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In recent years, immersive virtual reality technology has emerged in the field of
health. Its use could allow the assessment of the motor behavior of individuals in
adaptable and reproducible immersive environments, simulating real situations.
This study aimed to assess the effect of an immersive scenario on functional
mobility during a simple locomotor task according to age. Sixty young adults and
60 older volunteers, who were autonomous and without cognitive and
neurological impairment participated. A locomotor task based on the “Timed
Up and Go” task was performed in real and virtual conditions. A functional mobility
score was calculated by combining the time and the number of steps used and
compared between young and older people. Results showed that correlations
between time and the number of steps were the same in VR and real conditions,
but the locomotor performance decreased significantly in VR for both
populations. Additionally, older people exhibited a more reduced locomotor
performance in a virtual environment than young adults, thereby their
functional mobility score decreased more to complete the task, reflecting the
adoption of a more secure locomotion strategy often related to the fear of falling,
with an increase in time and number of steps to support balance. The major
difference between reality and VR is the visual immersion with an HMD, and visual
information is more important in the sensory integration of older people.
Therefore, the reduction in visual field and lack of visual exproprioceptive
information about the body segments in the virtual environment could explain
these results. Finally, the effect of immersion in a virtual scenario onmobility exists
for both populations but is accentuated by the aging process and is therefore age
dependent.
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Introduction

The notable technological and technical development of virtual
reality devices has allowed researchers and health professionals to
successfully develop assessments and clinical treatments based on
the use of these devices (Massetti et al., 2018). Immersive virtual
reality (IVR) is mainly based on the use of a head-mounted display
(HMD) that allows the user to be engaged and immersed in a
digitally created 360-degree virtual environment that can simulate
several everyday situations. The user can perceive, explore, and
interact in a pseudo-natural way (Fuchs, 2018), a numerical
approach that simulates a real one, despite technical limitations,
such as isolation from the real world, the limited field of view, the
weight of the HMD, or the still improvable graphic quality (Renaux
et al., 2022). It engages people in sensorimotor and cognitive
activities in a safe, reproducible, adapted, and controlled
environment according to the objectives pursued (Abou et al.,
2020), and the motor behaviors can be measured. Virtual reality
is favorably accepted by individuals who are inclined to use it for the
benefits provided (Tuena et al., 2020). For example, many studies
have shown that patients in rehabilitation are more involved in
programs using immersive virtual reality than in traditional
programs (Kern et al., 2019) because they feel more competent,
more autonomous, and more motivated, with less of a feeling of
fatigue and high physical effort. These various advantageous aspects
indicate that the possibilities of using immersive virtual reality in the
field of health must be deepened and exploited.

Immersive virtual reality could thus be used as a new method to
visually immerse an individual in a contextualized, standardized,
and controlled virtual environment that reproduces a daily situation,
and in which functional mobility capacities can be assessed. The
evaluation of functional mobility is frequently performed by health
professionals to determine the capabilities of individuals at a given
time (Peel et al., 2005). Functional mobility is a method for assessing
individuals as it can provide information about their overall health
status. Functional mobility is defined as the physiological ability of
individuals to move independently and safely in a variety of
environments (Forhan and Gill, 2013) and perform daily living
activities or functional tasks, such as standing, bending, walking, or
reaching for an object, which are essential for independent living and
determining an individual’s overall health status. Reduced
functional mobility is associated with an increased risk of falls,
loss of independence, and institutionalization (Studenski et al.,
1994).

Different tests exist to assess functional mobility, such as the 6-m
walk, coordinated stability, sit-to-stand (Butler et al., 2009), and
more specifically, the “Timed Up and Go” test (Podsiadlo and
Richardson, 1991), which involves reproducing basic everyday
actions, in this case getting up from a chair, walking 3 m back
and forth, and sitting down. It is a highly recognized gold standard
test used by health professionals and is considered as a quick and
easy tool for assessing mobility, gait, balance, and fall risk
(Alexandre et al., 2012). However, the main task requested is
performed in an environment devoid of stimulation, which
cannot reproduce the diversity of situations encountered in
everyday life. IVR could thus be used to overcome this
limitation, by allowing these actions to be performed in a
contextualized, standardized, and enriched visual environment,

which is more representative of daily life and could increase the
level of sensibility and specificity.

To use IVR as part of a new assessment tool and interpret the
data correctly, it is necessary to know the effects on motor behavior
beforehand and to take them into consideration. Many studies have
already been conducted and showed positively that visuomotor
behavior is essentially similar between real and virtual
environments; therefore, the participant uses known sensory
motor patterns to evolve in the virtual environment. This allows
motor behavior to be studied, evaluated, or trained in immersive
situations (Fink, Foo and Warren, 2007; Gérin-Lajoie et al., 2008;
Bühler and Lamontagne, 2019). Nevertheless, an immersive virtual
reality effect on the motor strategies used does exist and is linked to
the technical constraints of the virtual reality device. This effect is
measurable between the execution of the same task in reality and in
virtual reality, especially on the parameters of static or dynamic
balance (Robert, Ballaz and Lemay, 2016; D’Antonio et al., 2020) but
also on gait parameters, with an increase in the number of steps,
stride speed variability, and step width (Hollman et al., 2006),
causing a decrease in walking speed (Fink, Foo and Warren,
2007; Agethen et al., 2018). These motor adaptations in virtual
reality, particularly during movement, have been measured in a
population of young adults, whose abilities were optimal (Bovim
et al., 2020; Renaux et al., 2022), and also in a population of older
people, who had declining functional abilities (Muhla et al., 2022).
Therefore, there is an immersive virtual reality effect on motor
parameters for all ages during a locomotor task, linked to the
characteristics of the virtual experience.

Advanced age has a strong impact on motor skills because there
is a progressive deterioration of motor, sensory, and cognitive
functions, affecting posture, balance, mobility, and motor control
compared with young adults (Blain et al., 2015). The causes of these
motor deficits are multifactorial and include the degradation of the
central nervous system, modification of the sensory receptors
necessary to decode the information of the environment,
reduction of mass and muscular force, and degeneration of the
peripheral nerves; all contribute to the aging process of (Seidler et al.,
2010). Additionally, it has been noted that older people exhibit a
decrease in the quality of their motor coordination and an increase
in the variability and slowness of the movements performed, unlike
young adults. (Contreras-Vidal, Teulings and Stelmach, 1998; Raz
et al., 2003; Callisaya et al., 2013). Furthermore, older people use
sensory input differently and rely more on visual information for
sensory integration (Agathos et al., 2017). A fundamental difference
between young adults and older people also lies in the psychological
aspect, related to the decline in functional and cognitive abilities.
Older adults can be strongly affected by the fear of falling on a daily
basis, which can lead to a limitation of motor activity and a decrease
in quality of life (Li et al., 2003). The discovery of a new technology
and a new environment, which is virtual, could lead to a more
pronounced apprehension for them. Nevertheless, studies have
shown a strong acceptance of virtual reality among the older
people who find the device useful and easy to use (Delbes et al.,
2022), with little difference from younger people (Ito et al., 2019).

Previous studies have shown an effect of immersive virtual
reality on motor behavior, with a degradation of locomotor
performance in both older people and young adults. However,
the magnitude of this decrease as a function of age has not been
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evaluated. In this context, the aim of this study is to quantify the age-
related effect of immersive virtual reality on the decrease in
locomotor performance. Cognitive and motor changes related to
the aging process could intuitively have a greater influence on motor
behavior in a virtual environment, and we hypothesized that there is
a greater decrease in locomotor performance in older people
compared with young adults.

Materials and methods

Participants

Sixty young adults aged from 18 to 25 were recruited in the
Université de Lorraine, and sixty older people aged from 65 to
85 were recruited in the OHS Florentin rehabilitation center.
Participants were autonomous, without cognitive or neurological
impairment, and independent in walking with or without assistance.
They all experienced IVR exposure for the first time. They
volunteered to participate in the experiment. This study was
approved by an ethical committee: CPP EST-III, N°ID-RCB:
2018-A02637-48. Participants gave their oral consent to participate.

Experimental protocol

All participants were asked to perform a locomotor task
consisting of a go back and forth of 3 m, starting and ending in
a seated position, walking as quickly as possible with safety. The oral
instruction given to the participants was “you must perform the task
by walking as quickly as possible without running or putting yourself
in danger”. When participants heard the word “go” they stood up,
walked 3 m, turned around and returned to their initial position. It
was a simple locomotor task inspired by the “Timed Up and Go”
motor task by Podsiadlo and Richardson (1991). This task had the
advantage of being relevant, recognized for assessing functional
mobility, and simple to perform in reality and in virtual reality
in a limited space of 4 m by 4 m with outside-in tracking. It was
easily contextualized in a fully reproducible visual environment. The
task was timed: the start was triggered when the back of the
participant took off from the chair and the timer stopped when
the participant got back to the initial sitting position. Familiarization
tests in VR were offered to people to ensure a good understanding of
the basic task. An experimenter was always present near the
participant during the performance of the task to assure safety.

Two conditions were performed in a randomized controlled trial
to avoid any learning effect

• Three trials in reality (Real), in an empty room.
• Three trials in virtual reality (VR), in an environment
representing a stationary train.

During the realization of the whole task, two basic variables of
locomotion were measured using a camera placed in the corner of
the roomwith a manual post-experimentation video analysis (filmed
with a GoPro 1920 p × 1080 p, 60 fps; time was displayed on the
video player MPC-HC); the variable “time” representing the main
performance evaluation indicator and the variable “number of steps”

corresponding to the gait adjustments, i.e., the locomotion strategy.
Each step was considered as a heel contact, even if trampling, and
this was also applicable for the turnaround phases, during which
postural adjustments and weight transfers were necessary and
therefore counted as steps. There are several primary domains of
spatiotemporal gait performance identified in the literature but
considering the placement constraint of the camera used, only
the number of steps and the time taken for performing the whole
task have been measured accurately and reliably.

Set up of the immersive virtual environment

The virtual application was developed on the Unity game engine.
The virtual reality device was based on the use of an HTC Vive HMD
(Framerate: 90 Hz, 2160 × 1200 combined pixels, 110° field of view,
470 g) and a computer with a “NvidiaGeforceGTX 1070GPU” to allow
IVR software to run smoothly. Participants were immersed in a virtual
environment (VE) representing a stationary wagon-bar train (Figure 1).
This scenario was relevant to the task requested, with a virtual train
chair located at the same position as the real chair, and the go back and
forthwas carried out in the corridor of the train. Participants were asked
to perform the turnaround in front of a suitcase placed 3 m away; they
were not allowed to go around the suitcase. To facilitate visual
information gathering about the location of the Turn-Around, we
used a suitcase. This helped compensate for the reduction in vertical
field of vision. In the real condition, we placed a 3-m line marker on the
ground where the turnaround point was perfectly adjusted to have the
same distance as in theVR condition. Finally, participants saw theVE in
first-person view andmoved into it with visual feedback consistent with
the gaze orientation andmovements performed. The exposure timewas
short, greatly limiting the possibility of feeling motion sickness. They
had no representation of their body with an avatar, and therefore, had
no exproprioceptive visual feedback from their body segments.

FIGURE 1
| Normalized principal component analysis, including all input
data, time, and number of steps.
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Definition of a functional mobility score

Functional mobility is a way to assess the global health of an
individual through their ability to move freely. As defined,
functional mobility is the ability to perform basic activities of
daily living, such as performing the locomotor task asked of
participants, consisting of performing a go back and forth of 3 m,
starting and finishing in a sitting position. In this study, a functional
mobility score was therefore defined to quantify the ease and
efficiency in performing the locomotor task. This score was
calculated by applying a normalized principal component
analysis (PCA) (Figure 2), combining the two input variables,
which were time and number of steps of all participants (the
main indicators of locomotion that are highly correlated), in a
single explanatory output variable, a functional mobility score.

Explained first Principal Component: eigenvalue = 1.945.
Explained second Principal Component: eigenvalue = 0.055.
Mathematical equation: y � 0.9773 *x1 + 0.227 *x2
This PCA identified a new main indicator explaining 97.73% of

the variance, an extremely high score, called the functional mobility
score. Indeed, according to the Kaiser criterion, which specifies that
only variables with an eigenvalue superior or equal to 1 are retained,
only the first component was studied as the eigenvalue was 1.945 The
second component was not considered as the eigenvalue was 0.055.
Therefore, PCA was used to reduce the dimensionality of the
explanatory variables.

Statistical analysis

The “number of steps” and “time” raw data were preprocessed
by averaging the three trials for each participant in each condition.
All statistical processing steps used the average values of the three
trials calculated and MATLAB software.

First, including all participants, linear regressions between
“number of steps” and “time” for each condition were calculated
and compared by an analysis of covariance (ANCOVA). A PCA was
applied to determine the new variable, called the functional mobility
score. As the values between young people and older people were
heterogeneous and distinct, a variation of the mobility score in VR
was calculated and expressed the evolution of the mobility score in

VR compared with reality as a percentage. This allowed young and
older people to be compared accurately.

Normality was tested using the Lilliefors test. The distribution of
the data followed a normal law for the mobility score. Two-by-two
interindividual comparisons were made using Student’s t-test for the
functional mobility score, with a significance threshold set at 0.05.

Results

Both linear regressions calculated expressed time according to
the number of steps in the “Real” and “VR” conditions (Figure 3).
The correlation coefficient in Real was r2 = 0.914; the correlation
coefficient in VR was r2 = 0.913. Correlation coefficients were high
for both conditions. ANCOVA showed no significant differences
between these two linear regressions (p = 0.77). The ANCOVA
model used was as follows: y = −3,0208 + 0,87525. x + ε

This means that the relationship between time and the number
of steps was equivalent in Real and VR for all participants.
Considering that both linear regressions were equivalent between
“Real” and “VR” conditions, it was justified to group the data to
retain a single regression model, which has been used for the
determination of the functional mobility score by applying a PCA.

Statistical results showed a significative decrease in the functional
mobility score for older people (p< 0.001) and young adults (p< 0.001) in
the VR condition compared with the Real condition (Figure 4). This
means that there was a performance decrease in the VR condition for
both populations, confirming an IVR effect on motricity.

The variation of the functional mobility score reflected the
percentage difference in the functional mobility score in VR
compared with that in the Real condition (Figure 5). A negative
variation showed a decrease of this score, meaning a decrease in
locomotor performance. In older people, the median decrease was
22.79%, while in young people it was 6.75%.

FIGURE 2
Virtual environment design of a wagon-bar train.

FIGURE 3
Linear regressions associating time according to the number of
steps for Real and VR conditions.
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Student’s t-test, which compared the variation in the functional
mobility score between older people and young adults, showed a
significant difference (p < 0.001). This means that the VR effect on
the functional mobility score was higher for older people, who
reduced their motor performance more significantly when
performing the locomotor task. Another interesting result was
that the intervariability of the score was significantly higher in
older people than in young adults.

Discussion

The objective of this study was to determine the influence of an
immersive virtual scenario on functional mobility according to age;
this technology could allow for contextualized, standardized, and
controlled situations that could serve as an immersion support
during a motor evaluation. The main results showed that the
locomotion pattern seemed to be preserved in virtual reality but
with a significative decrease in the functional mobility score for both
older people and young adults. However, this decrease in locomotor
performance was more pronounced in older people; therefore, the
VR effect was accentuated by the aging process.

This study confirmed the existence of an effect of immersive
virtual reality on the motor skills of older people and young adults,
more specifically on a functional mobility score that was defined as
the combination of the variables time and number of steps when
performing the locomotor task. This score decreased significantly in
virtual reality for both populations, reflecting a change in the motor
strategies used. These results are consistent with several studies that
had already shown that performing the same task in virtual reality
compared with reality modified motor performance (Fink, Foo and
Warren, 2007; Menegoni et al., 2009; Morel et al., 2015; Agethen
et al., 2018; Almajid et al., 2020; Muhla et al., 2021). Even though
participants need a longer time to complete the same task in virtual
reality, they are able to finish it without stopping or falling; this
locomotor behavior can be explained by the visuomotor behavior
being essentially similar between reality and virtual reality (Gérin-
Lajoie et al., 2008; Bühler and Lamontagne, 2019), which confirms
that walking in a virtual environment is performed automatically
and similarly to walking in a real environment (Fuchs, 2018). Here,
there was a correlation between the number of steps and time, which
is statistically the same in virtual reality and reality for the whole

FIGURE 4
Functional mobility scorewhen performing the locomotor task in Real and VR conditions for older people and young adults. Significance is indicated
as ***p < 0.001.

FIGURE 5
Functional mobility score variation due to the VR effect between
older people and young adults. Significance is indicated as ***p <
0.001.
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population (Figure 3). This means programming and execution
centers of locomotion seemed to function in the same way for
moving in virtual reality, whether the participant is young or old. It
implies that the participant analyzed the virtual environmental
context and made behavioral decisions following the same
process as an analysis of a real environment. On the other hand,
it suggest that general motor patterns are preserved but
parameterized differently, resulting in an adaptation of the motor
strategies used, such as the reduction of pace, for example,. This
result is in accordance with a study showing that the same gait
adaptability behavior is used between real and virtual environments
(Delbes et al., 2022). The use of this technology is thus relevant in the
assessment of mobility or motor capacities. However, it is necessary
to better understand the effects of immersive virtual reality on the
motor strategies used according to age.

The main aim of this study was to compare the age-related
evolution of a functional mobility score to determine the locomotor
performance in an immersive virtual reality environment compared
with a real environment. The characteristics of motor control,
balance, and walking affecting motor skills are partly age
dependent, linked to the consequences of aging on functional
capacities. The descriptive data clearly showed these differences
in motor behavior when performing the locomotor task in real
conditions; the older people having a functional mobility score
approximately half that of young adults. Older people
compensate for their reduced physical abilities by adopting a
safer and more cautious motor strategy that reduces the energy
cost of their movements (Barak, Wagenaar and Holt, 2006).

The effects of immersive virtual reality on locomotor
performance existed for both populations, as described
previously, and generated a decrease in the functional mobility
score. These effects are related to the characteristics of the virtual
experience and the technological limitations that prevent the
simulation of a fully ecological environment, particularly the
weight of the HMD on the head, which imposes perceptual and
biomechanical constraints (Patterson et al., 2006), and the graphics
quality, which is still largely improvable. Additionally, the complete
isolation from the physical world and the lack of stimulated
multimodal sensory inputs lead to a decrease in motor
performance (Muhla et al., 2021; Renaux et al., 2022). The results
of this study nevertheless showed that locomotor performance
decreases were significantly accentuated by aging, confirming our
hypothesis. Indeed, the evolution of the functional mobility score in
virtual reality was significantly more reduced in older people
(22.79%) than in young adults (6.75%). However, this global
result must be slightly qualified within the older population due
to important interindividual differences. In young adults, on the
other hand, there was a similar evolution of the functional mobility
score in virtual reality, with a small interquartile range.

A few explanatory hypotheses can be put forward to explain why
older people reduced their locomotor performance significantly more
in virtual reality. First, living an immersive virtual reality experience
using an HMD leads to a reduction in visual information from the
virtual environment, especially in terms of peripheral vision as the
HMD has a reduced field of view compared with the usual binocular
field of view. Numerous studies have shown that a reduced field of
view influences mobility, resulting in a decrease in walking speed. In
particular, the lower peripheral field of vision and central vision are

mainly used by older people (Turano et al., 2004). Indeed, once a path
is determined, visual information from the central and inferior
peripheral visual fields allows a continuous update of the spatial
environment (Marigold, 2008). Gibson (1954) proposed that patterns
in the optical network defined by the visual field are stimuli for
locomotion control because they provide information about the
direction and speed of self-motion (Gibson, 1954). Vision provides
the only direct measure of motion that is useful for regulating
locomotion speed and direction (Warren, 1995). However, several
sources of sensory information are integrated for locomotion and
balance in order to adapt motor behavior in an environment as
optimally as possible, but older people perform this continuous
sensory weighting less efficiently than younger adults (Horak,
Shupert and Mirka, 1989). The decrease in visual information is
particularly detrimental for older people because advanced age is
linked to a greater visual dependence on sensory integration to control
postural balance (Agathos et al., 2017). This means that older people
must have had more difficulty in the virtual environment, which
reduced the visual information available, and thus they had to rely on
safe compensatory strategies to avoid failing the task, such as reducing
step length and the rate.

On the other hand, always in connection with the reduction in visual
information and the continuity of the aforementioned arguments, it is
commonly admitted that older people lookmore at the groundwhen they
move than young adults (Anderson et al., 1998), particularly to get
feedback on their foot placement. This is exproprioceptive visual
information about limb position and movement, which is used on an
ongoing basis to refine the limb swing trajectory (Patla, 1997). The visual
exproprioceptive information refers to the information of the body in
relation to the environment (Gibson and Carmichael, 1966) and may be
the critical piece of sensory information that explains why improvements
in walking can be achieved with visual step cues. This has been
highlighted in patients with Parkinson’s disease, for example, (Vitório
et al., 2014). This information is distinguished from visual exteroception,
which refers specifically to information about the environment (Lee,
1978). Visual exproprioceptive information about the position of the
lower limbs in relation to the environment can be associated with
proprioceptive feedback from the lower limbs and with an efference
copy of themotor command. This information is then used to correct the
posture. In the virtual experiment carried out in this study, participants
did not have visual exproproprioceptive feedback from their own body
segments and, in particular, from their own steps because there was no
body representation through the use of an avatar. However, older people
essentially need vision at a particular time in the step cycle to effectively
plan future step movements, while younger adults are much less affected
by this disability (Chapman and Hollands, 2006), particularly because
they can rely onproprioceptive information to compensate, whereas older
people find this more difficult to use. Thus, the inability to see their own
body segments, which are normally used to continuously refine their
locomotion and posture, probably played an important role in the greater
reduction in the functional mobility score. Studies have shown that the
embodiment over an avatar colocated with the body segments
significantly improves the precision of movements in the environment
(Pan and Steed, 2019). The lack of an avatar, and thus of exproprioceptive
visual feedback, seems to have affected more the older people who rely
mainly on vision to place their body segments. For example, during
locomotion, the minimum foot clearance, defined as the minimum
distance between the ground and the foot in the middle of the swing,
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increased significantly when ongoing exproprioceptive visual signals were
not available (Graci, Elliott and Buckley, 2009). Thus, the visual
exproprioceptive information seemed to be important because
individuals modified their motor strategy without it.

It could also be assumed, although it was not measured in this
study, that there was a psychological influence of apprehension in
using this technology for the first time, which led older people to
adopt a more cautious strategy in this new and unknown
environment, related to the fear of falling. It would be interesting
to measure this in future studies.

In conclusion, there is an age-related effect of immersive virtual
reality on the decrease in locomotor performance. Indeed, this study
showed that older people were significantly more affected by a
decrease in their functional mobility score than young adults in the
virtual environment. As older people are more visuo-dependent, the
results are most likely explained by the reduction in visual
information available in the virtual environment, linked with the
reduced field of view in the HMD and the lack of exproprioceptive
visual information in real time about the placement of body
segments. Therefore, an avatar should be integrated in future
studies to partially compensate for this lack of information.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be directed
to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by an ethical committee CPP EST-III, N°ID-RCB: 2018-
A02637-48. The participants provided their written informed
consent to participate in this study.

Author contributions

AR: contribution on all aspects FC: protocol develpment,
writing, data processing, FM: protocol development, writing, data
collection. KD: protocol development PM: protocol development
SC-C: supervising GG: supervising, reviewing. All authors
contributed to the article and approved the submitted version.

Acknowledgments

We thank the healthcare team of the “Office d’Hygiène Sociale
Forentin” for their human and technical support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1141507/
full#supplementary-material

References

Abou, L., Malala, V. D., Yarnot, R., Alluri, A., and Rice, L. A. (2020). Effects of virtual
reality therapy on gait and balance among individuals with spinal cord injury: A
systematic review and meta-analysis. Neurorehabilitation Neural Repair 34 (5),
375–388. doi:10.1177/1545968320913515

Agathos, C. P., Bernardin, D., Baranton, K., Assaiante, C., and Isableu, B. (2017).
Drifting while stepping in place in old adults: Association of self-motion perception
with reference frame reliance and ground optic flow sensitivity. Neuroscience 347,
134–147. doi:10.1016/j.neuroscience.2017.01.044

Agethen, P., Sekar, V. S., Gaisbauer, F., Pfeiffer, T., Otto, M., and Rukzio, E. (2018).
Behavior analysis of human locomotion in the real world and virtual reality for the
manufacturing industry. ACM Trans. Appl. Percept. 15 (3), 1–19. doi:10.1145/3230648

Alexandre, T. S., Meira, D. M., Rico, N. C., and Mizuta, S. K. (2012). Accuracy of
Timed up and Go Test for screening risk of falls among community-dwelling elderly.
Braz. J. Phys. Ther. 16, 381–388. doi:10.1590/S1413-35552012005000041

Almajid, R., Tucker, C., Wright, W. G., Vasudevan, E., and Keshner, E. (2020). Visual
dependence affects themotor behavior of older adults during the Timed up and Go (TUG) test.
Archives Gerontology Geriatrics 87, 104004. doi:10.1016/j.archger.2019.104004

Anderson, P. G., Nienhuis, B., Mulder, T., and Hulstijn, W. (1998). Are older adults
more dependent on visual information in regulating self-motion than younger adults?
J. Mot. Behav. 30 (2), 104–113. doi:10.1080/00222899809601328

Barak, Y., Wagenaar, R. C., and Holt, K. G. (2006). Gait characteristics of elderly
people with a history of falls: A dynamic approach. Phys. Ther. 86 (11), 1501–1510.
doi:10.2522/ptj.20050387

Blain, H., Bloch, F., Borel, L., Dargent-Molina, P., Gauvain, J. B., Hewson, D., et al. (2015),
Activité physique et prévention des chutes chez les personnes âgées (Doctoral dissertation,
Institut national de la santé et de la recherche médicale (INSERM)). Available at: https://www.
hal.inserm.fr/inserm-02102899 (Accessed November 5, 2019).

Bovim, L. P., Gjesdal, B. E., Mæland, S., Aaslund, M. K., and Bogen, B. (2020). The
impact of motor task and environmental constraints on gait patterns during treadmill
walking in a fully immersive virtual environment. Gait Posture 77, 243–249. doi:10.
1016/j.gaitpost.2020.01.031

Bühler, M. A., and Lamontagne, A. (2019). Locomotor circumvention strategies in
response to static pedestrians in a virtual and physical environment. Gait Posture 68,
201–206. doi:10.1016/j.gaitpost.2018.10.004

Butler, A. A., Menant, J. C., Tiedemann, A. C., and Lord, S. R. (2009). Age and gender
differences in seven tests of functional mobility. J. NeuroEngineering Rehabilitation 6
(1), 31. doi:10.1186/1743-0003-6-31

Callisaya, M. L., Beare, R., Phan, T. G., Blizzard, L., Thrift, A. G., Chen, J., et al. (2013).
Brain structural change and gait decline: A longitudinal population-based study. J. Am.
Geriatrics Soc. 61 (7), 1074–1079. doi:10.1111/jgs.12331

Chapman, G. J., and Hollands, M. A. (2006). Age-related differences in stepping
performance during step cycle-related removal of vision. Exp. Brain Res. 174 (4),
613–621. doi:10.1007/s00221-006-0507-6

Contreras-Vidal, J. L., Teulings, HansL., and Stelmach, GeorgeE. (1998). Elderly
subjects are impaired in spatial coordination in fine motor control. Acta Psychol. 100
(1–2), 25–35. doi:10.1016/S0001-6918(98)00023-7

Frontiers in Bioengineering and Biotechnology frontiersin.org07

Renaux et al. 10.3389/fbioe.2023.1141507

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1141507/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1141507/full#supplementary-material
https://doi.org/10.1177/1545968320913515
https://doi.org/10.1016/j.neuroscience.2017.01.044
https://doi.org/10.1145/3230648
https://doi.org/10.1590/S1413-35552012005000041
https://doi.org/10.1016/j.archger.2019.104004
https://doi.org/10.1080/00222899809601328
https://doi.org/10.2522/ptj.20050387
https://www.hal.inserm.fr/inserm-02102899
https://www.hal.inserm.fr/inserm-02102899
https://doi.org/10.1016/j.gaitpost.2020.01.031
https://doi.org/10.1016/j.gaitpost.2020.01.031
https://doi.org/10.1016/j.gaitpost.2018.10.004
https://doi.org/10.1186/1743-0003-6-31
https://doi.org/10.1111/jgs.12331
https://doi.org/10.1007/s00221-006-0507-6
https://doi.org/10.1016/S0001-6918(98)00023-7
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1141507


D’Antonio, E., Tieri, G., Patané, F., Morone, G., and Iosa, M. (2020). Stable or
able? Effect of virtual reality stimulation on static balance of post-stroke patients
and healthy subjects. Hum. Mov. Sci. 70, 102569. doi:10.1016/j.humov.2020.
102569

Delbes, L., Mascret, N., Goulon, C., and Montagne, G. (2022). Validation of an immersive
virtual reality device accepted by seniors that preserves the adaptive behavior produced in the
real world. Front. Bioeng. Biotechnol. 10, 917486. doi:10.3389/fbioe.2022.917486

Fink, P. W., Foo, P. S., andWarren,W. H. (2007). Obstacle avoidance during walking in real
and virtual environments. ACM Trans. Appl. Percept. 4 (1), 2. doi:10.1145/1227134.1227136

Forhan,M., andGill, S. V. (2013). Obesity, functionalmobility and quality of life.Best Pract.
Res. Clin. Endocrinol. Metabolism 27 (2), 129–137. doi:10.1016/j.beem.2013.01.003

Fuchs, P. (2018). Théorie de la réalité virtuelle: Les véritables usages. Paris: Presses des
Mines-Transvalor.

Gérin-Lajoie, M., Richards, C. L., Fung, J., and McFadyen, B. J. (2008). Characteristics
of personal space during obstacle circumvention in physical and virtual environments.
Gait Posture 27 (2), 239–247. doi:10.1016/j.gaitpost.2007.03.015

Gibson, J. J., and Carmichael, L. (1966). The senses considered as perceptual systems.
Boston, United States: Houghton Mifflin.

Gibson, J. J. (1954). The visual perception of objective motion and subjective
movement. Psychol. Rev. 61 (5), 304–314. doi:10.1037/h0061885

Graci, V., Elliott, D. B., and Buckley, J. G. (2009). Peripheral visual cues affect
minimum-foot-clearance during overground locomotion. Gait Posture 30 (3), 370–374.
doi:10.1016/j.gaitpost.2009.06.011

Hollman, J. H., Brey, R. H., Robb, R. A., Bang, T. J., and Kaufman, K. R. (2006).
Spatiotemporal gait deviations in a virtual reality environment. Gait Posture 23 (4),
441–444. doi:10.1016/j.gaitpost.2005.05.005

Horak, F., Shupert, C., and Mirka, A. (1989). Components of postural dyscontrol in the
elderly: A review. Neurobiol. Aging 10 (6), 727–738. doi:10.1016/0197-4580(89)90010-9

Ito, K., Ogino, R., Hiyama, A., and Hirose, M. (2019). “Senior’s acceptance of head-
mounted display using consumer based virtual reality contents,” in Human Aspects of
IT for the Aged Population. Design for the Elderly and Technology Acceptance: 5th
International Conference, ITAP 2019, Held as Part of the 21st HCI International
Conference, HCII 2019, Orlando, FL, July 26–31, 2019 [Proceedings, Part I], 170–180.
Springer International Publishing.

Kern, F., Winter, C., Gall, D., Käthner, I., Pauli, P., and Latoschik, M. E. (2019).
“Immersive virtual reality and gamification within procedurally generated
environments to increase motivation during gait rehabilitation,” in 2019 IEEE
Conference on Virtual Reality and 3D User Interfaces (VR), Osaka, Japan, March
2019, IEEE, 500–509. doi:10.1109/VR.2019.8797828

Lee, D. N. (1978). The functions of vision. London, England, UK: Psychology Press.

Li, F., Fisher, K. J., Harmer, P., McAuley, E., andWilson, N. L. (2003). Fear of falling in
elderly persons: Association with falls, functional ability, and quality of life. Journals
Gerontology Ser. B 58 (5), P283–P290. doi:10.1093/geronb/58.5

Marigold, D. S. (2008). Role of peripheral visual cues in online visual guidance of
locomotion. Exerc. Sport Sci. Rev. 36 (3), 145–151. doi:10.1097/JES.0b013e31817bff72

Massetti, T., da Silva, T. D., Crocetta, T. B., Guarnieri, R., de Freitas, B. L., Bianchi
Lopes, P., et al. (2018). The clinical utility of virtual reality in neurorehabilitation: A
systematic review. J. Central Nerv. Syst. Dis. 10, 117957351881354. doi:10.1177/
1179573518813541

Menegoni, F., Albani, G., Bigoni, M., Priano, L., Trotti, C., Galli, M., et al. (2009).
“Walking in an immersive virtual reality,” in Annual review of cybertherapy and
telemedicine (San Diego, CA, USA), 72–76.

Morel, M., Bideau, B., Lardy, J., and Kulpa, R. (2015). Advantages and limitations of
virtual reality for balance assessment and rehabilitation. Neurophysiol. Clinique/Clinical
Neurophysiol. 45 (4), 315–326. doi:10.1016/j.neucli.2015.09.007

Muhla, F., Duclos, K., Clanché, F., Meyer, P., Maïaux, S., Colnat-Coulbois, S., et al.
(2022). Does the management of visual and audible motion information during an
immersive virtual reality timed up and go test impact locomotor performance in the
elderly? Gerontology 68 (4), 456–464. doi:10.1159/000517286

Muhla, F., et al. (2021). Does the management of visual and audible motion
information during an immersive virtual reality timed up and go test impact
locomotor performance in the elderly? Gerontology 68, 1–9. doi:10.1159/000517286

Pan, Y., and Steed, A. (November 2019). “Avatar type affects performance of cognitive
tasks in virtual reality,” in Proceedings of the 25th ACM Symposium on Virtual Reality
Software and Technology. (Parramatta NSW,Australia), 1–4. doi:10.1145/3359996.3364270

Patla, A. E. (1997). Understanding the roles of vision in the control of human
locomotion. Gait Posture 5 (1), 54–69. doi:10.1016/S0966-6362(96)01109-5

Peel, C., Baker, P. S., Roth, D. L., Brown, C. J., Bodner, E. V., and Allman, R.M. (2005).
Assessing mobility in older adults: The UAB study of aging life-space assessment. Phys.
Ther. 85 (10), 1008–1019. doi:10.1093/ptj/85.10.1008

Podsiadlo, D., and Richardson, S. (1991). The timed “up and go”: A test of basic
functional mobility for frail elderly persons. J. Am. Geriatrics Soc. 39 (2), 142–148.
doi:10.1111/j.1532-5415.1991.tb01616.x

Raz, N., Rodrigue, K. M., Kennedy, K. M., Head, D., Gunning-Dixon, F., and Acker,
J. D. (2003). Differential aging of the human striatum: Longitudinal evidence. Am.
J. Neuroradiol. 24 (9), 1849–1856.

Renaux, A., Muhla, F., Clanché, F., Meyer, P., Maïaux, S., Colnat-Coulbois, S.,
et al. (2022). Effects of using immersive virtual reality on time and steps during a
locomotor task in young adults. PLOS ONE 17 (10), e0275876. doi:10.1371/journal.
pone.0275876

Robert, M. T., Ballaz, L., and Lemay, M. (2016). The effect of viewing a virtual
environment through a head-mounted display on balance. Gait Posture 48, 261–266.
doi:10.1016/j.gaitpost.2016.06.010

Seidler, R. D., Bernard, J. A., Burutolu, T. B., Fling, B. W., Gordon, M. T., Gwin, J. T.,
et al. (2010). Motor control and aging: Links to age-related brain structural, functional,
and biochemical effects. Neurosci. Biobehav. Rev. 34 (5), 721–733. doi:10.1016/j.
neubiorev.2009.10.005

Studenski, S., Duncan, P. W., Chandler, J., Samsa, G., Prescott, B., Hogue, C., et al.
(1994). Predicting falls: The role of mobility and nonphysical factors. J. Am. Geriatrics
Soc. 42 (3), 297–302. doi:10.1111/j.1532-5415.1994.tb01755.x

Tuena, C., Pedroli, E., Trimarchi, P. D., Gallucci, A., Chiappini, M., Goulene, K., et al.
(2020). Usability issues of clinical and research applications of virtual reality in older
people: A systematic review. Front. Hum. Neurosci. 14, 93. doi:10.3389/fnhum.2020.
00093

Turano, K. A., Broman, A. T., Bandeen-Roche, K., Munoz, B., Rubin, G. S., andWest,
S. K. (2004). Association of visual field loss and mobility performance in older adults:
Salisbury eye evaluation study. Optometry Vis. Sci. 81 (5), 298–307. doi:10.1097/01.opx.
0000134903.13651.8e

Vitório, R., Lirani-Silva, E., Pieruccini-Faria, F., Moraes, R., Gobbi, L., and Almeida,
Q. (2014). Visual cues and gait improvement in Parkinson’s disease: Which piece of
information is really important?Neuroscience 277, 273–280. doi:10.1016/j.neuroscience.
2014.07.024

Warren, W. H. (1995). “Self-motion,” in Perception of space and motion
(Amsterdam, Netherlands: Elsevier), 263–325. doi:10.1016/B978-012240530-
3/50010-9

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Renaux et al. 10.3389/fbioe.2023.1141507

https://doi.org/10.1016/j.humov.2020.102569
https://doi.org/10.1016/j.humov.2020.102569
https://doi.org/10.3389/fbioe.2022.917486
https://doi.org/10.1145/1227134.1227136
https://doi.org/10.1016/j.beem.2013.01.003
https://doi.org/10.1016/j.gaitpost.2007.03.015
https://doi.org/10.1037/h0061885
https://doi.org/10.1016/j.gaitpost.2009.06.011
https://doi.org/10.1016/j.gaitpost.2005.05.005
https://doi.org/10.1016/0197-4580(89)90010-9
https://doi.org/10.1109/VR.2019.8797828
https://doi.org/10.1093/geronb/58.5
https://doi.org/10.1097/JES.0b013e31817bff72
https://doi.org/10.1177/1179573518813541
https://doi.org/10.1177/1179573518813541
https://doi.org/10.1016/j.neucli.2015.09.007
https://doi.org/10.1159/000517286
https://doi.org/10.1159/000517286
https://doi.org/10.1145/3359996.3364270
https://doi.org/10.1016/S0966-6362(96)01109-5
https://doi.org/10.1093/ptj/85.10.1008
https://doi.org/10.1111/j.1532-5415.1991.tb01616.x
https://doi.org/10.1371/journal.pone.0275876
https://doi.org/10.1371/journal.pone.0275876
https://doi.org/10.1016/j.gaitpost.2016.06.010
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1111/j.1532-5415.1994.tb01755.x
https://doi.org/10.3389/fnhum.2020.00093
https://doi.org/10.3389/fnhum.2020.00093
https://doi.org/10.1097/01.opx.0000134903.13651.8e
https://doi.org/10.1097/01.opx.0000134903.13651.8e
https://doi.org/10.1016/j.neuroscience.2014.07.024
https://doi.org/10.1016/j.neuroscience.2014.07.024
https://doi.org/10.1016/B978-012240530-3/50010-9
https://doi.org/10.1016/B978-012240530-3/50010-9
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1141507

	Age-related decrease in functional mobility score when performing a locomotor task in an immersive environment
	Introduction
	Materials and methods
	Participants
	Experimental protocol
	Set up of the immersive virtual environment
	Definition of a functional mobility score
	Statistical analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


