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Purroske. Vision provides essential sensory feedback to maintain upright stance yet is
affected by inherent processing delays within the central nervous system. Mismatches
between visual and motor responses caused by visual delays may also result in motion
sickness. In the current study, virtual reality (VR)-generated visual delays were used
to examine the relationships among delayed visual feedback, postural responses, and
visually induced motion sickness during a dynamic balance task.

MerHoDs. Young healthy adults stood on a force plate mounted to a motorized plat-
form that sinusoidally translated continuously in the anteroposterior (AP) direction for
60 seconds; they wore a VR head-mounted display, surface electromyography (EMG),
and full-body motion capture markers. Center of pressure (CoP) was recorded through
ground reaction forces using the force plate, kinematics were collected to observe whole-
body responses, and surface EMG was used to record muscle activity. Questionnaires
were completed after each trial to evaluate subjective measures of perceived stability
and visually induced motion sickness.

Resurts. The amplitude of kinetic, kinematic responses, and muscle activity increased
with visual delay and returned to baseline levels when participants were re-exposed to
the visual delay conditions.

ConcLusions. Strategies used to maintain postural stability under delayed feedback
conditions can adapt to sensory delays, without experiencing motion sickness, even if
the perceived stability is initially compromised.
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he ability to maintain postural stability requires sensory

feedback from visual, vestibular, and somatosensory
inputs.! Individually manipulating these sensory systems
can be used to explore sensory contributions to postural
control, as sensory stimuli and/or support surface changes
may lead to sensory conflicts.!~* It has been shown that
postural strategies change when vision is altered, where
misleading visual inputs lead to increases in sway.> When
useful visual information is removed (eyes closed), body
sway is increased by 20% to 70%.-%7 Previous work suggests
that increasing visual feedback through optic flow gain
decreases postural amplitude, especially under challenging
conditions (e.g., foam surfaces).® When standing on more
challenging conditions, there is an increased reliance on
visual cues related to postural control, as larger movements
of the head are perceived by the visual system but small
movements during quiet stance may not be sufficient to
induce visual motion perception.!’? Standing on compli-
ant surfaces also poses a challenge to the postural control
system where proprioceptive input from the feet is reduced,
resulting in an increased reliance on visual and vestibular

systems to maintain stability.!
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The shift in sensory reliance underscores the importance
of sensory inputs*?®; however, intrinsic delays in the sensori-
motor integration may further challenge postural stability.'°
Physiological processes such as central processing, motor
command transmission, and sensory transduction result in
delays within the balance control loop, which vary from
80 to 200 ms.!*!! Sensory information from these systems
undergoes a brief delay when integrated in the central
nervous system to generate motor commands required to
maintain upright stance. These delays pose challenges to
stability, as longer delays increase postural sway.!’ Senso-
rimotor delays have been shown to change over time with
aging and disease.!*!3 The generation of balance-correcting
responses relies on sensory integration and muscle activa-
tion, which may create challenges for generalizing these
responses across muscle effectors and directions.'* This limi-
tation may hinder the ability to accommodate for these
delays in postural control, increasing the risk of falling.'*
Therefore, understanding how one can adapt to visual delays
in dynamic stance is crucial, as it provides more trans-
latable learned behavior as compared with quiet stance.
However, through training, it has been suggested that
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healthy adults can overcome these delays,'>!¢ also known

as sensorimotor adaptation. Although aging is associated
with increased sensory delays,!® the extent to which delays
impact postural control remains unclear. Introducing larger
visual delays provides a way to systematically probe the
adaptability of the postural control system. This also allows
for the exploration of visuomotor mechanisms underlying
postural control for applications involving extended reality
such as virtual reality (VR), where delays may frequently
occur.

VR head-mounted displays (HMDs) provide a promis-
ing way to alter visual feedback using photorealistic envi-
ronments,® but they may result in cybersickness.!” The
inherent delays associated with visual feedback in VR
systems is often linked to visually induced motion sick-
ness (VIMS), characterized by symptoms such as nausea,
dizziness, and general discomfort.!”'® These delays high-
light the importance of improving virtual experience to
reduce sickness for VR users. Subjective means to quan-
tify VIMS include the short version of the VIMS Sick-
ness Susceptibility Questionnaire (SSQ),'*?° characterized
by a variety of symptoms on different subscales, includ-
ing oculomotor disturbances, nausea, and disorientation.'®
Another way to quantify VIMS is by using the Fast Motion
Sickness Scale (FMS), a verbal assessment of sickness to
quantify motion sickness.?! Two of the most prominent
theories of motion sickness are sensory conflict?*=%4 and
postural instability.?>?® The sensory conflict theory arises
among visual, vestibular, and/or proprioceptive systems
if the individual has not established a successful adap-
tation mechanism. Further, the postural instability theory
suggests that motion sickness is associated with changes
in body sway, likely when an individual’s mechanisms
for maintaining stability are impaired. Further work is
required to better understand the effects of visual contri-
butions during dynamic postural tasks on motion sick-
ness. By exploring these mechanisms, our understand-
ing of neuromechanical contributions to balance will be
improved.

Therefore, the purpose of this study was to exam-
ine the effects of delayed visual feedback on postu-
ral control and VIMS during support surface transla-
tions in young adults. We hypothesized that delayed
visual feedback during dynamic stance would result in
an increase in postural responses and VIMS responses.
We further hypothesized that, during repeated expo-
sure, there would be a reduction in instability quantified
through postural responses and VIMS, which may suggest
adaptability.

METHODS
Participants

Twenty healthy (self-reported) adults between the ages
of 18 and 40 years old (mean age, 20.2 + 1.76 years)
were recruited to participate in this study, equally split
between males and females. Participants were excluded
if they reported any neurological, musculoskeletal, ortho-
pedic, and/or prescription medications that may impair
their balance. All participants were provided with informed
consent prior to participating in the study, in accor-
dance with the Human Participants Review Sub-Committee
of York University’s Ethics Review Board prior to
participation.
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Experimental Procedure and Setup

Participants stood on a force plate (AMTI, Watertown, MA,
USA) mounted to a motorized platform for 60 seconds
during continuous and sinusoidal translations in the antero-
posterior (AP) direction while wearing a VR HMD (Vive Pro
2, 120° horizontal field of view; HTC Corporation, Taoyuan
City, Taiwan) with their hands resting naturally by their
sides and facing in the direction of the perturbation (Fig. 1).
Participants were fitted with a harness that provided enough
slack to ensure that no tactile feedback was provided during
experimental trials. Stance width was standardized to foot
length and marked on the force plate. The support surface
perturbation was a continuous translation that moved at
0.5 Hz and translated within a range of £50 mm from the
center of the platform, with a maximum velocity of 0.3 m/s
and maximum acceleration of 0.3 m/s?. Previous work has
reported that, at lower frequencies with a maximum of
0.5 Hz, individuals tended to move with the platform, rely-
ing on vision for stabilization.”” Beyond 0.5 Hz, postural
strategies shift to a multisegmented responses, increasing
reliance on vestibular and proprioceptive inputs.”’ Surface
electromyography (EMG) was collected from pairs of surface
electrodes placed 2 cm apart along the muscle bellies of
the right medial gastrocnemius (MG), tibialis anterior (TA),
and soleus (SOL) (Ultium; Noraxon, Scottsdale, AZ, USA).
Maximum voluntary contractions (MVCs) were completed
for each of the three muscles. Participants completed plan-
tarflexion under resistance while lying prone for the MG,
dorsiflexion under resistance for the TA, and plantarflexion
under resistance with an approximate 90° knee angle for the
SOL.

Participants wore 40 reflective markers placed on the
following anatomical landmarks, adapted from the full-body
Nexus 2 Plug-In Gait model (Vicon, Centennial, CO, USA):
head (on the zygomatic bone and back of the head), gleno-
humeral joint, upper arm, lateral epicondyle, forearm, radial
and ulnar styloid, third metacarpal, anterior superior iliac
spine (ASIS), posterior superior iliac spine (PSIS), upper
thigh, tibiofemoral joint, tibialis anterior, lateral malleolus,
third metatarsal, calcaneus, clavicle, sternum, seventh cervi-
cal vertebra (C7), tenth thoracic vertebra (T10), first sacral
vertebra, and right upper back. Four markers were placed
at each corner of the translating platform to track platform
position. The current analysis focused on the head, trunk,
and platform markers.

A photorealistic art gallery environment (gallery.osgb,
developed by WorldViz, Santa Barbara, CA, USA) was used in
all VR conditions where the VR scene dynamically changed
based on the movement of the participants head motion.
Although inherent delays were not recorded in the current
study, previous studies have reported latencies of approxi-
mately 22 ms during normal function.?® In two experimen-
tal conditions, an additional visual delay was manipulated
using Vizard python programming by applying time delays
of 250 ms and 500 ms relative to head position (Fig. 1B).
Specifically, the delay was added using a filter delay func-
tion in Vizard, which introduces a temporal delay for a
specified time. Participants were exposed to a minimum of
three practice trials, lasting 30 seconds each: (1) observ-
ing the platform movement, (2) standing on the translat-
ing platform without the VR HMD, and (3) standing on the
translating platform while wearing the VR HMD, immersed
in the virtual environment without visual delay. Prior to
the experimental trials, participants were explicitly informed
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Ficure 1. (A) Experimental setup: Participants stood on a force plate mounted to a translating platform (1.6 m long x 0.9 m wide x 0.27 m
high) while wearing a VR HMD displaying a virtual scene. EMG and kinematic markers are not illustrated. (B) Absolute head position of a
representative subject across 30 seconds, with visual delay values of 0 ms and 500 ms and displacement of the translating platform, which

continuously moved in the AP direction within a range of £50 mm.

that a visual delay would be introduced in specific condi-
tions. They were given the opportunity to explore the virtual
environment before the platform translation commenced.
During experimental trials, randomized conditions of the
delayed visual feedback were 0 ms (no additional delay),
250 ms, and 500 ms. Each visual delay condition lasted 60
seconds and was repeated once, making a total of two trials
per delay condition. After each trial, subjective measures
of perceived stability and VIMS were assessed by provid-
ing participants with a series of questionnaires. Specifically,
perceived stability was assessed from 0% to 100% (0% =
“I did not feel stable at all”; 100% = “I felt completely
stable”). VIMS was examined through two questionnaires:
FMS (0 = no sickness at all, 20 = frank sickness)?*' and
SSQ to assess the severity of motion sickness symptoms on
a four-point scale (0 = none, 1 = slight, 2 = moderate, 3
= severe).?*° These symptoms were categorized into three
subscales: nausea, oculomotor, and disorientation, and each
subscale was calculated by summing the symptom ratings
into specific weights: nausea (9.54), oculomotor (7.58), and
disorientation (13.92). The total score was then derived by
summing the weighted subscale scores and applying an
additional weight of 3.74.2° Overall, higher total scores
indicated a greater severity of simulator sickness symp-
toms.?>30 After participants completed the questionnaires,
a mandatory rest period of 2 minutes was provided, without
standing on the translating platform and without wearing
the VR HMD.

Measures

Ground reaction forces and moments were recorded from a
force plate, sampled at 1000 Hz. The center of pressure (CoP)
was calculated in MATLAB R2022b (MathWorks, Natick, MA,
USA) and was lowpass filtered using a 5-Hz second-order,
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dual-pass Butterworth filter; bias was removed by subtract-
ing the mean CoP position from the signal. Kinematic data
were sampled at 100 Hz and captured using motion capture
(Nexus 2 Plug-In Gait). Kinematic data were filtered using
a 5-Hz lowpass Butterworth filter, and bias was removed by
subtracting the mean position from the signal in MATLAB
R2022b. AP CoP, head (using one of four head markers),
and trunk (calculated as the average of left and right shoul-
der markers) root mean square (RMS) values, a measure of
amplitude, were calculated using the following formula:

1 n
RMS =,[= Y "x}
n
i=1

where x is the individual sample and # is the number of data
points.

EMG was acquired and recorded using the Noraxon
Ultium wireless system and digitally recorded in the Nexus
2 Plug-In Gait, sampled at 2000 Hz. EMG data were filtered
using a 30- to 500-Hz bandpass filter. Bias was removed,
and the data were rectified, normalized to percent MVC,
and low-pass filtered at 3 Hz to create a linear envelope.
Mean normalized EMG and co-contraction indices (CCIs)
TA/SOL and TA/MG were calculated in MATLAB R2022b.
CCIs were determined by identifying the point-by-point
minimum values between the normalized signals of the
agonist and antagonist muscles throughout each trial. These
values were subsequently integrated using the trapezoidal
rule and normalized by trial duration, yielding the final CCIs.

Statistical Analysis

Following data collection, a 2 (exposure: first, second) x
3 (visual delay: 0 ms, 250 ms, 500 ms) repeated measures
ANOVA was used for all outcome measures in SPSS Statistics
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29.0, (IBM Corporation, Chicago, IL, USA). Shapiro-Wilks
tests and histograms were employed to evaluate normal-
ity. Mauchly’s test of sphericity was used to assess spheric-
ity, and Greenhouse-Geisser corrections were used if the
sphericity assumption was violated. Statistical significance
was set at an «-level of 0.05, and Sidak corrections were
applied to correct for multiple comparisons. Two partic-
ipants were excluded from head data analysis, one from
trunk data, and three from EMG analyses due to technical
errors during data collection. Four of 120 CoP data points
(0.03%), seven of 240 head/trunk data points (0.029%), and
nine of 600 EMG data points (0.015%) were identified as
outliers. Identified outliers were replaced to 2 SD from the
mean.?! Outliers were not corrected for questionnaire data.>?
Significant main effects were explored using multiple paired-
sample t-tests with a Sidak correction. If normality was
violated, a square root transformation was used to correct for
normality.
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RESULTS
Kinetics and Kinematics

During the continuous perturbation, both CoP and body
position followed a similar trajectory to the platform;
however, increasing the delay had a significant effect on
both kinetic and kinematic variables (Figs. 1, 2). There was
a significant main effect of delay on AP CoP, trunk, and head
RMS (Table 1; Fig. 3), where RMS was greatest at a delay of
500 ms (Table 2). Post hoc results showed that AP CoP and
head RMS values had significant changes between the 0-ms
and 500-ms delay: for CoP, #(19) = 2.786, P = 0.035; for head,
t(17) = 2.804, P = 0.036. Post hoc results for AP trunk RMS
values showed a significant increase from the 0-ms to 250-
ms delay, #(18) = 3.164, P = 0.016, as well as for the 0-ms
to 500-ms delay, #(18) = 3.554, P = 0.007. There were also
significant main effects of exposure for AP CoP, trunk, and
head RMS values (Table 1), where RMS decreased during the

Bolded values denote statistical significance.
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3 CoP and Body
o AP CoP RMS 72.427 (1, 19) <0.001 0.792 4.540 (2, 19) 0.017 0.193 0.256 (2, 19) 0.775 0.013
o AP trunk RMS 57.188 (1, 18) <0.001 0.761 7.525 (2, 18) 0.02 0.295 0.344 (1.55, 18) 0.658 0.019
§ AP head RMS 30.014 (1, 17) <0.001 0.638 4.415 (2,17) 0.02 0.206 0.428 (2, 17) 0.655 0.025
©  EMG
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second exposure (Table 2; Fig. 3). No significant interaction
effects were observed for any kinetic or kinematic outcome
measures.

EMG Data

There were significant main effects of delay for TA activ-
ity (Table 1), where post hoc analyses showed a significant
increase between the 0-ms and 250-ms delay, #(15) = 3.571, P
= 0.008. No significant main effects of delay were observed
for SOL or MG activity (Table 1). In addition, the CCI for
TA/SOL significantly increased with visual delay (Table 2).
Post hoc analyses showed a significant increase in TA/SOL
CCIs from the 0-ms to 250-ms delay, #(15) = 3; P = 0.029.
There were also significant main effects of exposure for all
muscle activity responses (Table 1), such that the activity
of all three muscles and CCIs decreased during the second
exposure (Figs. 4, 5). No significant main effects of delay
were shown for the CCI for TA/MG. No significant interac-
tion effects were observed for any EMG outcome measure.

Subjective Measures

There was a significant main effect of delay on perceived
stability (Table 1; Fig. 6). Post hoc analyses showed a signifi-
cant decrease in perceived stability from the 0-ms to 500-ms
delay, #(19) = 3.53, P = 0.007. No significant main effects of
exposure for perceived stability or main effects of delay or
exposure were observed for either motion sickness measure
(FMS or SSQ) (Table 1). No significant interaction effects
were observed for all subjective measures.

Di1scuUsSION

The aim of this study was to examine the effects of delayed
visual feedback on dynamic postural control and VIMS
in young adults. At first exposure, participants showed
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large postural and subjective responses with delayed visual
feedback, supporting the importance of reliable visual
input in maintaining balance. Upon second exposure, the
postural responses were significantly reduced. The postu-
ral control system was able to adapt to visual delays,
which may be explained by various concepts including
sensory reweighting, a decrease in sensorimotor gain,
and/or utilizing the delayed visual feedback. Our find-
ings align with early work demonstrating the dominant
influence of vision in postural control, particularly when
visual input conflicts with vestibular and proprioceptive
systems.*> We expanded this work by demonstrating that,
although vision remains a strong driver of postural control,
its influence under delayed visual feedback conditions does
not diminish within a single trial. According to Bronstein
(2019),>* when visual cues are presented in conflict with
other systems such as vestibular and proprioceptive, the
sensory system may downregulate the gain assigned to
visual input, shifting its reliance to more reliable systems.
This adaptive process may explain the decrease in postu-
ral responses over repeated exposures in the present study.
One explanation for the variability within individuals may be
visual dependence,® as highly visually dependent subjects
may be less efficient in downweighing misleading visual
information.

Postural responses require complex sensorimotor inte-
gration when combined with visual delay. The results in this
study further support the idea that, under challenging condi-
tions, the postural control system relies heavily on visual
input,! as the amplitude of postural responses increase with
increased visual delay, emphasizing the importance of vision
in postural control.’ Results also showed an increase in
muscle activity upon exposure to delay the first time, which
suggests a neuromuscular response aimed at countering the
visual delay, a strategy applied during unstable conditions.!!
Previous work suggests that visual delay is processed as
an unreliable source of information, resulting in a compen-
satory increase in muscle activity.?® The results of this study
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1.14 (0.47) [0.91-1.37] 1.13 (0.42) [0.92-1.34] 1.00 (0.42) [0.80-1.21] 1.04 (0.38) [0.85-1.23] 1.04 (0.42) [0.84-1.25]

1.06 (0.38) [0.87-1.25]

% MVC MG

0.73 (0.24) [0.60-0.85] 0.58 (0.22) [0.46-0.70] 0.64 (0.25) [0.50-0.77] 0.62 (0.21) [0.51-0.73]
0.60 (0.21) [0.49-0.70]

0.71 (0.24) [0.58-0.84]

0.63 (0.23) [0.51-0.75]

CCI TA/SOL
CCI TA/MG

Subjective

0.63 (0.19) [0.53-0.72]

0.62 (0.19) [0.52-0.71]

0.72 (0.21) [0.61-0.83] 0.72 (0.19) [0.62-0.82]

0.64 (0.23) [0.52-0.76]

85.35 (15.78) [77.96-92.74] 79.85 (20.18) [70.41-89.29] 79.90 (14.10) [73.30-86.50] 85.20 (17.10) [77.21-93.20] 81.05 (16.83) [73.17-88.93] 79.25 (18.70) [70.51-87.99]

Stability
FMS

1.90 (3.04) [0.48-3.32]

1.95 (3.20) [0.46-3.44]
10.10 (14.77) [3.19-17.00]

2.10 (3.08) [0.66-3.54] 2.40 (4.10) [0.48-4.32] 1.40 (2.52) [0.22-2.58]

6.36 (7.59) [2.81-9.91]

1.20 (2.61) [-0.02-2.42]
6.36 (9.79) [1.78-10.94]

10.66 (14.27) [3.98-17.34]

8.60 (13.02) [2.51-14.69]

10.66 (12.86) [4.64-16.68]

SSQ total
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found that, even under challenging demands of complex
sensorimotor integration, achieved through support surface
translations, subjects were still able to adapt to the visual
delay. In previous work,!® subjects were able to use experi-
ence to adapt and learn upon repeated exposure to delay.
Muscle activity from TA and TA/SOL co-contraction and
trunk amplitude were significantly affected by a delay of
250 ms, demonstrating that 250 ms was sufficient to demon-
strate the impact of brief sensorimotor delays on postural
control mechanisms.

Postural responses were reduced significantly upon
second exposure, suggesting an adaptive response to the
visual delay. Previous studies have shown that, following the
second exposure to the visual feedback conditions, adaptive
changes in the regulation of whole-body responses were
learned by the participants.'43° The nervous system can
apply learned control mechanisms by integrating whole-
body sensory feedback, overcoming the imposed delay limi-
tations.!> A potential sensory reweighting mechanism may
be used, where the nervous system adapts to the visual
delay by downregulating its reliance on the visual system
and increasing the weight of vestibular and somatosensory
inputs.’” Results from this study further support the theory
that flexible and rapid reweighting of sensory information is
an important component in our ability to maintain postural
stability under challenging conditions,*® as participants were
able to adapt to the visual conditions effectively. Another
proposed mechanism of adaption is the downregulation
of sensorimotor gain relative to the increased visual delay.
Previous work using computational models on the effects
of delayed feedback has demonstrated that adaptive postu-
ral responses leading to an increase in postural stability
result from a reduction in the amount of neural feedback
gain.*® Furthermore, the results of this study support exist-
ing evidence of adaptive mechanisms in response to delayed
visual feedback on postural control, where it was hypothe-
sized that participants reduced the amount of motor action
necessary to respond to deviations from their desired posi-
tion.'*4" A mismatch in internal compared to external delay
has been shown to affect feedforward mechanisms, poten-
tially inducing instability.*! Foulkes and Miall*> examined the
effect of delayed visual feedback on tracking performance
and proposed two potential adaptive mechanisms based on
cerebellar function models, where the open loop gain can
be reduced in response to the visual delay or the inter-
nal delay can be adapted. They demonstrated that adapt-
ing the internal delay was significantly more effective than
reducing the open loop gain at increasing performance on
a motor task with delayed visual feedback.?!¥? Accordingly,
another adaptive mechanism that may have been utilized by
participants in this study is integration of the visual delay
into their internal feedback model, potentially improving
motor performance when exposed to visual delay. Future
work should examine the changes in the frequency and
velocity of the postural responses, as this may yield further
insight into the mechanisms of the observed adaptation and
whether an open loop or closed loop adaptation mechanism
is utilized.'*

The findings of this study demonstrated a dissociation
between sensorimotor adaptation and subjective measures
of stability. During the second exposure to increased
visual delay, the sway associated with postural responses
during the dynamic balance task reduced significantly but a
decrease in perceived stability remained, suggesting adap-
tation in postural behavior and a disconnect between
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Black lines illustrate post hoc test results for the main effects of visual delay and number of exposures.
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FiGure 5. Mean (£1 SD; one-sided error bars) for CCIs of TA/SOL and TA/MG across visual delay conditions and exposures. One-sided error
bars in the upward direction represent mean conditions with greater values, and downward direction error bars represent mean conditions
with lesser values. Smaller circles represent individual participants, and larger filled circles are group averages. Black lines illustrate post
hoc test results for the main effects of visual delay and number of exposures.

perceived and objective responses. The postural control
system was able to adapt to visual delays, which may be
explained by sensory reweighting, where there is an adap-
tation to visual delay conditions but an increased reliance on
vestibular and somatosensory systems, as well as a decrease
in sensorimotor gain (specifically vision) and/or utilizing the
delayed visual feedback. Alternatively, the second exposure
results may be related to a shift from automatic to conscious
control of movement.>® The relationship between adapted
postural control strategies to reduce excessive movement
and perceived stability is particularly relevant for individ-
uals with idiopathic dizziness*® and/or persistent postural—
perpetual dizziness (PPPD), a chronic vestibular syndrome
characterized by dizziness during upright posture or walk-
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ing and exposure to dynamic visual stimuli.** In these popu-
lations, a decrease in perceived stability is often reported
despite undiagnosed or unobserved balance deficits or
changes (compared to otherwise healthy controls).®> In addi-
tion, previous work has suggested that older adults may
perceive less self-motion despite greater postural responses
compared to younger adults, although the robustness of
this finding remains uncertain.*> This disconnect between
perceived and objective responses may be related to the
changes described above in sensorimotor integration mech-
anisms involved in upright stance. Future work examin-
ing perceptions of instability may consider using visual
and mechanical perturbations to investigate the relationship
between perceived and objective postural responses during
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FiGure 6. Mean scores (£1 SD; one-sided error bars) for perceived stability, SSQ, and FMS across visual delay and exposures. One-sided error
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with lesser values. Smaller circles represent individual participants, and larger filled circles are group averages. Black lines illustrate post
hoc test results for the main effects of visual delay and number of exposures.

dynamic balance tasks. These findings could inform mech-
anisms of postural control, sensorimotor integration, and
visuomotor adaption.

Delayed Visual Feedback and VIMS

In the present study, we also aimed to investigate relation-
ships between postural responses and severity of sickness.
It has been suggested that, within the postural instability
theory, motion sickness is likely to occur when the indi-
vidual’s ability to maintain stability is impaired.? Therefore,
adaptation to visual delays in postural control may not neces-
sarily imply adaptation in the context of motion sickness,
as participants were not affected by VIMS during the first
exposure. VIMS remained unaffected despite the increase
in visual delay and across exposures, suggesting differences
between sensorimotor adaptations in postural control and
the mechanisms that typically induce motion sickness. The
sensory conflict theory suggests that VIMS occurs if the indi-
vidual has not established a successful adaptation mech-
anism.””> Previous work has shown that head movement
amplitude and display lag influence the severity of cyber-
sickness.*® Results of this study suggest that participants may
have exhibited smaller amplitudes of head movement, as
they did not experience a level of sensory conflict severe
enough to trigger motion sickness symptoms. Future work
should continue to examine the relationship between postu-
ral stability and VIMS by determining thresholds at which
visual delay begins to provoke sensory conflict sufficient
enough to induce VIMS and explore nonlinear analyses to
assess whether certain delays provoke VIMS.

Limitations

The present study manipulated delayed visual feedback rela-
tive to head position using a VR HMD; yet, one limitation
is the minimal inherent delay caused by system process-
ing. However, recent evidence suggests that the improve-
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ments in VR technology have a minimal (or null) effect on
upright stance.?® Finally, the head movement associated with
dynamic stance may not have been large enough to induce
motion sickness, as previous work suggests that head move-
ment amplitude and display lag may influence the severity
of sickness.

CONCLUSIONS

Altogether, subjective and objective findings illustrate a
complex interaction among visual feedback delays, motor
control responses, and individual perceptions of stabil-
ity and discomfort. Findings from this study indicate that
increasing delayed visual feedback resulted in larger postu-
ral responses, highlighting the critical role of visual cues,
sensory reweighing, and feedback control mechanisms
during dynamic balance control. Although perceived stabil-
ity decreased with visual delay, this effect of delay on
perceived stability remained unchanged upon re-exposure.
Adaptation mechanisms in this study align with feedback
control models, where sensorimotor gains change to main-
tain postural stability under delayed feedback conditions,
suggesting that the body can adapt to sensory delays, with-
out experiencing motion sickness, even if the perceived
stability is initially compromised. Understanding how the
visual system is employed in dynamic postural control can
be applied to studying the role of vision in balance deficits
and fall risk interventions while minimizing any adverse
side effects of motion sickness. Future research can exam-
ine postural control strategies in those who have increased
visual reliance such as older adults?’ and may also incorpo-
rate alternative feedback modalities (e.g., auditory or haptic
feedback) that can be used to compensate for visual delay.
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