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Abstract

Purpose: This study aimed to investigate the immediate effects of optokinetic
stimulation (OKS) using virtual reality (VR) on visual dependency and sen-
sory reweighting in postural control during static standing. Specifically, it ex-
amined whether VR-based OKS could reduce visual dependency more effec-
tively than visual deprivation through eye closure. Methods: Ten healthy
adults participated in this study. A balance function meter was used to meas-
ure postural stability, including Romberg ratios before and after two condi-
tions: VR-based OKS (VR + OKS) and eye closure (EC). Participants per-
formed a two-minute standing task under each condition in random order,
with adequate rest between tasks. In the VR + OKS condition, a smartphone-
based VR headset presented a rotational OKS, while in the EC condition, par-
ticipants stood with their eyes closed. Statistical analyses were conducted using
paired t-tests to compare pre- and post-task Romberg ratios. Results: No sig-
nificant differences were observed in the pre-task Romberg ratios between
conditions. After the VR + OKS condition, significant reductions in Romberg
A and Romberg V were observed. In contrast, no significant changes were
noted in Romberg ratios after the EC condition. Conclusion: VR-based OKS
significantly reduced visual dependency, as indicated by decreased Romberg
ratios, suggesting its potential to facilitate sensory reweighting during postural
control. These findings highlight the utility of low-cost VR devices in balance
rehabilitation for conditions involving high visual dependency. Future studies
should expand on this preliminary research by including larger sample sizes
and diverse populations to confirm its clinical applicability.
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1. Introduction

In the context of postural control, the contributions of the visual, vestibular, and
somatosensory systems are well-documented. Under bright conditions, soma-
tosensorial have been shown to contribute approximately 70% of the information,
with vision accounting for approximately 10% and vestibular sensation responsi-
ble for approximately 20% [1]. The sole of the foot, the sole area in contact with
the ground while standing, provides feedback on the magnitude of force exertion,
weight distribution between the lower limbs, and surface characteristics of the
ground [2]-[4]. This has been shown to be associated with balance ability.

Aging and musculoskeletal disorders in the lower limbs can lead to a decline in
somatosensory function, including morphological changes, reduction in the num-
ber of sensory receptors, decreased skin elasticity, and slowed nerve conduction
velocity. However, since each sensory system has redundancy, a decline in soma-
tosensory input increases dependence on vision, thereby compensating for sen-
sory information and adapting sensory weighting. This process, termed “sensory
reweighting,” facilitates postural control under various environmental and task-
related conditions [5].

Devices such as wobbles and balance boards are frequently utilized to enhance
somatosensory input from the lower limbs. Nevertheless, the use of these devices
has been observed to diminish the reliability of sensory information from foot
contact, consequently augmenting reliance on vision [6]. In the domain of sensory
reweighting, which encompasses redundancy and complementary relationships
between sensory systems, visual interventions have recently garnered attention.

Specifically, postural control tasks involving visual deprivation (e.g., eye clo-
sure) have been shown to be effective in improving visual dependency in patients
with stroke [7]. In healthy adults, visual deprivation has also been reported to im-
prove balance ability more effectively than using a wobble board [8]. In addition,
in patients experiencing dizziness due to vestibular dysfunction, administration
of an optokinetic stimulus (OKS), which involves the presentation of moving tar-
get objects on a large display, has been documented to reduce visual dependency
and alleviate symptoms of dizziness [9]. The OKS provides visual motion infor-
mation, and its application during static posture maintenance has been shown to
increase center-of-gravity sway [10]. The hypothesis that OKS reduces visual de-
pendency is based on the premise that it lowers the reliability of visual information
for postural control.

Visual interventions, akin to somatosensory interventions, are regarded as in-
fluential factors in sensory weighting. Nevertheless, except for eye closure, visual
interventions frequently require dedicated environments and equipment, thereby
impeding accessibility.

Virtual reality (VR) technology has witnessed a meteoric rise in its applications
in the domains of medicine and welfare. VR engenders visual sensations that
closely resemble reality, thereby enabling facile and quantitative manipulation of

visual disturbances and facilitating its use in rehabilitation. Nevertheless, there is
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a paucity of studies that have employed VR for OKS, and research on the effect of
VR on visual dependency remains limited and inconsistent. It may be beneficial
to investigate the impact of VR-based OKS on visual dependency in postural con-
trol. Demonstrating the effectiveness of VR-based OKS in reducing visual depend-
ency could lead to an expansion of options for balance rehabilitation involving
visual interventions.

Akizuki et al. It was previously reported that the Romberg ratio decreased fol-
lowing repeated exposure to virtual reality (VR) images, in which visual infor-
mation was inaccurate in relation to head movements [11]. The extant literature
on the effects of VR technology on visual dependence currently presents incon-
clusive results. Although some studies have reported that VR technology improves
visual dependence [12], others have found no effect [13]. As such, the effects of
VR on visual dependence remain unclear, as does the impact of a single exposure
to OKS with VR.

The present study constitutes a preliminary investigation of the effect of VR-
based OKS on visual dependency, with a specific focus on the immediate impact
of a single exposure to VR-based OKS on visual dependency. To evaluate this im-
pact, the improvement in visual dependency during static standing posture was
compared between two conditions: VR-based OKS (VR + OKS) and eye closure
(EC).

2. Methods
2.1. Study Design

This study enrolled 10 healthy adults [mean (SD); age: 21 (0.6) years; two women;
height: 165.8 (5.6) cm] as participants. All patients met the following criteria: no
acute lower limb disorders, no motor system disorders, and no neurological dis-
orders affecting postural control. The study was conducted in accordance with the
Declaration of Helsinki, and its purpose and content were explained to the partic-
ipants in advance, after which written informed consent was obtained. The re-
search content and methodology were approved by the Ethical Review Committee
of Biwako Rehabilitation Professional University (BR24011).

The study comprised a preliminary measurement (Pre), a two-minute standing
task conducted under each condition (EC, VR + OKS), and a post-measurement
(Post). During the preliminary and subsequent measurements, each participant
was instructed to maintain a static standing position for 30 s on two occasions,
with open and closed eyes, using a balance function meter (Gate View, Aison Ltd.,
Japan). The participants were further instructed to assume a static standing pos-
ture with their feet and heels together, and both upper limbs in a relaxed position
while barefoot. In the open-eye measurement, an index finger was placed 1 m
from the participant at eye level, and the participant was instructed to stare at it.

In the VR + OKS condition, a smartphone (iPhone SE, Apple Inc.) was attached
to the VR goggles for smartphones (VRG-MO02RBK, ELECOM Inc.) with their

eyes open. Additionally, a participative visual vertical position application (SVV;
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Kuroda ENT. Clinic, Version 2.6), which presents two images individually for
each eye for stereoscopy. The participants were used to maintaining a closed leg
standing posture with both legs, while a rotational optokinetic stimulus with a
black dot rotating clockwise at 60°/s was applied for 2 min. In the EC condition,
participants were instructed to maintain a closed leg standing posture for a period
of two minutes with their eyes closed, thus blocking visual information. The par-
ticipants were instructed to perform each condition randomly, with sufficient rest
periods between the conditions. Following a two-minute period of standing in
each condition, the post-measurement was taken using an equilibrium function
meter in a manner consistent with that employed for the Pre.

To calculate the visual dependence of each participant from the data obtained
by the equilibrium function meter, the Romberg ratio was further calculated by
dividing the center of pressure (COP) sway value during the closed eye by that
during the open eye. Romberg ratio A (Area: Romberg A) was further calculated
from the measured outer circumferential area, which represents the magnitude of
the center of gravity sway. The Romberg ratio V (velocity: Romberg V) was cal-
culated from the unit time trajectory length, which represents the speed of the

center of gravity sway.

2.2, Statistical Analyses

In statistical processing, the training effect was examined by performing a paired
t-test on Romberg A and Romberg V obtained before and after each condition.
Statistical software (IBM SPSS Statistics version 29.0) was used to perform statis-

tical analyses, with a significance level of <0.05 set in all cases.

3. Results

There were no significant differences in Romberg A (p > 0.05) and Romberg V
(p > 0.05) during the Premeasurement between conditions.

Table 1 shows a Pre-Post comparison of Romberg rates before and after each
condition task: in the VR + OKS condition. There was a significant decrease in
Romberg A (p < 0.05) and Romberg V (p < 0.05) before and after the task. In the
closed-eye condition, there was no significant change in Romberg A (p > 0.05)
and Romberg V (p > 0.05) before and after the task.

A single exposure to VR + OKS in the present study produced a significant

reduction in the Romberg ratio. However, a similar single exposure with the eyes

Table 1. Pre-post comparison of Romberg rates before and after each condition.

pre  1.81+0.72 pre  1.92+0.64
Romberg A Romberg A
post 154+1.02  yR4 post 1.7 +0.60*
EC
pre 152+024  OKS pre 159 +0.39
Romberg V Romberg V
post  1.38 +0.50 post  1.18 +0.36*

Average * SD., *p < 0.05, EC: Eye-Crosure, VR: Virtual Reality, OKS: optokinetic stimulus.
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closed did not produce a significant change in the Romberg ratio.

4. Discussion

This study investigated the effects of optokinetic stimulation (OKS) using virtual
reality (VR) on sensory reweighting of postural control during standing. The re-
sults showed a decrease in the Romberg ratio, an indicator of visual dependency
in postural stability, after the VR-based OKS. In contrast, no effect on visual de-
pendency was observed under the eyes-closed condition. These findings suggest
that VR-based OKS effectively reduces visual dependency in static standing pos-
ture and influences sensory reweighting. Furthermore, visual motion stimuli us-
ing VR were found to have a high potential for facilitating sensory reweighting in
postural control.

In this study, somatosensory input from the lower limbs and soles was not al-
tered, whereas visual information was manipulated using VR-based OKS and the
eyes-closed condition. The results demonstrated a significant reduction in the
Romberg ratio following VR-based OKS, whereas no changes were observed un-
der the eyes-closed condition. A key factor in sensory reweighting is the reduction
in the reliability of sensory inputs [14] [15]. This study revealed that VR-based
OKS significantly decreased visual dependency compared with the eyes-closed
condition. Previous research has shown that the OKS induces visual disturbances
and increases postural sway during stimulation. Similarly, VR-based OKS likely
led to a greater reduction in the reliability of visual information compared with
the eyes-closed condition. Consequently, sensory reweighting toward more relia-
ble somatosensory and vestibular inputs occurred, leading to an observed reduc-
tion in the Romberg ratio after stimulation.

Methods to alter visual dependency in maintaining a standing posture have
been previously investigated, including the use of balance boards and unstable
platforms [14]. These studies reported increased reliance on visual input during
postural control tasks on unstable platforms. In sports research, studies have
shown that road cyclists rely more on visual inputs, whereas mountain bikers de-
pend more on somatosensory inputs [14]. These findings highlight the fact that
sensory weighting is strongly influenced by environmental and task-specific fac-
tors. However, traditionally, approaches targeting visual inputs require special-
ized environments. Advances in VR technology now allow for the manipulation
of visual information without such environments, broadening the scope of sen-
sory interventions in postural control.

In this study, a low-cost VR headset and smartphone application were used in-
stead of expensive head-mounted displays, making it feasible for clinical applica-
tions. A single exposure to OKS was performed with participants using this setup.
VR-based OKS, implemented without requiring specialized environments, holds
promise for rehabilitation of balance and vestibular disorders with high visual de-
pendency. The results suggest that VR goggles, head-mounted displays, visual

content, and games can be effectively used in balance rehabilitation.
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However, this study has limitations, including the small sample size and lack of
comparisons with an eyes-open control condition. Further research is necessary
to explore the clinical application of VR-based OKS. Therefore, we would like to
conduct a study on more than 30 subjects and add open-eye condition in addition
to the closed-eye condition. In addition, because this was a single exposure, the
long-term effects could not be studied. Therefore, we aimed to study the long-
term effects of OKS by using VR. Additionally, in populations with high visual
dependency, such as older adults, there is a potential risk of balance deterioration
after VR-based OKS owing to reduced visual dependency. Therefore, future in-
vestigations should consider sensory dependency in diverse populations, includ-
ing older adults and individuals with various conditions, to facilitate the imple-
mentation of VR-based OKS in the clinical setting.

This preliminary study examined the effects of VR-based OKS on improving
visual dependency. These results suggest that the VR-based OKS may influence
sensory reweighting during postural control. These findings contribute to a better
understanding of sensory and postural control mechanisms and may advance the

development of effective balance rehabilitation strategies.
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