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Abstract: Cognitive impairment is a common and detrimental consequence of multiple sclerosis
(MS) and current rehabilitation methods are insufficient. Cognitive rehabilitation (CR) and exercise
training (ET) are the most promising behavioral approaches to mitigate cognitive deficits, but effects
are small and do not effectively translate to improvements in everyday function. This article presents
a conceptual framework supporting the use of virtual reality (VR) as an ideal, common adjuvant
traditional CR and ET in MS. VR could strengthen the effects of CR and ET by increasing sensory input
and promoting multisensory integration and processing during rehabilitation. For ET specifically, VR
can also help incorporate components of CR into exercise sessions. In addition, VR can enhance the
transfer of cognitive improvements to everyday functioning by providing a more ecologically valid
training environment. There is a clear interest in adding VR to traditional rehabilitation techniques
for neurological populations, a stronger body of evidence of this unique approach is needed in MS.
Finally, to better understand how to best utilize VR in rehabilitation for cognitive deficits in MS, more
systematic research is needed to better understand the mechanism(s) of action of VR with CR and ET.
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1. Introduction

Multiple sclerosis (MS) is an immune-mediated and neurodegenerative disease that af-
fects upwards of 2.5 million adults worldwide [1]. The disease process results in multifocal
central nervous system damage [2] and manifests as profound disability across physical and
cognitive domains. Cognitive deficits, in particular, present in approximately 43–70% of
persons with MS [3]. The most common cognitive deficits involve slowed information pro-
cessing speed, impaired learning and memory, and executive dysfunction [4]. MS-related
cognitive dysfunction results in burdensome, downstream consequences that permeate into
everyday life and reduce quality of life [5]. Indeed, cognitively-impaired persons with MS
are less likely to be employed, more vulnerable to psychiatric illness, and have difficulty
completing everyday activities, such as shopping independently, completing household
chores, driving, or navigating public transportation [3]. There is minimal, high-level evi-
dence for the efficacy of disease-modifying therapies or symptomatic agents on cognition
in this population, and there are no US Food and Drug Administration (FDA)-approved
pharmacological treatments for cognitive impairment in MS [6]. Collectively, the high
prevalence, debilitating consequences, and lack of effective pharmacotherapeutic treat-
ments for cognitive impairment highlight the importance of considering other approaches
for managing this consequence of the disease. Thus, rehabilitation has been proposed as a
behavioral approach for mitigating MS-related cognitive impairment [7]. To date, the most
promising approaches are cognitive rehabilitation (CR) and exercise training (ET).
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2. CR and ET Approaches for Managing Cognitive Impairment in MS
2.1. CR

Beyond mitigating cognitive impairment, the ultimate objective of CR is to improve
everyday function in individuals with cognitive deficits [8,9]. CR typically involves a
team approach, wherein the individual with cognitive deficits, friends/family, and health
care providers collectively identifies personally relevant goals of rehabilitation. Through
individualized or group training with a provider, those goals are addressed by optimizing
performance in preserved cognitive domains and integrating compensatory strategies
to overcome persistent deficits. Cognitive training is a cornerstone of CR and involves
guided practice on a set of standardized tasks that are designed to target specific cognitive
domains (e.g., learning and memory) [8,10]. There is a growing convergence of evidence
using neuroimaging paradigms in MS that CR may improve cognition via changes in
brain function, such as activation and functional/effective connectivity in response to a
task or at rest [7,11,12]. Additionally, emerging evidence supports small, but significant,
downstream improvements on quality of life [13] and mental health symptoms (i.e., anxiety
and depression) [14,15], which may help in managing cognitive impairment [16,17].

There is Class I evidence to support two CR techniques for persons with MS: the
Kessler Foundation modified-Story Memory Technique (KF-mSMT) [18–20] as a practice
standard for learning and memory deficits, and attention processing training (APT) [21]
as a practice guideline for attention deficits [22]. This is based on randomized controlled
trial (RCT) evidence indicating that the mSMT induces moderate improvements in learning
and memory relative to a placebo control, as well as evidence supporting moderate-sized
APT-related improvements in domains of attention relative to a placebo control [18–21].
Despite the aforementioned effects on specific domains of cognition, neither approach is
associated with robust and sustained improvements in everyday functioning (although
we do note some sporadic, immediate improvements on such outcomes) [18–21]. This is
particularly noteworthy considering that transfer effects to everyday function is central to
the purpose of CR [8]. Therefore, there is an opportunity for the provision of an adjuvant
to successful CR approaches (i.e., mSMT and APT) to strengthen their overall effects on
cognition and to better facilitate the transfer of intervention effects on proximal cognitive
outcomes to distal everyday function outcomes.

2.2. ET

ET is defined as chronic, structured physical activity behavior with the purpose of
improving or maintaining aspects of physical fitness. ET represents an alternative approach
for managing cognitive deficits and downstream consequences of MS based, in part, on
abundant evidence supporting ET-related benefits on cognition and the brain in older adults
from the general population [23,24]. Unlike CR, ET does not involve activities to target
specific cognitive domains or integrate behavioral strategies to adaptively compensate for
cognitive deficits and their effects on everyday life. Rather, the physiological regulation of
exercise behavior involves numerous interconnected neuropsychological processes that are
also critical for cognitive performance [25]. Therefore, ET represents a potent and powerful
behavior that has been hypothesized to improve cognition indirectly [25].

Compared with research on CR for managing cognitive dysfunction in MS, the evi-
dence base regarding ET is substantially smaller and is in its relative infancy [25]. Overall,
there is not yet Class I evidence to support any one ET approach for improving cognition
in MS, largely due to methodological concerns of individual studies. For example, the vast
majority of RCTs have not recruited persons with MS who are pre-screened for cognitive
impairment [26,27] and have involved generalized ET stimuli of short duration [28]; such
ET interventions are not based on neurophysiological hypotheses for inducing specific
cognitive improvements based on specific neural mechanisms-of-action, and thus involve
largely exploratory cognitive [29] and neuroimaging endpoints [26,30]. Despite the overall
issues, in recent years, the methodological quality of studies has generally improved [31,32].
Several small studies support ET-related benefits on domains of cognition typically affected
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by MS [7,33,34] as well as on brain structure, function, and connectivity in MS [35] and
quality of life [36]. Nevertheless, while not yet considered a standard-of-care, given the lack
of Class I evidence, the recent proliferation of lower-level evidence positions ET as a promis-
ing approach for managing MS-related cognitive impairment [25]. There further is a dearth
of evidence on ET-related improvements in downstream everyday functioning as a result
of cognitive improvements in persons with MS [25,37]. As is the case for CR, traditional
ET could greatly benefit from an adjuvant that strengthens overall effects on cognitive
outcomes that better transfer to downstream improvements in everyday functioning.

3. Enhancing CR and ET Approaches for Managing Cognitive Impairment in MS

Although considered the two strongest approaches for managing MS-related cognitive
impairment, neither CR nor ET completely addresses this devastating manifestation of
the disease. As described above, there are two areas associated with each approach that
can be addressed via inclusion of a common adjuvant: (1) overall small-to-moderate
effects on cognitive outcomes; and (2) lack of robust transfer effects on everyday function
outcomes [25].

The notion of supplementing rehabilitation approaches with at least one adjuvant is
not new, as researchers and clinicians acknowledge that highly individualized, multimodal
rehabilitation techniques are likely required to effectively overcome challenges such as
MS-related cognitive dysfunction [38,39]. However, there are no conceptual frameworks to
implement such a multimodal rehabilitation technique for maximizing cognitive outcomes
in persons with MS. Such a framework could be particularly useful considering that
implementing a common adjuvant for CR and ET paradigms for improving cognition in
MS might strengthen effects of cognitive and everyday function outcomes in response to
both approaches.

In this paper, we present the conceptual argument that virtual reality (VR) represents
an ideal, common, adjuvant to enhance the effects of traditional CR and ET on cognitive
outcomes in clinical trials involving persons with MS. We initially present an argument
for VR allowing for enhanced effects of both approaches on cognition in persons with MS.
We then present an argument for VR being conducive for facilitating the transfer of such
cognitive improvements into downstream improvements in everyday function in persons
with MS. Finally, we provide a roadmap for future research examining the implementation
of VR with CR/ET in research for managing MS-related cognitive dysfunction.

4. VR as an Adjuvant for CR and ET Approaches for Cognitive Impairment in MS

VR involves the use of advanced technologies to create a simulated (i.e., virtual) en-
vironment that users perceive as analogous to the real world [40]. VR can be categorized
in terms of immersion and interaction. Immersive VR refers to approaches wherein a
user wears a headset such that their point of view is entirely contained within the virtual
environment (e.g., Oculus Quest) [41]. Conversely, non-immersive VR refers to approaches
wherein a virtual environment is placed within or around the real world and a user can
experience the virtual and real-world environments simultaneously (e.g., X-Box Kinect).
Interaction is a user’s degree of control [41], and a VR program can range from entirely
interactive (e.g., full body tracking) [42] to completely non-interactive or passive (e.g.,
automatic movement through a virtual environment) [43]. Together, immersion and in-
teraction relate to a greater sense of presence (i.e., the feeling of really being there) [44]
and engagement within the virtual environment [45,46]; those elements are conducive for
inclusion with CR and ET approaches for managing cognitive impairment in MS (Table 1).
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Table 1. VR components that are conducive for inclusion in CR and ET interventions on cognition
in MS.

VR
Component Definition Application for CR Application for ET

Immersion

A user experience where the
real world is shut out and a user

is surrounded by a virtual
environment [47]. The virtual

environment changes in a
natural way with head and

body motion, similar to that in
the real world [48].

Greater engagement/presence and
sensory stimulation by implementing CR

techniques and characteristics of
cognitive training into a virtual

environment, increasing the likelihood of
cognitive improvements.

Greater engagement/presence
and sensory stimulation by

creating a multisensory
experience during ET,

increasing the likelihood of
cognitive improvements.

Interaction

The ability of a user to make
changes in and control aspects
of the virtual environment [47].
Interaction can come from hand

controllers, eye-tracking,
natural locomotion, and full

body tracking [47].

Increases engagement/presence by
engrossing individuals in the

environment and increasing their sense
of control. Interaction provides more
realistic practice in cognitive training.

Increases engagement/presence
by engrossing individuals in the

environment and increasing
their sense of control.

Interaction with the VR can be
tightly matched with actual

physical movement.

Presence The feeling of “being there” in a
virtual environment [44,49].

The key ingredient for engagement in a
virtual environment. Presence is also

linked to greater motivation to complete
tasks in VR and fun doing it.

The key ingredient for
engagement in a virtual

environment. Presence is also
linked to greater motivation to
complete tasks in VR and fun

doing it.

Naturalistic
environment

A virtual environment that
resembles the real world.

Can resemble the complexity of the real
world and provide more ecologically

valid training. Potential for CR to train
more high-level cognitive domains
important for everyday function.

Increases engagement and
enjoyment of ET. Can provide
multisensory input that more

closely resembles the real world,
increasing the likelihood of

cognitive improvements that
translate to improvements in

everyday function.

Perceptual load
The number of objects present
in a virtual environment that

may or may not be targets [50]

Low perceptual load environments may
be helpful in initial stages of training
[51,52] but increasing perceptual load
over time can create challenges and

improved cognitive performance [53,54].

Perceptual load can increase
multisensory processing

required during ET and the
cognitive challenge during ET.

Individualization

The ability to change aspects of
the virtual environment to

precisely match the individual’s
need to desire.

Can resemble the complexity of the real
world and provide more ecologically

valid training. Potential for CR to train
more high-level cognitive domains

important for everyday function. Can
motivate someone to work harder and
can be much more enjoyable due to the

personal connection to the VR. The
challenge of the task can change

specifically with regard to individual
performance. Ideally suited for

laboratory-based clinical trials. Specific
and individualized feedback can be

provided.

Increases engagement and
enjoyment of ET. It may also
help translate ET to higher

levels of leisure time physical
activity. Can motivate someone

to work harder and can be
much more enjoyable due to the
personal connection to the VR.

Individualization can help
target specific cognitive

domains to improve upon
during ET. Ideally suited for

laboratory-based clinical trials.

Time
Manipulation

VR does not follow the rules of
reality allowing examiners to

pause, slow down, and rewind
scenarios presented in the

virtual environment.

Allows for more specific, real-time
feedback which enhances training.

Allows for more specific,
real-time feedback which

enhances training.
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While VR first surfaced in the 1960s [55], there has been a recent renaissance in its usage
as technology has improved, costs have decreased, and availability has risen in kind [47].
VR has become a popular tool in pain management [56,57], exposure-based treatment for
anxiety [58,59], phobias [60,61], and post-traumatic stress disorder [62,63], treatments for
substance abuse disorders [64,65], and physical rehabilitation [66,67] in a wide range of
populations. Of note, VR was applied in these cases under the presumption that, com-
pared to traditional treatment methods, VR-based methods would be more stimulating
and engaging [68] and would more closely mirror real-world scenarios [47], which would
in turn relate to greater treatment effects [47,69]. For similar reasons, there is a growing
interest in utilizing VR to improve psychological well-being and cognition (i.e., memory)
in older adults with mild cognitive impairment, dementia, and Alzheimer’s disease. The
overall evidence is difficult to summarize due to small sample sizes, uncontrolled designs,
and heterogeneous results, though there is clear support for the feasibility [70] and enjoy-
ment [71] of VR in these populations wherein future experiments are warranted [72,73]. By
extension, we hypothesize that the inclusion of VR within CR/ET paradigms can enhance
cognitive improvements that further result in improved everyday functioning among
persons with MS.

4.1. VR for Enhancing Cognitive Improvements

VR is a well-equipped adjuvant to strengthen the effects of CR/ET by substantially
increasing sensory input and promoting multisensory integration and processing during
rehabilitation [74]. Multisensory processing during learning or cognitive training is linked
to better memory for unisensory objects, better performance on simple cognitive tasks, and
improved performance on more complex, higher-level tasks [74,75]. Therefore, incorpo-
rating multisensory feedback and integration into CR/ET via VR should induce larger
cognitive improvements. For example, traditional CR/ET interventions in MS are highly
controlled and typically take place in a mundane laboratory with few distractions. By
comparison, using VR, someone could be placed into an expansive virtual environment
depicting a visually stimulating cityscape surrounded by colors and shapes, along with
auditory stimuli from the traffic on the streets or the people on the sidewalks. Such an
environment could include audio-visual stimuli from electronic billboards down the street
or haptic stimuli of steam coming up from the underground subways. As the complexity
of a virtual environment increases, cognitive stimuli can become more challenging, con-
ceptually leading to greater adaptations and stronger intervention effects over time with
repeated exposure.

The above argument is supported by studies that apply VR to traditional rehabilitation
for paralysis due to stroke. Evidence indicates that VR-based mirror therapy is superior
to traditional mirror therapy on motor outcomes of the affected limb due to an increased
volume of visual stimuli [76] and the inclusion of multisensory feedback (e.g., auditory,
audio-visual, proprioceptive) [77,78]. The larger improvements in motor outcomes further
are explained by greater neural activation in the affected motor areas from VR-based mirror
therapy [77–79]. In this case, VR-based therapy led to greater neural activation in the
region-of-interest than traditional rehabilitation. By extension, VR-based CR/ET could lead
to greater neural activation in brain regions-of-interest than traditional CR/ET, potentially
resulting in substantial cognitive improvements.

4.1.1. VR for Strengthening Effects of CR

One previous study of VR-based CR in persons with MS supports the hypothesis that
VR administration increases the volume (i.e., perceptual load) of visual stimuli [50] which
leads to strengthened cognitive outcomes [54,80]. Participants (n = 30) were randomized
to either traditional, face-to-face, individual sessions of CR (i.e., control group) or CR
conducted through the VR rehabilitation system (VRRS), an internationally patented Class
I certified medical device. The VRRS allowed individuals to investigate and manipulate
objects using simple hand movements. Greater visual sensation was achieved in VR with



NeuroSci 2022, 3 205

3D objects and their interactions within a detailed, naturalistic environment, compared to
the standard paper-and-pencil cognitive training employed in the traditional CR control
group. There were significantly greater benefits of the VR-based CR program on global
cognitive function, learning ability and verbal short-term memory, lexical ability, and
quality of life [81].

There is emerging evidence to support the relationship between multisensory pro-
cessing in VR and cognitive improvement in MS. A popular implementation of VR for
neurologic populations is in driving simulators [82–85], but most studies evaluate driving-
specific outcomes rather than performance on traditional neuropsychological assessments.
However, one study demonstrated that, compared to a no treatment control group, a VR-
based driving simulation improved processing speed (PASAT) in individuals with MS [86].
Such improvements support the conceptual hypothesis that perhaps increased sensory
stimuli and multisensory processing during a VR-based driving simulator required more
efficient neural communication in regions associated with processing speed than traditional
CR, leading to larger cognitive improvements over time. In another study (n = 60), tradi-
tional CR was administered using a non-immersive VR program called “BTS-Nirvana”.
Similar to the VRRS, BTS-Nirvana allowed individuals to manipulate virtual objects in a
detailed, real-world environment. Unlike the VRRS, BTS-Nirvana included audio-visual
stimuli and multisensory feedback. Compared to those randomized to a conventional CR
condition (i.e., control), individuals in the VR condition showed greater improvements
in visual perception, visuospatial abilities, short term visual memory, working memory,
executive functions, speed of information processing, and sustained attention [87].

Collectively, VR can enhance the effects of CR by increasing the volume of visual
stimuli provided during training and by integrating multisensory stimuli to promote
more complex multisensory processing during training in persons with MS [88]. Limited
evidence comparing VR-based CR to traditional CR supports continued investigation of
conducting cognitive training within a 3D, rich, detailed virtual environment to strengthen
cognitive effects of traditional CR in this population.

4.1.2. VR for Strengthening Effects of ET

The provision of a myriad of sensory stimuli in VR is conducive for enhancing the
effects of traditional ET on cognition, as is the case for CR. Multisensory processing is
the backbone of the PRIMERS model, which hypothesizes that cognitive benefits of ET in
persons with MS stem from the integration and processing of visual, vestibular, locomotor,
proprioceptive, cardiopulmonary, pulmonary, thermoregulatory, and endocrine stimuli [89].
However, no study to date has investigated the addition of VR to ET for enhancing cognitive
improvements in MS within the context of the PRIMERS model.

From a conceptual standpoint, VR allows for the incorporation of components of CR
(i.e., training preserved cognitive domains and integrating compensatory strategies) into
exercise sessions, which could provide a more direct approach of ET for improving specific
cognitive domains (Table 1). This is particularly advantageous considering that ET is
hypothesized to improve cognition indirectly [36]. Such a VR-based approach for cognitive
training can be mapped to ET prescriptions, given that both ET and cognitive training are
typically highly regimented and repetitive interventions. In addition, as VR is associated
with greater cognitive engagement (i.e., presence) and coordination of sensorimotor systems
by providing multisensory stimulation (i.e., visual, proprioception) [90,91], its inclusion in
ET paradigms increases the likelihood of larger cognitive improvements than ET alone over
time. That hypothesis further aligns with the notion that such multisensory stimulation
can lead to greater rehabilitation-related activation in a wider range of brain regions [92],
which likely translates to greater cognitive improvements over time [89]. Indeed, those
hypotheses are supported by evidence in older adults with mild cognitive impairment
whereby CR and ET with VR was associated with larger cognitive improvements than
traditional CR and ET [93].
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Collectively, consistent with the application of VR to CR, VR can enhance the effects of
ET by promoting greater multisensory processing. Further, from a conceptual standpoint,
the addition of VR can help incorporate aspects of CR into traditional ET which could
induce larger, domain-specific cognitive improvements than traditional ET. However,
evidence-based support for those hypotheses in persons with MS is necessary, as no studies
have directly tested the addition of VR to traditional ET for such purposes.

4.2. VR for Enhancing Translation to Improvements in Everyday Function

In addition to strengthening overall effects on cognitive functioning, the inclusion of
VR is advantageous for enhancing the transfer of cognitive improvements to improvements
in everyday functioning. VR uniquely allows for the ability to conduct tightly controlled
clinical trials involving rehabilitation in settings that more closely mirror the real-world
(i.e., improved ecological validity). Such enhancements in ecological validity conceptually
allow for better translation of cognitive improvements to downstream improvements in
everyday functioning [94,95]. The real world is complex, uncontrollable, messy, and is
not conducive for early-stage RCT research that must balance ecological validity with
internal validity. Comparatively, VR allows for precision over every event that happens in
a virtual environment and allows time to be stopped and rewound, enabling for real-time
feedback and enhanced practice [96,97]. The working assumption is that by training and
improving cognitive skills in a simulated real-world scenario, the similarities between the
learning environment and actual environment will facilitate more effective translation to
improvements in cognition and everyday function using well-validated outcomes [98–100].

Relatedly, the true potential of VR is in the high level of control that experimenters
have over every aspect of the environment while matching the complexity of the real world.
Indeed, the continuum of virtual environments spans from simplistic and unisensory
focused, that can target one specific cognitive function, to a complex and multisensory
environment to broadly and concurrently address multiple cognitive domains. Every sense
and stimulus can be controlled or programmed by an experimenter, to balance challenges
with frustrations, while providing sufficient experiences of success and accomplishment
using dynamic adjustment to encourage continuation [101,102]. Importantly, this applies
for both CR and ET approaches for improving the translation of cognitive improvements to
improvements in everyday functioning in persons with MS.

4.2.1. VR for Everyday Functioning in CR

Although two published studies included VR with CR for inducing cognitive im-
provements in persons with MS that incorporated realistic environments and movements
in the VR stimulus for improving ecological validity [81,86], neither measured long term
outcomes related to everyday functioning. By comparison, in other neurological popu-
lations, there is evidence supporting multiple CR approaches that incorporate VR (and
high ecological validity) for inducing significant benefits on perceived cognitive deficits
pertaining to everyday life [103,104].

4.2.2. VR for Strengthening Effects of ET

Ecologically valid ET involves more natural forms of exercise, such as outdoor cycling,
basketball, or other sports, compared to strictly regimented indoor aerobic or resistance ET
interventions. In healthy adolescents, healthy adults, and persons with schizophrenia, such
ecologically valid ET approaches have demonstrated significant immediate and longer-
lasting effects on a broad range of cognitive domains including global functioning, executive
function, spatial abilities, and working memory [105–108]. We note that although such
ecologically valid approaches are advantageous for inducing improvements in everyday
functioning, these are difficult to control in a supervised, laboratory-based setting, which
is critical for maintaining internal validity for initial evaluations of efficacy of ET. This
underscores the importance of including VR for such a purpose. To date, there have been
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no ET studies that have included VR for creating an ET stimulus with high ecological
validity for inducing cognitive and everyday functional improvements in persons with MS.

5. Roadmap for Testing the Conceptual Framework in Clinical Trials

VR represents an ideal, common, adjuvant to enhance the effects of traditional CR and
ET on cognitive outcomes in persons with MS. Conceptually, VR can strengthen benefits of
CR by increasing the volume of sensory stimuli and promoting multisensory integration
and processing in persons with MS. VR can also strengthen the benefits of ET by promoting
multisensory integration and processing as well as by incorporating aspects of traditional
CR for a more targeted approach to strengthen ET-related effects on cognitive outcomes
in those with MS. VR can also potentially better promote the transfer of such cognitive
effects of CR and ET to everyday functioning in persons with MS by increasing real-world
relevance and ecological validity. Given such a conceptual framework for including VR as
an adjuvant to high-quality CR and ET approaches for improving cognition and everyday
functioning in MS, we now provide a roadmap for how this conceptual framework can be
tested in clinical trials in MS.

Although there is a clear interest in using VR to enhance traditional approaches for
managing cognitive impairment in neurologic populations, a stronger body of empirical
research is needed to better understand the mechanism(s) of action and most important
characteristics for optimizing future interventions and clinical trials in persons with MS,
given that the advantages of VR for enhancing cognition are largely conceptual. Future
research efforts are needed that focus on the implementation of VR with CR/ET can
systematically manipulate characteristics of VR (Table 1) for strategically inducing specific
cognitive improvements and their downstream effects on everyday functioning. Indeed,
identifying and matching key ingredients of the CR/ET and VR prescriptions based on
hypothesized mechanisms of action and the targeted outcomes can lead to a powerful
approach for rehabilitation that is clinically relevant.

Immersive VR is safe and feasible to use in persons with MS [109] and can be employed
more to strengthen the effects of CR by increasing sensory input. Studies to date have
utilized non-immersive VR in MS. However, there is evidence suggesting that immersive
VR is associated with greater engagement and presence, thus increasing the likelihood
of observing cognitive improvements [110,111]. Using the aforementioned conceptual
framework, the application of VR is highly conducive for strengthening cognitive improve-
ments associated with APT in persons with MS. For example, in traditional APT, one
task involves an individual role playing as a train conductor who completes related tasks
using a computer program controlled by a mouse and keyboard [112]. This traditional CR
approach could be compared to one in which APT is delivered through immersive VR,
such that the experimenter can “place” a participant into a virtual train and provide the
participant with controllers with which they can grab levers and push buttons in the control
room. The experimenter further can place a virtual co-conductor next to the participant
who provides instructions on the participant’s task to transport a group of people across
the country safely. Conceptually, such a VR environment provides a far larger degree of
multisensory stimuli than traditional APT, which might lead to stronger improvements
in attention. The level of multisensory input from VR in such an approach further can be
manipulated. Early-stage experiments might only provide increased visual and auditory
stimuli, similar to sensory perception in the traditional APT, and if successful, later exper-
imental research could incorporate additional sensory input or distractors in the VR to
present a greater challenge to induce improvements in domains of attention. Including
appropriately difficult stimuli during cognitive training and progressively increasing the
challenge as the individual progresses is a key ingredient to the success of CR [8].

To test the combination of ET and VR for inducing cognitive improvements in persons
with MS, one could add a very simple virtual environment to a treadmill walking inter-
vention, such as the individual’s favorite park or a country they want to visit. This could
provide additional multisensory input which could result in greater cognitive benefits over
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time, as per the PRIMERS hypothesis [89]. Consistent with the aforementioned example
for CR, the next step could involve manipulating immersion by presenting the virtual
environment either on a 2D screen (i.e., non-immersive) or through a VR headset (i.e.,
immersive). Alternatively, one could compare interactive VR, where a person’s walking
speed dictates the speed at which they move through the virtual environment, to a non-
interactive, or passive, VR, where the speed of movement in the virtual environment is
locked and disconnected from actual walking speed for differentially inducing cognitive
improvements. However, such an endeavor would need to carefully consider ambulatory
status as a potential factor [113]. To use VR to add components of CR to ET interventions
in persons with MS, one could add in training of cognitive skills from mSMT to aerobic
cycling ET via VR by adding a story narrative to the VR and instructing individuals to pay
special attention to imagery and context while cycling at a certain exercise intensity that is
likely to elicit aerobic fitness benefits over time.

It is not easy to create an ecologically valid VR program, which might explain why
very few studies have combined ecologically valid VR programs with CR or ET. This
may further explain the complete lack of research on VR as an adjuvant for CR or ET for
inducing everyday functional improvements in persons with MS. Of note, VR programs
have been created for cognitive assessment (including in persons with MS [114,115]),
and might be conducive for application in rehabilitation settings. Such approaches are
particularly exciting for application with established CR and ET approaches in eventual
clinical trials on cognition and everyday functioning in this population. By comparison,
there are commercially available VR programs that combine with ET (e.g., Octonic for
walking or VZFIT for cycling) to create a more ecologically valid experience. We note that
several pilot studies have successfully combined treadmill walking with non-immersive
VR in persons with MS [116,117], supporting safety and feasibility for such an intervention,
though such pilot trials have not included cognitive or everyday functioning measures.
Nevertheless, the consideration of such approaches for inducing improvements in cognition
and everyday function is warranted.

The advantages of combining VR with CR and ET for inducing larger cognitive
improvements than traditional CR/ET that translate to more robust improvements in
everyday functioning in persons with MS are largely conceptual. Given the overall dearth
of evidence in this area, future research efforts might consider initially adopting non-
RCT designs prior to immediately investing considerable time and resources into a large
RCT. Although such early-stage, non-RCT designs are associated with Class III or below
evidence, such research might provide the foundation for a particularly strong trial that
can eventually provide Class I evidence. For instance, researchers might consider adopting
within-subjects, repeated-measures designs for initially comparing different VR/CR/ET
parameters for optimizing cognitive and everyday functional improvements that can be
included in a RCT. This could be followed by single-group, pre/post designs as proof-of-
concept research for improving cognition/everyday function over time with a combined
VR plus CR/ET intervention. Such quasi-experimental research could then inform the
design of an early-stage RCT that involves a passive control condition for demonstrating
feasibility, followed by efficacy testing that could compare the effects of combined VR
plus CR/ET with each approach alone in larger MS samples. We further note that such
approaches have been used successfully in both CR and ET research among persons with
MS [25]. Lastly, regardless of the stage of research, such trials should carefully consider
demographic and clinical characteristics of MS samples that might predict particularly
beneficial responses to a combinatory approach, given evidence of response heterogeneity
in CR and ET research on cognitive outcomes in this population [7].

6. Summary/Conclusions

VR represents a strong candidate as a stimulating, engaging, complex, and ecologically
valid addition to conventional CR and ET approaches for managing MS-related cognitive
impairment and its consequences. Such a combinatory approach is advantageous for
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facilitating enhanced cognitive improvements relative to traditional CR/ET approaches
alone as well as for increasing the likelihood that such interventions will translate to long-
term, downstream improvements in everyday function. More research is clearly warranted
to investigate the efficacy of combining VR with CR and/or ET for managing cognitive
impairment and its downstream consequences on everyday functioning in persons with
MS [10]. Such research endeavors can test a conceptual framework using several different
approaches for advancing this field to ultimately improve the lives of those with the disease.

Author Contributions: Conceptualization, J.D. and B.M.S.; methodology, C.L.A.W. and B.M.S.; data
curation, C.L.A.W. and B.M.S.; writing—original draft preparation, C.L.A.W. and B.M.S.; writing—
review and editing, C.L.A.W., J.D. and B.M.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Walton, C.; King, R.; Rechtman, L.; Kaye, W.; Leray, E.; Marrie, R.A.; Robertson, N.; La Rocca, N.; Uitdehaag, B.; van der Mei, I.;

et al. Rising prevalence of multiple sclerosis worldwide: Insights from the Atlas of, MS, third edition. Mult. Scler. J. 2020, 26,
1816–1821. [CrossRef] [PubMed]

2. Trapp, B.D.; Nave, K.A. Multiple sclerosis: An immune or neurodegenerative disorder? Annu. Rev. Neurosci. 2008, 31, 247–269.
[CrossRef] [PubMed]

3. Benedict, R.H.B.; Amato, M.P.; DeLuca, J.; Geurts, J.J.G. Cognitive impairment in multiple sclerosis: Clinical management, MRI,
and therapeutic avenues. Lancet Neurol. 2020, 19, 860–871. [CrossRef]

4. Chiaravalloti, N.D.; DeLuca, J. Cognitive impairment in multiple sclerosis. Lancet Neurol. 2008, 7, 1139–1151. [CrossRef]
5. Hopman, W.M.; Coo, H.; Edgar, C.M.; McBride, E.V.; Day, A.G.; Brunet, D.G. Factors associated with health-related quality of life

in multiple sclerosis. Can. J. Neurol. Sci. 2007, 34, 160–166. [CrossRef]
6. Chen, M.H.; Goverover, Y.; Genova, H.M.; DeLuca, J. Cognitive Efficacy of Pharmacologic Treatments in Multiple Sclerosis:

A Systematic Review. CNS Drugs 2020, 34, 599–628. [CrossRef]
7. DeLuca, J.; Chiaravalloti, N.D.; Sandroff, B.M. Treatment and management of cognitive dysfunction in patients with multiple

sclerosis. Nat. Rev. Neurol. 2020, 16, 319–332. [CrossRef]
8. Clare, L.; Woods, B. Cognitive rehabilitation and cognitive training for early-stage Alzheimer’s disease and vascular dementia. In

Cochrane Database Systematic Reviews; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2003. [CrossRef]
9. Wilson, B.A. Towards a comprehensive model of cognitive rehabilitation. Neuropsychol. Rehabil. 2002, 12, 97–110. [CrossRef]
10. Taylor, L.A.; Mhizha-Murira, J.R.; Smith, L.; Potter, K.J.; Wong, D.; Evangelou, N.; Lincoln, N.B.; das Nair, R. Memory rehabilitation

for people with multiple sclerosis. Cochrane Database Syst. Rev. 2021, 10, 102. [CrossRef]
11. Prosperini, L.; Piattella, M.C.; Giannì, C.; Pantano, P. Functional and Structural Brain Plasticity Enhanced by Motor and Cognitive

Rehabilitation in Multiple Sclerosis. Neural Plast. 2015, 2015, 1–12. [CrossRef] [PubMed]
12. Prosperini, L.; Di Filippo, M. Beyond clinical changes: Rehabilitation-induced neuroplasticity in MS. Mult. Scler. J. 2019, 25,

1348–1362. [CrossRef] [PubMed]
13. Hanssen, K.T.; Beiske, A.G.; Landrø, N.I.; Hofoss, D.; Hessen, E. Cognitive rehabilitation in multiple sclerosis: A randomized

controlled trial. Acta Neurol. Scand. 2015, 133, 30–40. [CrossRef]
14. Pérez-Martín, M.Y.; González-Platas, M.; Eguía-Del Río, P.; Croissier-Elías, C.; Sosa, A.J. Efficacy of a short cognitive training

program in patients with multiple sclerosis. Neuropsychiatr. Dis. Treat. 2017, 13, 245–252. [CrossRef] [PubMed]
15. Flavia, M.; Stampatori, C.; Zanotti, D.; Parrinello, G.; Capra, R. Efficacy and specificity of intensive cognitive rehabilitation of

attention and executive functions in multiple sclerosis. J. Neurol. Sci. 2010, 288, 101–105. [CrossRef] [PubMed]
16. Baumstarck-Barrau, K.; Simeoni, M.C.; Reuter, F.; Klemina, I.; Aghababian, V.; Pelletier, J.; Auquier, P. Cognitive function and

quality of life in multiple sclerosis patients: A cross-sectional study. BMC Neurol. 2011, 11, 1–10. [CrossRef]
17. Højsgaard Chow, H.; Schreiber, K.; Magyari, M.; Ammitzbøll, C.; Börnsen, L.; Romme Christensen, J.; Ratzer, R.; Sørensen, P.S.;

Sellebjerg, F. Progressive multiple sclerosis, cognitive function, and quality of life. Brain Behav. 2018, 8, e00875. [CrossRef]
18. Chiaravalloti, N.D.; Moore, N.B.; Nikelshpur, O.M.; DeLuca, J. An RCT to treat learning impairment in multiple sclerosis: The

MEMREHAB trial. Neurology 2013, 81, 2066–2072. [CrossRef] [PubMed]
19. Leavitt, V.M.; Wylie, G.R.; Girgis, P.A.; DeLuca, J.; Chiaravalloti, N.D. Increased functional connectivity within memory networks

following memory rehabilitation in multiple sclerosis. Brain Imaging Behav. 2014, 8, 394–402. [CrossRef]

http://doi.org/10.1177/1352458520970841
http://www.ncbi.nlm.nih.gov/pubmed/33174475
http://doi.org/10.1146/annurev.neuro.30.051606.094313
http://www.ncbi.nlm.nih.gov/pubmed/18558855
http://doi.org/10.1016/S1474-4422(20)30277-5
http://doi.org/10.1016/S1474-4422(08)70259-X
http://doi.org/10.1017/S0317167100005989
http://doi.org/10.1007/s40263-020-00734-4
http://doi.org/10.1038/s41582-020-0355-1
http://doi.org/10.1002/14651858.cd003260
http://doi.org/10.1080/09602010244000020
http://doi.org/10.1002/14651858.CD008754.pub4
http://doi.org/10.1155/2015/481574
http://www.ncbi.nlm.nih.gov/pubmed/26064692
http://doi.org/10.1177/1352458519846096
http://www.ncbi.nlm.nih.gov/pubmed/31469359
http://doi.org/10.1111/ane.12420
http://doi.org/10.2147/NDT.S124448
http://www.ncbi.nlm.nih.gov/pubmed/28223806
http://doi.org/10.1016/j.jns.2009.09.024
http://www.ncbi.nlm.nih.gov/pubmed/19825502
http://doi.org/10.1186/1471-2377-11-17
http://doi.org/10.1002/brb3.875
http://doi.org/10.1212/01.wnl.0000437295.97946.a8
http://www.ncbi.nlm.nih.gov/pubmed/24212393
http://doi.org/10.1007/s11682-012-9183-2


NeuroSci 2022, 3 210

20. Chiaravalloti, N.D.; Wylie, G.; Leavitt, V.; DeLuca, J. Increased cerebral activation after behavioral treatment for memory deficits
in MS. J. Neurol. 2012, 259, 1337–1346. [CrossRef] [PubMed]

21. Amato, M.P.; Goretti, B.; Viterbo, R.G.; Portaccio, E.; Niccolai, C.; Hakiki, B.; Iaffaldano, P.; Trojano, M. Computer-assisted
rehabilitation of attention in patients with multiple sclerosis: Results of a randomized, double-blind trial. Mult. Scler. 2014, 20,
91–98. [CrossRef]

22. Goverover, Y.; Chiaravalloti, N.D.; O’Brien, A.R.; DeLuca, J. Evidenced-Based Cognitive Rehabilitation for Persons With Multiple
Sclerosis: An Updated Review of the Literature From 2007 to 2016. Arch. Phys. Med. Rehabil. 2018, 99, 390–407. [CrossRef]
[PubMed]

23. Erickson, K.I.; Prakash, R.S.; Voss, M.W.; Chaddock, L.; Hu, L.; Morris, K.S.; White, S.M.; Wójcicki, T.R.; McAuley, E.; Kramer, A.F.
Aerobic fitness is associated with hippocampal volume in elderly humans. Hippocampus 2009, 19, 1030–1039. [CrossRef]

24. Kramer, A.F.; Colcombe, S. Fitness Effects on the Cognitive Function of Older Adults: A Meta-Analytic Study—Revisited. Perspect.
Psychol. Sci. 2018, 13, 213–217. [CrossRef] [PubMed]

25. Sandroff, B.M.; DeLuca, J. Will behavioral treatments for cognitive impairment in multiple sclerosis become standards-of-care?
IInt. J. Psychophysiol. 2020, 154, 67–79. [CrossRef] [PubMed]

26. Langeskov-Christensen, M.; Hvid, L.G.; Jensen, H.B.; Nielsen, H.H.; Petersen, T.; Stenager, E.; Hämäläinen, P.; Dalgas, U. Efficacy
of high-intensity aerobic exercise on cognitive performance in people with multiple sclerosis: A randomized controlled trial.
Mult. Scler. J. 2021, 27, 1585–1596. [CrossRef]

27. Langeskov-Christensen, M.; Hvid, L.G.; Jensen, H.B.; Nielsen, H.H.; Petersen, T.; Stenager, E.; Dalgas, U. Efficacy of high-intensity
aerobic exercise on common multiple sclerosis symptoms. Acta Neurol. Scand. 2022, 145, 229–238. [CrossRef] [PubMed]

28. Dalgas, U.; Langeskov-Christensen, M.; Stenager, E.; Riemenschneider, M.; Hvid, L.G. Exercise as Medicine in Multiple Sclerosis—
Time for a Paradigm Shift: Preventive, Symptomatic, and Disease-Modifying Aspects and Perspectives. Curr. Neurol. Neurosci.
Rep. 2019, 19, 1–12. [CrossRef] [PubMed]

29. Gharakhanlou, R.; Wesselmann, L.; Rademacher, A.; Lampit, A.; Negaresh, R.; Kaviani, M.; Oberste, M.; Motl, R.W.; Sandroff,
B.N.; Bansi, J.; et al. Exercise training and cognitive performance in persons with multiple sclerosis: A systematic review and
multilevel meta-analysis of clinical trials. Mult. Scler. J. 2021, 27, 1977–1993. [CrossRef] [PubMed]

30. Sandroff, B.; Motl, R.; Young, V.; Cutter, G.; Giovannoni, G. Exercise training in multiple sclerosis. Lancet Neurol. 2022, in press.
[CrossRef]

31. Motl, R.W.; Sandroff, B.M. Benefits of Exercise Training in Multiple Sclerosis. Curr. Neurol. Neurosci. Rep. 2015, 15, 1–9. [CrossRef]
[PubMed]

32. Sandroff, B.M.; Motl, R.W.; Scudder, M.R.; DeLuca, J. Systematic, Evidence-Based Review of Exercise, Physical Activity, and
Physical Fitness Effects on Cognition in Persons with Multiple Sclerosis. Neuropsychol. Rev. 2016, 26, 271–294. [CrossRef]
[PubMed]

33. Sandroff, B.M.; Bollaert, R.E.; Pilutti, L.A.; Peterson, M.L.; Baynard, T.; Fernhall, B.; McAuley, E.; Motl, R.W. Multimodal exercise
training in multiple sclerosis: A randomized controlled trial in persons with substantial mobility disability. Contemp. Clin. Trials
2017, 61, 39–47. [CrossRef] [PubMed]

34. Sandroff, B.M.; Wylie, G.R.; Baird, J.F.; Jones, C.D.; Diggs, M.D.; Genova, H.; Bamman, M.M.; Cutter, G.R.; DeLuca, J.; Motl, R.W.
Effects of walking exercise training on learning and memory and hippocampal neuroimaging outcomes in MS: A targeted, pilot
randomized controlled trial. Contemp. Clin. Trials 2021, 110, 106563. [CrossRef] [PubMed]

35. Sandroff, B.M.; Jones, C.D.; Baird, J.F.; Motl, R.W. Systematic Review on Exercise Training as a Neuroplasticity-Inducing Behavior
in Multiple Sclerosis. Neurorehabil. Neural Repair 2020, 34, 575–588. [CrossRef] [PubMed]

36. Motl, R.W.; Gosney, J.L. Effect of exercise training on quality of life in multiple sclerosis: A meta-analysis. Mult. Scler. 2008, 14,
129–135. [CrossRef]

37. Kierkegaard, M.; Lundberg, I.E.; Olsson, T.; Johansson, S.; Ygberg, S.; Opava, C.; Holmqvist, L.W.; Piehl, F. High-intensity
resistance training in multiple sclerosis-An exploratory study of effects on immune markers in blood and cerebrospinal fluid,
and on mood, fatigue, health-related quality of life, muscle strength, walking and cognition. J. Neurol. Sci. 2016, 362, 251–257.
[CrossRef]

38. Wilson, B.; Gracey, F.; Evans, J.; Bateman, A. Neuropsychological Rehabilitation: Theory, Models, Therapy and Outcome, 1st ed.;
Cambridge University Press: Cambridge, UK, 2009.

39. Crayton, H.; Heyman, R.A.; Rossman, H.S. A multimodal approach to managing the symptoms of multiple sclerosis. Neurology
2004, 63, S12–S18. [CrossRef] [PubMed]

40. Weiss, P.L.; Jessel, A.S. Virtual reality applications to work. Work 1998, 11, 277–293. [CrossRef] [PubMed]
41. Bryson, S. Approaches to the Successful Design and Implementation of VR Applications. Virtual Real. Appl. 1995, 9, 3–15.
42. Caserman, P.; Garcia-Agundez, A.; Konrad, R.; Göbel, S.; Steinmetz, R. Real-time body tracking in virtual reality using a Vive

tracker. Virtual Real. 2019, 23, 155–168. [CrossRef]
43. Loureiro Krassmann, A.; Melo, M.; Peixoto, B.; Pinto, D.; Bessa, M.; Bercht, M. Learning in Virtual Reality: Investigating the

Effects of Immersive Tendencies and Sense of Presence. In International Conference on Human-Computer Interaction; Springer: Cham,
Switzerland, 2020; Volume 12191 LNCS, pp. 270–286. [CrossRef]

44. Sanchez-Vives, M.V.; Slater, M. From presence to consciousness through virtual reality. Nat. Rev. Neurosci. 2005, 6, 332–339.
[CrossRef] [PubMed]

http://doi.org/10.1007/s00415-011-6353-x
http://www.ncbi.nlm.nih.gov/pubmed/22237819
http://doi.org/10.1177/1352458513501571
http://doi.org/10.1016/j.apmr.2017.07.021
http://www.ncbi.nlm.nih.gov/pubmed/28958607
http://doi.org/10.1002/hipo.20547
http://doi.org/10.1177/1745691617707316
http://www.ncbi.nlm.nih.gov/pubmed/29592650
http://doi.org/10.1016/j.ijpsycho.2019.02.010
http://www.ncbi.nlm.nih.gov/pubmed/30825477
http://doi.org/10.1177/1352458520973619
http://doi.org/10.1111/ane.13540
http://www.ncbi.nlm.nih.gov/pubmed/34687036
http://doi.org/10.1007/s11910-019-1002-3
http://www.ncbi.nlm.nih.gov/pubmed/31720862
http://doi.org/10.1177/1352458520917935
http://www.ncbi.nlm.nih.gov/pubmed/32390502
http://doi.org/10.1016/S1474-4422(22)00045-X
http://doi.org/10.1007/s11910-015-0585-6
http://www.ncbi.nlm.nih.gov/pubmed/26223831
http://doi.org/10.1007/s11065-016-9324-2
http://www.ncbi.nlm.nih.gov/pubmed/27447980
http://doi.org/10.1016/j.cct.2017.07.016
http://www.ncbi.nlm.nih.gov/pubmed/28732757
http://doi.org/10.1016/j.cct.2021.106563
http://www.ncbi.nlm.nih.gov/pubmed/34496278
http://doi.org/10.1177/1545968320921836
http://www.ncbi.nlm.nih.gov/pubmed/32452269
http://doi.org/10.1177/1352458507080464
http://doi.org/10.1016/j.jns.2016.01.063
http://doi.org/10.1212/WNL.63.11_suppl_5.S12
http://www.ncbi.nlm.nih.gov/pubmed/15596731
http://doi.org/10.3233/WOR-1998-11305
http://www.ncbi.nlm.nih.gov/pubmed/24441599
http://doi.org/10.1007/s10055-018-0374-z
http://doi.org/10.1007/978-3-030-49698-2_18
http://doi.org/10.1038/nrn1651
http://www.ncbi.nlm.nih.gov/pubmed/15803164


NeuroSci 2022, 3 211

45. Hoffman, H.G.; Seibel, E.J.; Richards, T.L.; Furness, T.A.; Patterson, D.R.; Sharar, S.R. Virtual Reality Helmet Display Quality
Influences the Magnitude of Virtual Reality Analgesia. J. Pain 2006, 7, 843–850. [CrossRef]

46. Triberti, S.; Repetto, C.; Riva, G. Psychological factors influencing the effectiveness of virtual reality-based analgesia: A systematic
review. Cyberpsychol. Behav. Soc. Netw. 2014, 17, 335–345. [CrossRef] [PubMed]

47. Koenig, S.T.; Krch, D.; Lange, B.S.; Rizzo, A. Virtual reality and rehabilitation. In Handbook of Rehabilitation Psychology, 3rd ed.;
American Psychological Association: Washington, DC, USA, 2019; pp. 521–539. [CrossRef]

48. Rizzo, A.S.; Koenig, S.T. Is clinical virtual reality ready for primetime? Neuropsychology 2017, 31, 877–899. [CrossRef]
49. Lombard, M.; Ditton, T. At the heart of it all: The concept of presence. J. Comput. Commun. 1997, 3, JCMC321. [CrossRef]
50. Lavie, N.; Hirst, A.; De Fockert, J.W.; Viding, E. Load theory of selective attention and cognitive control. J. Exp. Psychol. Gen. 2004,

133, 339–354. [CrossRef]
51. Roper, Z.J.J.; Cosman, J.D.; Vecera, S.P. Perceptual load corresponds with factors known to influence visual search. J. Exp. Psychol.

Hum. Percept. Perform. 2013, 39, 1340–1351. [CrossRef] [PubMed]
52. Paquet, L.; Craig, G.L. Evidence for selective target processing with a low perceptual lead flankers task. Mem. Cogn. 1997, 25,

182–189. [CrossRef] [PubMed]
53. Lavie, N.; Beck, D.M.; Konstantinou, N. Blinded by the load: Attention, awareness and the role of perceptual load. Philos. Trans.

R. Soc. B Biol. Sci. 2014, 369, 20130205. [CrossRef] [PubMed]
54. Forster, S.; Lavie, N. Harnessing the wandering mind: The role of perceptual load. Cognition 2009, 111, 345–355. [CrossRef]

[PubMed]
55. Sutherland, I. The Ultimate Display. In Proceedings of the IFIP Congress; IFIP: New York, NY, USA, 1965; Volume 65, pp. 506–508.
56. Ahmadpour, N.; Randall, H.; Choksi, H.; Gao, A.; Vaughan, C.; Poronnik, P. Virtual Reality interventions for acute and chronic

pain management. Int. J. Biochem. Cell Biol. 2019, 114, 105568. [CrossRef] [PubMed]
57. Austin, P.D. The Analgesic Effects of Virtual Reality for People with Chronic Pain: A Scoping Review. Pain Med. 2022, 23, 105–121.

[CrossRef] [PubMed]
58. Kampmann, I.L.; Emmelkamp, P.M.G.; Hartanto, D.; Brinkman, W.P.; Zijlstra, B.J.H.; Morina, N. Exposure to virtual social

interactions in the treatment of social anxiety disorder: A randomized controlled trial. Behav. Res. Ther. 2016, 77, 147–156.
[CrossRef] [PubMed]
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