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Altered postural stability in elderly women
following a single session of head-mounted display virtual reality
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Purpouse: The aim of this study was to evaluate the effect of a single session of head-mounted display virtual reality on postural stability
in elderly women. Methods: Forty-seven female subjects underwent a 20-minute virtual reality session. The mean age of the subjects was
70.12 years. As an immersive source, we used a relaxing virtual reality game with a head-mounted display device. The postural stability test
was conducted using a Nintendo Wii force plate. Participants completed a set of three 30-s trials in which they took a quiet bipedal eyes-open
stance while standing on a hard surface: before the virtual reality session, immediately after the virtual reality session, and 2 minutes after
the virtual reality session. Centre of pressure parameters were analysed in the sagittal and frontal planes. Results: Analysing the results
obtained immediately after the virtual reality session, significant differences were observed in almost all examined parameters. In the
sagittal plane, centre of pressure path velocity increased by 10% (p < 0.01) and path standard deviation by 15% (p < 0.05). In the frontal
plane, centre of pressure path velocity increased by 14% (p < 0.01). After 2 minutes, all examined parameters showed no significant
difference compared to before the virtual reality session. Conclusions: Immediately after the virtual reality session, there was an increase
in almost all examined parameters. However, after 2 minutes, all examined parameters had returned to baseline. Therefore, to reduce fall

risk after a virtual reality session, it is recommended that the subject spend at least 2 minutes in a sitting position.
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1. Introduction

In the twenty-first century, the use of technology
in the field of medicine looks promising. The utilisa-
tion of robotics, health wearables and telemedicine in
general are becoming more common in clinical prac-
tice. Another form of new technology, virtual reality
(VR), has become a subject of interest of researchers
around the world. According to the PubMed.gov search
engine, from 2000 to 2016, there were 13% more pub-
lications on this topic, on average, each year, however, in
the past four years this growth has accelerated, averaging
25% per year. The scope of applications of various
types of VR is wide, from VR as an environment for
functional or cognitive therapy in patients after stroke

[1], [25], [27], through to a distraction in pain man-
agement [21] and as a psychological assessment tool
related to anxiety or phobias [4], [15]. Cave automated
virtual environment (CAVE) systems, simulators and
head-mounted displays (HMD) are most commonly
used as the VR medium.

Due to its low cost, we expect that HMD will be
the fastest-growing device for various types of therapy
in clinical practice, but also a diagnostic purpose. It has
recently been reported that VR head-mounted displays
(HMDVR) can be used to assess balance in older adults
[26], head movement kinematics and patterns [23],
cervical spine mobility [11], or to characterize mobil-
ity impairment during gait [8]. On the clinical side,
the spectrum of using VR is very wide. VR studies
have demonstrated that HMDVR could enhance the
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sleep quality of intensive care unit patients [13], may
serve as a mirror therapy for upper limb recovery in
post-stroke survivors [28], could improve balance and
gait stability of older adults [7], and could be used for
vestibular rehabilitation in patients with mild cogni-
tive impairment [17].

However, the use of HMDVR in older people may
carry some risk. HMDVR, which takes the form of
VR goggles, transfers the subject to a virtual world,
limiting visual stimuli for a specified time. Due to
altering visual input after removal of the VR goggles,
HMD could affect subject's gait stability [30], but also
their static balance [19]. In turn, the elderly rely heav-
ily on vision to maintain balance [9], [20]. Hence, we
hypothesize, that there is a deterioration in postural
stability by disturbing the visual system after a head-
mounted VR session. Therefore, the aim of this study
was to evaluate the effect of a single session of HMDVR
on postural stability in elderly women.

2. Materials and methods

2.1. Participants

The postural stability test was conducted on 47 female
subjects. All participants reported very good health. The
inclusion criterion was an age of 65 years or higher.
Subjects were excluded from the study if they had
uncorrected vision problems, a history of stroke or
falls, dizziness, vertigo, acute musculoskeletal disor-
ders, or who were taking medication that could affect
balance. The study was approved by the ethics com-
mittee of the University School of Physical Education
in Wroctaw, Poland. The design follows the recom-
mendations for the second phase (VR2) of clinical trials
in health using virtual reality, focusing on acceptabil-
ity, feasibility, tolerability, and initial clinical efficacy
[2]. All participants provided written consent.

2.2. Balance assessment

For the postural stability test, a Nintendo Wii Bal-
ance Board (WBB) was used to register the centre of
pressure (CoP) in the sagittal plane (anterior-posterior,
AP) and the frontal plane (medial-lateral, ML). A recent
review showed that, despite its limitations, WBB can
be used as a reliable and valid tool for assessing stand-
ing balance 5. Participants completed a set of three 30-s
trials with a quiet bipedal eyes-open stance on a hard

surface: before the VR session (pre), immediately after
the VR session (post), and 2-minutes after the VR ses-
sion (2-min post). Subjects were instructed to fix their
gaze on a mark positioned at eye level on a plain wall,
approximately 1 m away. Each participant was protected
on 3 sides (front, left, right) with rails and at the back by
an examiner. Data were retrieved using custom-written
LabVIEW software. The sampling frequency was 100 Hz.
Outcome variables were determined using the analysis
techniques contained in SeeSway (www.rehabtools.org/
seesway), an online calculator incorporating Matlab and
LabVIEW software [6]. CoP measures of standard de-
viation (SD) and velocity were analysed in both the AP
and ML planes. The outcome measures were also ex-
amined as a velocity wavelet-derived parameter at
moderate (1.56-6.25 Hz), low (0.39-1.56), very low
(0.10-0.39 Hz) and ultra low (<0.10 Hz) frequencies.
The ultra low frequency is believed to be associated
with the visual system, very low with the vestibular
system, low with cerebellar and moderate with proprio-
ception [3], [22]. Higher scores in individual bandwidth
reflect more body sway. In order to determine the per-
centage involvement of a given system in the postural
stability recovery process, Clark et al. [22] proposed
converting individual bandwidth results into percent-
ages. Therefore, frequency band measures are pre-
sented as percentages.

2.3. Virtual reality
immersive intervention

The VIVE device, developed by the HTC company,
was used as the display device for the HMDVR. As an
immersive source, each participant took part in a re-
laxing VR game, in which they were in a virtual garden
for 20 minutes. The whole session was conducted in
a sitting position. During that time, using a controller,
the subject had the task of colouring a simple picture.
During the session, relaxing music was played.

2.4. Statistical analysis

Data were analysed using Statistica 12 software.
Descriptive statistics for characterising the study popu-
lation are presented with the mean and standard devia-
tion. Data distribution was assessed using the Sha-
piro—Wilk test, and, due to the normal distribution,
parametric tests were used. Repeated-measures analy-
sis of variance (ANOVA) with Bonferroni post hoc
test was used to compare the results obtained in each
test. A significance level of & < 0.05 was established.
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3. Results

In Table 1, the baseline characteristics of all indi-
viduals are shown. The mean age of participants was
70.12 (SD 6.09) years and mean body mass index
(BMI) was 29.86 (SD 3.47) kg/m?2.

Table 1. Participants characteristics

Variable Summary

N 47
Age [years], mean (SD) 70.12 (6.09)
Height [cm], mean (SD) 160.06 (8.41)
Body mass [kg], mean (SD) 76.19 (7.39)
BMI [kg/cm’], mean (SD) 29.86 (3.47)

Normal (BMI 18.5-24.9), n [%] 0(0.00)

Overweight (BMI 25-29.9), n [%] 32 (68.08)

Obese (BMI > 30), n [%] 15 (31.92)
Systolic BP [mmHg], mean (SD) 140.32 (22.97)
Diastolic BP [mmHg], mean (SD) 76.28 (4.74)
Hypertension, n [%] 15(31.92)
Smokers, n [%] 5(10.63)

BMI — body mass index; BP — blood pressure; SD — standard
deviation.

Mean differences with confidence interval (CI) for
the CoP path velocity and path SD are provided in
Table 2. Regarding the path velocity results, statisti-

cally significant differences were observed in both
planes (AP, F(2, 92) = 6.70, p = 0.001; ML, F(2, 92)
= 8.00, p = 0.0006). In the sagittal plane, after the
VR session, participants obtained a result that was by
10.23% greater than the pre value (0.88 SD 0.26 pre
vs. 0.97 SD 0.30 post), while in the frontal plane the
difference was 13.95% (0.43 SD 0.14 pre vs. 0.49 SD
0.16 post). Considering the CoP path SD results,
a statistically significant difference was observed in
the AP plane (£(2, 92) = 5.32, p = 0.006). The result
obtained after the VR session was by 15.56% greater
than the pre value (0.45 SD 0.13 vs. 0.52 SD 0.19).

As shown in Table 3, the wavelet-derived percentage
velocity signal in CoP measures after the VR session
represented by the ultra low-frequency bandwidth
(<0.10 Hz) was by 23% and by 26% lower in the AP
and ML planes, respectively. In the very low-frequency
bandwidth (0.10-0.39 Hz), the CoP measures after the
session increased by 8% in the AP plane, and an increase
by 26% was observed in the ML plane in the low-
frequency bandwidth (0.39-1.56 Hz).

4. Discussion

Our study explored the effects of a single HMDVR
session on postural stability in elderly women. For this

Table 2. VR session effects, mean differences; mean percentage difference (95% CI; p-value)

A/P

M/L

Velocity [cm/s]

Pre vs. post

—0.09; -10.23% (-0.16-0.03; < 0.01)

—0.06; -13.95% (-0.10-0.01; <0.01)

Pre vs. 2-min post

—0.01; -1.13% (—0.08-0.05; NS)

0.01; 2.33% (—0.04-0.05; NS)

Post vs. 2-min post

0.08; 8.99% (0.01-0.14; 0.01)

0.07; 16.67% (0.02-0.12; <0.01)

SD [cm]

Pre vs. post

—0.07; -15.56% (—0.13-0.00; 0.03)

—0.04; -15.38% (—0.09-0.01; NS)

Pre vs. 2-min post

—0.01; -2.22% (-0.05-0.07; NS)

—0.02; -7.69% (—0.06—0.04; NS)

Post vs. 2-min post

0.08; 18.18% (0.01-0.14; 0.01)

0.02; 7.14% (—0.03-0.08; NS)

A/P — anteroposterior, M/L — mediolateral, NS — non-significant, p < 0.05.

Table 3. Frequency mean values (SD) of velocity wavelet analysis in sagittal and medial plane
— percentage the proportion of individual component of each frequency band

A/P M/L
1.56-6.25 Hz | 0.39-1.56 Hz | 0.10-0.39 Hz | <0.10Hz | 1.56-6.25Hz | 0.39-1.56 Hz | 0.10-0.39 Hz | <0.10 Hz
Pre 36.48 (4.77) | 41.90 (3.98) | 15.71 (5.04) | 5.89(1.01) | 37.13 (6.11) | 39.63 (5.04) | 17.99 (7.52) | 5.22(1.77)
Post 36.67 (6.50) | 41.75 (5.04) | 17.02* (4.50) | 4.54* (1.54) | 35.39 (5.11) | 41.91* (5.51) | 18.80 (6.71) | 3.85* (1.28)
2-min post| 36.79 (6.31) | 40.57 (4.98) | 17.39% (5.39) | 5.23/ (1.49) | 36.07 (5.34) | 38.82" (4.78) | 19.13 (6.79) | 5.98" (1.98)
p-value NS NS 0.04 <0.00 NS <0.00 NS <0.00

* — statistically significant results in comparison to test 1 according to Bonferroni post hoc, A/P — anteroposterior, M/L — mediolat-

eral, NS — non-significant, p < 0.05.
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purpose, we used traditional CoP parameters as well
as wavelet-based parameters. The CoP variability, repre-
sented by the standard deviation of postural sway, is
a widely accepted measure of postural performance.
In this study, we found around 15% difference in COP
variability in the sagittal plane immediately after the
HMDVR session. In a 2017 study comparing fallers
and non-fallers, the difference in the RMS parameter
(which is equivalent to the SD parameter) in the sag-
ittal plane was just 15% [9]. In the current study, the
mean velocity results in both planes immediately after
the VR session were over 10% higher than the results
obtained in the pre-intervention test. It has been
shown that a higher mean velocity, especially in the
ML plane, can increase the risk of falling among older
people [12], [16]. Such deterioration may lead to a sig-
nificant increase in the risk of falling after a HMDVR
session. Similar results were obtained by examining
differences in postural stability during tests in real and
virtual environments. The authors demonstrated that
the influence of virtual environment alters postural
stability and is similar to measurements conducted in
trials with eyes closed [10], [18]. In 2016, Robert et al.
[24], in a study assessing the effect of HMDVR in
young adults, concluded that, due to sensorimotor
conflict, HMDVR could have a detrimental impact on
dynamic balance.

Wavelet-based parameter analysis can facilitate
the interpretation of the obtained results. In both
planes, a statistically significant decrease in weight-
ing of the < 0.10 Hz bandwidth (associated with the
visual system) was demonstrated. In the AP plane,
this decrease was compensated for by increasing
weighting in the 0.10-0.39 Hz bandwidth (vestibular
system), and in the ML plane this compensation oc-
curred at the 0.39-1.56 Hz bandwidth (cerebellar).
Decreased weighting on visual input also occurs in
eyes-closed trials [3]. We hypothesise that the de-
creased weighting in the ultra low bandwidth was
due to altered visual input induced by the VR gog-
gles, which did not manage to return to its initial
state. The central nervous system re-weighs the
available sensory information to recruit the vestibu-
lar and cerebellar systems to achieve postural stabil-
ity in the AP and ML planes, respectively. The whole
VR headset weighs about 500 g, and most of that
mass is on the face side. The VR session lasted 20
minutes; therefore, to stabilise the head, isometric
contraction from the cervical extensors was needed.
This could lead to muscle fatigue. A 2014 study
demonstrated that neck musculature fatigue in-
creased weighting in the ultra low bandwidth [14]. In
our study, the visual system was altered, hence, the

mechanism to achieve effective maintenance of bal-
ance could be enhanced activation of the vestibular
and cerebellar systems. In a recent study, Wodarski
et al. [29] performed the analysis of the energy using
the wavelet decomposition during the application
of HMDVR. The study demonstrated a statistically
significant difference in individual frequency bands,
of which the increase in the low bandwidth in ML
direction exactly coincides with our study. Perhaps
this change was captured in our study in the stability
trial immediately after the VR session. However, in
this study, the authors reported data for each signal
from decomposition, and in our study, the signals are
combined into a particular frequency bandwidth,
which makes it difficult to directly compare the re-
sults.

Our findings have both research and clinical im-
plications. In this study, all examined parameters re-
turned to baseline after 2 minutes. Therefore, when
using HMDVR in clinical practice, we recommend
that the subject spend at least 2 minutes in a sitting
position immediately after the VR session to reduce
their risk of falling. Furthermore, when conducting
research using HMDVR as a stability training source,
it is worth bearing in mind that time can affect the
results, and that measuring balance too quickly may
give distorted results.

Several limitations of this study should be noted.
Firstly, our study used a repeated-measures design, and
in order to capture the immediate effect we used only
one measure in each trial, therefore, the results are more
prone to errors. Secondly, we examined a relatively
small sample of patients in a single, eyes-open static
condition. Third, there is no control condition in this
study. This must be taken into account when interpreting
the data. Additional studies are needed to help define
best practices in HMDVR utilisation and to explore new
therapeutic uses for VR in clinical practice.

In conclusion, our study demonstrated that almost
all tested parameters were increased immediately after
the VR session. At this point, the examined person uses
less of their visual system, recruiting the vestibular
system in the sagittal plane and the cerebellum in the
frontal plane to a greater extent. After 2 minutes, how-
ever, the examined parameters had returned to baseline.
To reduce the fall risk after a VR session, it is recom-
mended that the subject spend at least 2 minutes in
a sitting position.
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