Rauschnabel et al., (2022) distinguished VR and AR across 
two separate continua (see point 2 in Figure 1). According to their framework, VR spans from 
atomistic VR, which prioritizes specific goals over user experience, to holistic VR, characterized by 
immersive experiences that are indistinguishable from real-world interactions. In contrast, AR is 
described as ranging from assisted AR, where virtual objects are clearly artificial overlays on real-
world objects, to MR, where the integration of virtual and real objects becomes indistinguishable. In 
contrast, Skrabez et al., (2021) proposed “mixed reality” as the umbrella term, building upon and 
updating the framework introduced by Milgram and Kishino in 1994. According to their 
understanding, MR encompasses environments where real-world and virtual objects and stimuli are 
presented together within a single percept. MR environments where the real world is augmented with 
virtual content are referred to as AR, while environments where most content is virtual but there is 
some inclusion of real-world elements are termed augmented virtuality (AV). Under this 
interpretation, MR also encompasses VR, which they term an "external virtual environment (VE)" that 
includes only the stimulation of exteroceptive senses. At the far-right end of the continuum lies 
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“Matrix-like VE”, which is excluded from MR (along with the purely real environment on the left 
end) and represents a simulation of both exteroceptive and interoceptive senses, a level of immersion 
that cannot be achieved in the real world. 

In the field of healthcare, the term “XR” is widely used, with some researchers expanding its 
scope to include video games and related applications, in addition to VR, MR, and AR [35]. This 
further underscores the tendency of some researchers in this field to classify VR alongside 3D games 
displayed on a flat 2D screen. Accordingly, in their literature review, Abbas et al., (2023) examined 
how the term VR is defined in the medical literature and proposed the following definition of VR, 
which avoids the term “immersion” and the explicit use of HMD devices: “VR is a three-dimensional 
computer-generated simulated environment, which attempts to replicate real-world or imaginary environments 
and interactions, thereby supporting work, education, recreation, and health.”. Based on the up-to-date 
definition by Abbas et al., (2023), any interaction with a 3D environment appears to qualify as VR, 
regardless of whether it is displayed on a 2D computer screen or through HMD goggles. In contrast, 
modern definitions developed outside of healthcare, such as the one proposed by Rauschnabel et al., 
(2022), limit VR to experiences where the user “does not see the physical environment and is, at least 
visually, sealed off from the physical environment.”. This suggests that the understanding of VR in 
healthcare somewhat diverges from how VR is interpreted in other fields. 

2.2. Categorization of Virtual Reality in Healthcare: Subtypes Based on Levels of Immersion 

In the field of healthcare, researchers often include a range of technologies under the VR term. 
These are typically categorized by the level of immersion, which determines the user's sensory and 
psychological engagement within the virtual environment [42]. Within this context, VR in healthcare 
is commonly divided into three categories: non-immersive, semi-immersive, and (fully) immersive 
VR (see Figure 1). 

Although studies uniformly describe the categorization of VR based on levels of immersion, 
there is inconsistency in how these terms are defined. For instance, non-immersive VR is commonly 
described as a virtual environment projected onto a 2D display screen [4,40,44–46]. Some authors 
state that such environments allow users to interact with it [44], while others do not mention 
interaction at all, instead defining non-immersive VR as the user observing or viewing computer-
generated images of a virtual environment on a screen [4,45] or as a virtual environment “presented 
on a flat screen” [47]. This lack of clarity is problematic, as such definitions could classify activities 
where the user remains entirely passive (e.g., watching television) as non-immersive VR. 
Furthermore, the concept of a 2D screen requires more precise definition. Some virtual environments 
projected onto 2D screens that entirely surround the user and block their view of the real world—
commonly referred to as VR caves—are classified as immersive VR by certain authors [16]. However, 
according to other definitions, VR caves could be classified as semi-immersive VR environments, 
which are described as environments that “integrate a large display screen for projecting the virtual 
environment” [44]. Based on the definition proposed by Wei et al., (2024), the distinction between non-
immersive and semi-immersive environments appears to hinge on the size of the display screen. 
However, it remains unclear where the threshold for screen size lies. 

In the field of rehabilitation, non-immersive VR is often referred to as “exergames” or “active 
video games” which represents a combination of exercise and gaming [48]. This terminology likely 
arises because VR is frequently used in rehabilitation for exercise-based interventions. Additionally, 
exergames often rely on technologies such as Nintendo Wii, Xbox, and PlayStation, which many 
authors in healthcare classify as "non-immersive VR" [48,49]. It therefore seems that exergames are a 
subcategory of less immersive VR experiences that require patients to perform physical exercises. 
However, since some researchers state that exergames occur within less immersive environments 
[48,49], this raises the question of how to classify immersive VR experiences that also require patients 
to perform exercises. Alternatively, it may be necessary to revise the definition of exergaming to 
additionally include experiences involving immersive technology. Another term frequently used to 
describe VR interventions in healthcare is “serious games”. Serious games are defined as games 
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designed with a purpose beyond entertainment and are utilized to promote users' mental, physical, 
and social well-being [50]. It can be summarized that serious games represent a subcategory of VR, 
which can be further divided into exergames—a specific type of serious game focusing on exercise-
based activities. 

In the context of the treatment of musculoskeletal disorders and chronic pain, immersive VR 
appears to be predominantly limited to the use of HMDs. For example, immersive VR in this field is 
described as: “achieved through HMDs..." [44]; “involves the use of HMDs..." [45]; “involves utilizing an 
HMD” [4]; and “VR is considered immersive when an HMD is used” [51]. It seems that in addressing 
musculoskeletal issues, researchers primarily classify immersive VR as technology that engages 
vision, without incorporating other sensory modalities, such as touch, which could be facilitated by 
additional equipment like haptic technology. This may be due to the limited availability or high cost 
of such equipment, which makes its inclusion in studies less feasible. Another possible reason is that, 
particularly for patients with chronic pain who have a reduced capacity to process information, 
additional haptic technologies may not be used because some authors highlight the risk of 
information overload caused by excessive multisensory input [52]. Sensory overstimulation could 
result in negative outcomes such as increased stress, frustration, or even trigger kinesiophobia or 
catastrophizing in this population group [52]. 

In contrast to the approach in healthcare, which often categorizes VR based on the level of 
immersion, some authors from other fields argue that VR is inherently immersive and involves 
experiences where the physical environment is at least visually replaced [16]. These definitions 
exclude activities such as “looking at 3D content on a 2D screen and browsing through it with a mouse” 
[16]. Others contend that a fully immersive VR experience, where no real-world stimuli are perceived, 
does not exist. Such an experience, they argue, would only be possible in a Matrix-like VR scenario, 
where both interoceptive and exteroceptive senses are entirely stimulated by technology [18]. 

Furthermore, according to some definitions, non-immersive experiences classified as VR in 
healthcare might be more appropriately categorized as AR. For example, Milgram and Kishino, 
(1994) define AR as “an environment that is primarily real but includes virtual elements.”. Definitions 
which do not describe AR as an environment that overlaps or blends the virtual and real worlds, 
suggest that AR could also encompass situations where an individual perceives reality (e.g., 
themselves and the surrounding physical world) while simultaneously viewing a virtual world. This 
could include scenarios where an individual is positioned in front of a 2D computer screen, observing 
a virtual environment—commonly referred to as non-immersive environments in healthcare. 

In summary, the lack of consensus on the definition of VR in the various application areas 
remains a problem. It can be said that the understanding of VR in the healthcare sector is somewhat 
different compared to other sectors. Although it appears that most researchers in healthcare 
categorize VR based on levels of immersion, notable discrepancies remain within the healthcare field 
itself, particularly regarding whether the observation of and/or interaction with 3D environments 
displayed on 2D computer screens should be classified as VR. This inconsistency poses risks as it can 
lead to the comparison of interventions that are labelled as the same but are fundamentally 
heterogeneous in nature. Overall, the inconsistency in VR terminology highlights the need for 
researchers and practitioners to define the terms they use given the absence of a universally shared 
understanding of the terminology [17]. 

2.3. Rethinking the Meaning of Virtual Reality: A Proposed Framework 

Given the discrepancies in understanding what is included within the scope of VR, we believe 
there is a need to reconceptualize which experiences and technologies should be classified as VR and 
which should not. Based on our review of the field, we present the proposed framework below. 

Proposition 1: VR begins when visual field is entirely occupied with virtual information. 

In line with certain authors [16], we argue that VR experiences should be limited to so-called 
immersive VR experiences, where the individual cannot see the real world and is thus visually 
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completely detached from it. According to this understanding, VR cave technologies would not fall 
under VR, as individuals using this technology can still see their own body and the physical surface 
they are standing on. The only technology currently capable of achieving such visual detachment 
from the real world are HMDs. 

Proposition 2: What is currently referred to as "non-immersive VR" should be 
distinguished from VR and excluded from the umbrella term encompassing VR and 
related technologies. 

Non-immersive VR experiences, commonly categorized as virtual environments that 
individuals observe or interact with via computer screens, should not be considered part of VR or 
related technologies and should not fall under the XR umbrella (or mixed reality, which some 
propose as an umbrella term). Evidence from healthcare further supports the validity of this 
distinction, with studies demonstrating that immersive and non-immersive experiences have varying 
effects [53,54]. 

For VR in healthcare currently labeled as "non-immersive," which typically involves the 
projection of artificial environments on a computer or television screen (e.g., Wii games), regardless 
of whether these environments are interactive or non-interactive, we propose the term "non-immersive 
fully artificial environments". The term "non-immersive" distinctly separates these environments from 
VR, which, according to our proposal, begins only when an individual's entire visual field is occupied 
by virtual information. Thus, VR can never truly be "non-immersive" (as it always involves at least 
visual immersion), making "non-immersive" a suitable term to differentiate these environments. The 
term "fully artificial" further clarifies the distinction from environments where virtual objects are 
integrated into the real world, a feature commonly included in definitions of AR or MR. This 
distinction is illustrated in Figure 2. 

 

Figure 2. Our proposal for naming environments currently defined as ''non-immersive VR''. We 
propose that such environments be referred to as “non-immersive fully artificial environments''. 
Additionally, we propose “non-immersive fully artificial environments” should neither be classified as 
VR nor included under the XR umbrella (or mixed reality, which some propose as an umbrella term 
for VR and related technologies). “Non-immersive fully artificial environments” can be interactive (e.g., 
Wii games) or non-interactive (e.g., watching television). Typically, they are accessed through devices 
such as computers, televisions, or smartphones. According to the proposed term, so-called VR caves 
would also fall under "non-immersive fully artificial environments" (moreover, their name should no 
longer include the term VR). 

Proposition 3: VR should be divided into two continua of immersion depth based on 
exteroceptive and interoceptive system involvement. 

The level of immersion in VR should be categorized based on the involvement of the 
exteroceptive system (i.e., sensory signals from outside the body) and the interoceptive system (i.e., 
sensory signals from inside the body). Such a classification has likely not been introduced previously 
due to the limited research on interoceptive system stimulation until recent years. However, evidence 
in this field is growing. For instance, Lernia et al., (2023) demonstrated the ability to artificially 
manipulate interoceptive cortical signaling using a non-invasive stimulation technique called 
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Sonoception. They showed that auditory synthetic stimulation (Sonoception) could prime insular 
activity (a key component of the interoceptive system that processes and integrates signals from 
within the body), either enhancing impulsivity or promoting inhibitory control, depending on the 
specific area of the insula targeted. Other interoceptive technologies are also emerging in research. 
These include methods that produce direct modulation of interoceptive signals, such as C-fiber 
stimulation [57,58], as well as tools that create illusions by providing individuals with false feedback 
about their physiological states [59]. 

Proposition 4: Immersion should be categorized based on the number of stimulated 
senses and the quality of virtual stimulation. 

We propose that the level of immersion should be categorized based on the number of senses 
stimulated and the quality of virtual stimulation. In the case of exteroception, it is possible to virtually 
stimulate all senses quantitatively, making this continuum continuous. In contrast, the immersion of 
the interoceptive system is inherently limited, as technology cannot fully simulate all interoceptive 
signals. The level of immersion also increases not only with the number of virtually stimulated senses 
but also with the quality of virtual stimulation. Immersion will be lower if the virtual stimulation is 
of lower quality, as the individual can easily distinguish between real and virtual stimuli. Conversely, 
immersion will be higher if the virtual stimulation is of higher quality. The more realistic and high-
quality the virtual stimulus, the harder it becomes for an individual to distinguish between real and 
virtual stimuli. 

Figure 3 illustrates the proposed understanding of VR based on the level of immersion. 

 

Figure 3. (3a) Representation of the most commonly mentioned categorization of VR based on 
immersion in healthcare. Currently, in healthcare, VR is classified on a single continuum of 
immersion depth, ranging from non-immersive VR (often involving systems such as Wii games) to 
immersive VR, typically associated with the use of HMDs. (3b) Our proposed categorization of 
virtual reality based on immersion levels. We propose that the depth of immersion should be 
divided into two dimensions: the immersion depth of the exteroceptive and interoceptive systems. 
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Additionally, immersion depth should also account for whether it is influenced by the number of 
senses stimulated or the quality of virtual stimulation. 

3. Immersive Virtual Reality: Hardware and Software Perspectives 

3.1. Overview of Immersive Virtual Reality Hardware 

In healthcare, the most immersive experiences are often associated with the use of HMD devices. 
Therefore, this hardware overview will primarily focus on HMDs and accessories that can be utilized 
to enhance immersion. 

The leading companies currently offering VR hardware for immersive experiences are primarily 
targeting entertainment, business applications and areas such as education and training [21,60–63]. 
Their focus is on providing devices that serve the general consumer and enterprise market, rather 
than specifically addressing the needs of patients. Nevertheless, researchers are increasingly using 
these companies' hardware to perform therapeutic interventions with patients and support the 
treatment of various health conditions. It appears that Meta's headset series are one of the most 
widely used immersive VR devices in chronic pain and musculoskeletal research. For example, 
Meta's headsets have been used in studies involving experimental groups of patients with various 
chronic pain conditions, including those with chronic low back pain [13,64–67], chronic neck pain 
[68,69], knee osteoarthritis [70] as well as participants experiencing different types of chronic pain 
across various body regions [71–73]. In studies conducted on patients with chronic pain, researchers 
have also used the Pico [74,75], HTC Vive [25,76–78], Samsung [71,79,80], and Vuzix [81] headsets. 
These companies typically offer a range of headset options rather than a single model, each tailored 
to different use needs and experiences [60,61,63]. Each VR headset varies across numerous 
specifications, significantly impacting the user experience. For instance, higher resolution per eye 
contributes to clearer and more detailed visuals, while refresh rate affects the smoothness and 
responsiveness of the display. The field of view (FOV), which represents the observable extent of the 
virtual environment influences the level of immersion. Headsets also differ in their ability to adjust 
interpupillary distance (IPD) to accommodate various users' eye spacing. Weight and comfort of 
headsets are critical considerations, as heavier devices increase discomfort and pressure loads [82]. 
Battery performance is another important factor, varying between devices and determining their 
suitability for prolonged use without interruptions. Tracking capabilities also differ significantly, 
with some headsets supporting full-body, eye, face, or hand tracking through integrated sensors and 
cameras within the headset, meaning they can track body movements without the need for additional 
external sensors [60,63]. VR headsets can be categorized as either standalone or wired. Standalone 
models offer portability and freedom of movement due to integrated hardware, while wired headsets 
deliver higher performance but are limited by a direct connection to a PC [83]. 

Along with the purchase of VR headsets, companies often provide handheld controllers to 
facilitate interaction within the virtual environment. Additionally, a variety of optional accessories 
are available for separate purchase, enhancing the VR experience. For example, some devices provide 
optimized haptic feedback to the torso, enhancing tactile sensations during VR use [84]. For precise 
body tracking, accessories are available to monitor facial expressions and eye movement [85], hand 
tracking [86,87], tracking of orientation and rotation of the legs for control of locomotion [88] and 
even full body tracking [89–91]. Muscle-movement detectors such as FirstVR [92], feature optical 
sensors that detect arm and hand movements while providing vibration feedback. All-in-one 
solutions like the Tesla Suit integrate multiple functionalities, offering comprehensive body tracking 
with haptic feedback, motion capture, and biometric monitoring [93]. Some external sensors, require 
the installation of base stations to monitor sensor movements, a process known as outside-in tracking 
[94]. Others use built-in cameras for self-contained tracking, referred to as inside-out tracking, which 
provides greater mobility [89]. There are also products that enable motion tracking without the use 
of wearable sensors, utilizing motion-tracking cameras instead. Orbbec offers such solutions, like the 
Femto Bolt [95], which serves a similar purpose to the former Kinect. Some accessories are particularly 
useful in healthcare settings, such as facial interface with silicone facial pad, designed for easier 
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sanitation [96], or UV-C disinfection cabinet for mobile headsets [97]. Limited physical space for VR 
use can be mitigated with devices like VR walkers, which enable locomotion within a confined area, 
allowing users to walk, run, or engage in movement-based actions without physically moving 
through the real-world environment [98]. Accessory compatibility varies – some are exclusive to 
headsets from the same manufacturer [90], while others are third-party compatible, functioning 
across multiple brands [99]. These various accessories allow users to tailor their VR setup to their 
specific needs, enhancing realism and interaction in virtual environments, whether for gaming, 
professional applications, or therapeutic use. 

Currently, VR hardware appears to be fairly accessible for general consumers, with entry-level 
headsets available at relatively affordable prices. More affordable options include the DPVR P1 
Personal for $198, Meta Quest 3S starting at approximately $300, HTC Vive Focus Plus at $450, Sony’s 
PlayStation VR2 at $550, and Steam’s Valve Index at $540, making these devices feasible options for 
many users interested in experiencing VR. However, the cost spectrum varies widely, with some 
mid- and high-tier models priced at thousands of euros. For instance, the Pimax Crystal series ranges 
from €860 to €1200, Lenovo’s ThinkReality VRX is offered at $1300, DPVR PRO-4K at $1099, VR 
TierOne's at $1800, Apple's Vison Pro at $3500, and HTC Vive’s Focus Vision and Focus 3 models are 
priced at $1000 and $1300, respectively. At the high end, Varjo stands out as an enterprise-grade 
option, with models such as the XR-4 starting around $5990 or XR-4 Focal Edition, starting at $9990. 
Unlike consumer-focused companies like Meta and Sony, which primarily target the entertainment 
sector, Varjo caters to professional fields, including healthcare, aerospace, marine and heavy industry, 
and government defense. Its key strength lies in its photorealistic image quality, making it 
exceptionally suited for developing VR environments that closely replicate real-world scenarios. This 
wide price range of immersive VR hardware allows VR to reach both casual users and those needing 
advanced, industry-specific features. 

3.2. Overview of Immersive Virtual Reality Software 

The market for immersive VR software specifically tailored to musculoskeletal rehabilitation 
appears to be relatively underrepresented compared to offerings for neurological rehabilitation. This 
trend could be due to the higher research activity in the field of VR for neurorehabilitation, as a quick 
search in the PubMed database shows. Using a search string designed to capture VR applications for 
various neurological conditions (including terms such as: “VR",” “virtual reality",” “neuro*",” 
“stroke",” “Parkinson*",” “multiple sclerosis",” “brain injury",” “brain damage",” “CVA",” 
“cerebrovascular accident",” “spinal cord injury",” and “cerebral palsy”), number of the results are almost 
four times higher than those for musculoskeletal applications (the search string for the use of VR for 
musculoskeletal disorders included the following terms: “VR”, “virtual reality”, “musculoskeletal”, 
“orthopaedic”, “neck”, “back”, “knee”, “hip”, “ankle”, “shoulder”, “joint replacement”, “arthroplasty”). This 
discrepancy may reflect the growing interest in VR’s potential to support recovery in neurological 
patients, leaving musculoskeletal VR applications as a smaller, still developing field. 

In the treatment of patients with musculoskeletal disorders and chronic pain, a variety of VR 
software is used in research, with the same software rarely appearing in more than one study. Both 
commercially available applications and custom-developed programs are used in these studies. 
Examples of commercially available software used in research include: RelieveVRx (initially named 
EaseVRx) by AppliedVR [13,100,101], guided meditation VR app by Cubicle Ninjas [25,70], Karuna 
Virtual Embodiment Training [76], the COOL! app by DeepStreamVR [102], VR TierOne [77], Ocean Rift 
and Gala 360 [69], Creed: Rise to Glory, The Avengers Powers Unite and The Climb [12]. These VR 
applications differ in the experiences and actions they require of users. Some software programs focus 
on meditation, education, and/or relaxation. RelieVRx, for example, is an immersive, multimodal, 
skills-based pain self-management program that incorporates evidence-based principles of cognitive 
behavioral therapy, mindfulness, and pain-neuroscience education. Other applications promote 
physical movement in a VR environment. Ocean Rift and Gala 360, for example, promote neck 
movement by engaging the user in observing marine animals, while Karuna Virtual Embodiment 
Training promotes physical movement in patients with upper-extremity chronic pain and is based on 
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the principles of graded motor imagery. On the other hand, applications such as: Creed: Rise to Glory, 
The Avengers: Powers Unite, and The Climb, have been used in research to facilitate the embodiment of 
superhero-like avatars with the goal of improving body image dimensions such as perceptions of 
strength and vulnerability [12]. 

Studies indicate that using commercially available software can yield positive results in treating 
musculoskeletal conditions. For example, a study by Cetin et al., (2022) demonstrated that, for 
patients with chronic neck pain, VR interventions using Ocean Rift and Gala 360 software were more 
effective than traditional motor control exercises in reducing joint position sense error, functional 
limitations, and increasing pain pressure thresholds. In another study, Garcia et al., (2021) found that 
EaseVRx led to high user satisfaction and produced clinically meaningful reductions in average pain 
intensity and pain-related interference with activities, mood, and stress for patients with chronic low 
back pain when compared to a sham VR intervention. Similarly, Sarkar et al., (2022) explored the 
effects of VR meditation using the Guided Meditation VR app by Cubicle Ninjas on knee osteoarthritis, 
showing significant moderate to large analgesic effects on knee pain intensity both during and post-
VR, with some pain relief lasting into the following day. 

To achieve specific research objectives, some studies design their own software programs. For 
example, in the study by Sarig Bahat et al., (2015) researchers developed a custom software for 
kinematic training tailored for patients with chronic neck pain. In another study, Stamm et al., (2022) 
created an application called ViRST VR, designed for patients with chronic lower back pain, where 
participants perform interactive tasks on a virtual farm—such as rowing, turning on light bulbs, or 
sorting vegetables—to promote movement and engagement. 

Since there is currently a limited availability of VR software on the market that addresses the 
specific needs of patients with diverse musculoskeletal disorders, some authors emphasize that 
caution is needed when adapting commercially available applications (particularly those originally 
developed for the entertainment industry) for use in patient care settings. Zhou et al., (2023) argue 
that highly vivid and realistic virtual environments, which transmit substantial sensory information 
through visuals, sounds and touch can overwhelm the senses, particularly if designed as fast-paced, 
high-stimulation video games. Additionally, Zhou et al., (2023) note that many video games are 
structured with levels that require completing tasks to advance. For chronic pain patients, prolonged 
immersion in VR environments designed as never-ending level-based games may counteract 
therapeutic goals, potentially overstimulating the brain rather than promoting the desired calming 
effects [52]. Other authors emphasize that commercially available VR games often promote 
nonspecific, and at times undesirable, movements, lack patient-specific customization options, and 
may lead to frustration for individuals with motor impairments [104]. 

The limitations of commercially available VR games also extend to their restricted utilization of 
specific VR mechanisms. Most off-the-shelf games are primarily applied in studies for purposes such 
as education, relaxation, distraction from pain and enhancing patient engagement. However, these 
applications fall short of achieving the more targeted therapeutic effects that VR has the potential to 
offer. For instance, when using VR for pain distraction during exercise, a common challenge is that 
many commercially available games promote only single-joint movements or repetitive actions. This 
limitation makes it difficult to replace a comprehensive exercise program with a single VR game that 
adequately supports the diverse range of movements necessary for individual patients. 
Consequently, VR can often supplement only a portion of the exercise regimen, with additional 
exercises needing to be performed outside the VR environment to ensure a complete therapeutic 
approach. Furthermore, VR technology allows for manipulation of somatosensory input, enabling 
therapists to display movements in the VR environment that a patient may be unable to perform in 
reality, or to adjust the perceived range of movement by making it appear understated or 
exaggerated, as demonstrated in studies with neck pain patients by Kragting et al., (2023) and Harvie 
et al., (2020). Creating bodily illusions through VR can be especially beneficial in modifying patients' 
movement, body or pain perceptions, offering therapeutic advantages for individuals with 
musculoskeletal conditions, particularly those with kinesiophobia, altered body perception or 
chronic pain [105–107]. However, we have not encountered any applications on the market that 
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incorporate body illusions specifically for patients with musculoskeletal conditions or chronic pain. 
Although Mirage Lab offers tools for creating bodily illusions, these experiences are not fully 
immersive but rather fall within AR, primarily aimed at research purposes and focused on illusions 
for the hand, as described on their website [108]. Companies that market VR software for therapy 
and rehabilitation in chronic pain and musculoskeletal conditions tend to focus on VR for exercise 
interventions (e.g., cardio, range of motion improvement, strength training, or graded exposure 
therapy), with examples including, but not limited to, Corpus VR, XRHealth, SyncVRMedical, 
KineQuantum, Neuro Rehab VR, Dynamics VR, KarunaHOME and Virtualis. Others concentrate on pain 
education, such as XRHealth, Reality Health, Dynamics VR, RelieveVRx, KarunaHOME and Reducept, 
while some provide programs for meditation, relaxation, or stress management, including Neuro 
Rehab VR, Corpus VR, XRHealth, VRelax, RelieveVRx, and Dynamics VR. Some applications, such as 
RelieveVRx are designed to help patients develop the skill of shifting their focus away from pain. 

It appears that there is still considerable opportunity for the VR software market in 
musculoskeletal rehabilitation to expand, as it is currently underrepresented and lacks 
comprehensive solutions tailored to specific health conditions. Therefore, it would be beneficial for 
future development efforts to focus on creating more specialized, integrated software solutions that 
address the unique therapeutic needs of musculoskeletal patients. 

It is important to note that many companies offering software for patients, and advertising their 
programs as suitable for specific musculoskeletal conditions, often do not provide detailed 
information about the software content (e.g., the specific movements patients perform during use). 
Companies identified on the market typically offer demo versions of their software, but access to 
these demos generally requires contacting each company individually. This lack of detailed 
information from companies about their software content limits the ability to obtain a comprehensive 
overview of the market offerings. For the purpose of this market review, we did not reach out to each 
company individually to inquire about specific software details; instead, we relied on information 
available on company websites and descriptions provided in studies that utilize these programs. 
Consequently, there may be gaps in our overview, and certain relevant details might have been 
unintentionally overlooked. 

4. Key Organizations Advancing Virtual Reality in Healthcare and Rehabilitation 

In our exploration of VR associations within the healthcare and rehabilitation sector, XR4REHAB 
[109] and the International Society for Virtual Rehabilitation (ISVR) [110] emerge as leading 
organizations dedicated to advancing VR specifically in the fields of rehabilitation and 
physiotherapy. XR4REHAB focuses on optimizing rehabilitation protocols for patients and their 
therapists. Researchers and clinical personnel at XR4REHAB work together to create VR interventions 
that offer patients challenging experiences designed to improve rehabilitation protocols, speed up 
recovery, encourage adherence to treatment, and facilitate reintegration into daily life. Their goal is 
to stimulate the development of VR-based rehabilitation tools by uniting relevant stakeholders and 
facilitating knowledge exchange. Similarly, ISVR has a mission to encourage research, education, 
advocacy, and enhanced collaboration among researchers, clinicians, industry, and policymakers 
within the fields of virtual rehabilitation and tele-rehabilitation. ISVR aims to achieve its goals 
through scientific meetings, tutorials, publications, web postings, awards, sponsored pilot research, 
and various information exchange opportunities. 

Other associations are also engaged in healthcare and therapeutic VR applications. The American 
Medical Extended Reality Association’s (AMXRA) [111] mission is to advance the science and practice 
of medical XR through advancing care delivery, scientific investigation, innovation, education, 
advocacy, and community. Similarly, the International Industry Society in Advanced Rehabilitation 
Technology (IISART) [112] is dedicated to advancing and promoting modern healthcare technology in 
rehabilitation for the benefit of patients and society. IISART represents the interests of developers, 
manufacturers, and marketers of medical devices and equipment, as well as healthcare providers in 
the fields of robotics, virtual rehabilitation, and therapeutic electrical stimulation. Additionally, the 
International Virtual Reality and Healthcare Association (IVRHA) [113] is a member-driven organization 
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comprising entities throughout the healthcare ecosystem, including technology companies, teaching 
hospitals, universities, healthcare providers, and insurance companies. IVRHA's mission is to 
facilitate and support the growth of VR in healthcare as this emerging platform impacts practitioners 
and patients alike. 

Other organizations include healthcare within their scope but maintain a broader focus. EuroXR 
Association [114] is an umbrella organization that brings together individuals, national chapters, 
associations, large companies, small-to-medium enterprises, research institutions, universities, and 
laboratories, all with a strong interest in XR. The XR Association (XRA) [115] advocates for XR’s 
responsible development and adoption, representing the global XR ecosystem, from hardware 
manufacturers to enterprise solution providers. The VR/AR Association (VRARA) [116] facilitates 
collaboration between XR providers and end-users, supporting growth and innovation across 
various sectors, including healthcare, as seen through their events. 

VR for Health [117] stands out as a unique content platform rather than a traditional association. 
This platform is dedicated to raising awareness about wellness and therapeutic VR applications, 
providing educational resources, curated videos, and articles that make it a valuable resource for 
patients and healthcare providers. Similarly, the Virtual Reality Society (VRS) [118] is a source of VR 
information, from comprehensive material for beginners, to interesting and deep discussions of VR’s 
problems, implications and applications. Additionally, Virtual Reality Marketing (VRM) [119] 
functions as a platform connecting brands with skilled XR creators. 

5. Conclusions and Future Directions 

In this article, we explored the challenges in VR terminology and the current state of hardware 
and software for immersive VR, particularly in the context of its application in musculoskeletal 
rehabilitation and chronic pain management. We identified considerable confusion in the 
terminology surrounding VR and related technologies, highlighting the need for authors to clearly 
define what they include under the term VR and how they interpret it in their studies. To contribute 
to a clearer understanding of VR, we proposed a framework categorizing VR immersion based on 
exteroceptive and interoceptive system involvement, as well as the quality and number of senses 
stimulated, aligning the concept of VR with modern technology. Additionally, we advocated for 
excluding "non-immersive VR" experiences from the VR category and proposed renaming them 
"non-immersive fully artificial environments." While reviewing hardware and software, we 
identified a lack of solutions specifically tailored for healthcare, emphasizing the need for future 
development. Current software solutions often fail to leverage VR's full potential mechanisms, such 
as its impact on kinesiophobia and body image through the use of body illusions or body-swapping 
techniques. Lastly, we highlighted the contributions of key associations in advancing VR in 
healthcare, noting that healthcare professionals have access to numerous organizations they can rely 
on for information, collaboration, and support. 
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