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Effects of stroboscopic disruption
on static postural control in elderly individuals
based on rambling and trembling analysis
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Purpose: This study investigated the effects of stroboscopic disruption (SD) on postural control strategies in elderly individuals by
comparing center of pressure (CoP) variables between young and elderly individuals during bipedal standing tasks, with and without SD.
Methods: Thirty-five participants, 15 young and 20 elderly, completed 60-second bipedal quiet standing trials on a force plate. Excluding
the initial and final 10-second preparation and recovery phases, the central 40 seconds of CoP trajectory were quantified using time-
domain and frequency-domain parameters across the medial-lateral (ML), anterior-posterior (AP), and resultant spatial (RS) directions.
Rambling (RM) and trembling (TR) components were also extracted. Statistical analysis was performed using a linear mixed-effect
regression (LMER). Results: SD significantly affected CoP control, with the elderly exhibiting greater changes in most variables than the
younger group. During the transition from transparent to SD conditions, time-domain parameters showed a significant increase in mean
movement distance and root mean square in the RS direction for both traditional and RM components among the elderly. Additionally,
the 95% confidence circle and ellipse areas were larger in the elderly group. In the frequency-domain parameters, such as 80% power
frequency, frequency dispersion, and concentrated frequency decreased in the AP and RS directions for both traditional and RM compo-
nents in the elderly group. Conclusions: The reduction in visual inputs caused by SD leads to decreased flexibility and automaticity in the
postural control of elderly individuals, making it more difficult for them to control CoP sway and adapt to changes in visual input com-
pared to younger individuals.
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including permanent disability [46], significantly affect-

ing an individual’s quality of life. A population-based
study in China reported a fall-related injury incidence

1. Introduction

Maintaining an upright posture is essential for per-
forming daily tasks. Due to the human body’s dispro-
portionate mass distribution concentrated in the upper
region, remaining upright poses a challenge [5]. Failure
to maintain balance can result in falls, which are partic-
ularly hazardous for elderly individuals. Age-related
changes in the central and peripheral nervous systems
lead to balance impairments, increasing the risk of falls
over time. These falls can result in severe consequences,

of 19.5% [31], underscoring the severity of falls in
diminishing independence and contributing to critical
health problems [34]. Among individuals aged 50 and
older, fall risk strongly correlates with age-related
functional declines, making it imperative to address
the issue of reduced postural control in elderly indi-
viduals [34].

Balance maintenance relies on an intricate inter-
play of multiple sensory systems, including somatosen-
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sory, visual and vestibular inputs, to generate coordi-
nated muscle responses [4], [28]. Vision plays a crucial
role in spatial orientation and the integration of ves-
tibular and proprioceptive information. It is sensitive
to object motion perception, is highly responsive to dy-
namic environmental changes, and facilitates rapid pro-
cessing essential for postural control [19], [21]. During
ageing, spatial and postural processing accuracy de-
creases over time [9]. When one or more sensory sys-
tems are compromised, the central nervous system com-
pensates by prioritizing reliable information to maintain
postural stability [25], [28]. Elderly individuals exhibit
an increased dependence on visual feedback [7], with
the most extensive equilibrium changes observed when
somatosensory feedback is inaccurate and visual input
is removed [1]. However, aging also induces structural
and functional deterioration in the visual system, such
as reduced contrast sensitivity and slower processing
speeds, which diminish the ability to detect and respond
to environmental cues [9]. This reduction in visual input
has been directly linked to an increased risk of falls [3].
The elderly could shift over-reliance on visual inputs
for their posture control with more non-visual aware-
ness, considering deactivation of the dorsal visual stream
and visual error processing [44]. Thus, the heightened
visual dependence could instead compromise spatial
orientation and postural accuracy when visual inputs
become unreliable [28], increasing the likelihood of falls
and their adverse consequences, such as injury, dimin-
ished self-esteem, and loss of independence in daily
life. Thus, understanding the change of visual inputs in
postural control for elderly individuals has broad im-
plications for fall prevention.

Stroboscopic disruption (SD), characterized by al-
ternating flickering between transparent and opaque
frames, creates intermittent visual input that challenges
visuomotor adaptability. Unlike complete visual depri-
vation (via eye closure or darkness), SD intermittently
presents visual information inputs. This form of visual
perturbation forces individuals to adapt to fragmented
visual cues while integrating the remaining inputs with
other sensory inputs, fostering more sensory reweighting
[48]. Although complete visual deprivation can highlight
compensatory postural control strategies under extreme
conditions, it often leads to unconventional adapta-
tions because human movement is extremely limited
with closed eyes [32], [41]. In contrast, SD provides
an intermediary visual disturbance, allowing for a more
functional simulation of daily living challenges [26].
This approach has demonstrated its impact on sensory
reweighting during the static balance task, revealing
more challenges in posture control compared to eyes-
-open conditions [23], [25]. Nonetheless, most research

has been conducted on younger individuals, with lim-
ited exploration of how SD affects postural control in
elderly individuals. Furthermore, direct comparisons
between age groups remain scarce, and the unique im-
plications of SD for older individuals’ postural control
strategies are still underexplored.

The Center of Pressure (CoP) trajectory is utilized as
a key indicator of balance stability and control strategies.
To comprehensively assess postural control, a refined
analysis method, Rambling-Trembling (RM-TR) de-
composition, developed by Zatsiorsky and Duarte, offers
valuable insights by dissecting CoP trajectory into these
two components [49]. RM is the low-frequency compo-
nent of CoP fluctuations, reflecting the overall trunk and
body control trend. It is usually understood as a com-
ponent related to target posture regulation, such as the
expected adjustment action dominated by the central
nervous system. RM describes the body’s large-scale
adjustment trajectory during center of gravity control,
reflecting the posture control system’s response to
balance disturbances. TR is a high-frequency compo-
nent in CoP fluctuations, reflecting subtle fluctuations
caused by muscle tremors or posture adjustments. It is
usually related to the mechanical properties and local
regulation of the body, reflecting the rapid response
characteristics of muscles and the nervous system [40],
[43]. The combination of these components provides
a comprehensive depiction of the dynamic interplay
between central and peripheral systems during balance
regulation. Hence, RM-TR analysis is uniquely posi-
tioned to highlight distinct sway dynamics caused by
visual feedback or somatosensory deficits [13], [38],
offering heightened sensitivity compared to traditional
CoP parameters and aiding in monitoring fall risk in
aging populations [18]. Additionally, interpreting time-
-domain parameters often requires considering evidence
from other aspects of postural control. Performing spec-
tral analysis and exploring the structural characteristics
of CoP signals can further deepen our understanding of
postural stability. To achieve a more comprehensive
and nuanced understanding of postural control in in-
dividuals, it is necessary to examine both traditional
CoP parameters and RM-TR components from the per-
spective of their frequency-domain characteristics [38].

Emerging research has demonstrated significant al-
terations in neural activity under SD conditions among
elderly individuals, including expanded oscillatory activ-
ity in the ¢, f, and y frequency bands and increased
« activity, which are indicative of age-related sensory
processing shifts [44]. Despite these findings, signifi-
cant gaps remain in understanding not simply how
elderly individuals regulate posture under SD, but also
whether the postural control shifts more heavily to cen-
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tral mechanisms versus the peripheral system under SD,
and these underlying mechanisms remain obscured when
using traditional measures of CoP. Thus, this study lev-
erages RM-TR analysis to identify postural control
adaptations uniquely and capture these differences more
effectively influenced by SD, with a particular focus
on the elderly population. By doing so, it aims to clarify
how postural control strategy is modulated to compen-
sate for limited visual inputs created by SD, and to
uncover previously unrecognized differences in reliance
on central versus peripheral mechanisms between
younger and elderly individuals. The findings will sup-
port the development of targeted interventions for elder-
ly fall prevention and balance training.

In light of these considerations, we propose the hy-
potheses:

H1. SD could exacerbate postural control challenges,
inducing significant changes in CoP parameters.

H2. Younger and older individuals could exhibit dif-
fering adaptive capacities and postural control strategies
under SD, with older individuals facing greater difficulty
in maintaining stability due to sensory degradation and
slower compensatory responses.

2. Materials and methods

2.1. Sample size calculation

In this study, we determined the required sample
size as specified in the experimental design using
G*Power (Version 3.1.9, Heinrich Heine University
Diisseldorf, Germany). Specifically, for the group-by-
-condition interaction, the effect size was estimated to
be large (7? = 0.21) based on the findings from pre-
vious research examining similar effects of SD on static
postural control [30]. Using a significance level of
a = 0.05 and a desired statistical power of 1 — 4= 0.95,
the sample size calculation indicated a minimum of
16 participants in total. To account for a potential 20%
rate of invalid samples, we increased the target sample
size to 20 participants.

2.2. Participants

This study recruited eligible participants from schools
and communities through posters and on-site visits from
January to March 2025. Inclusion criteria in the young
group are participants aged 18 to 35 years, and in the
elderly group are participants aged >55 years [47]. Re-

gardless of age, individuals were excluded from par-
ticipation if they were unable to stand or walk without an
assistive device or suffered from orthopedic disorders,
spinal stenosis, inflammatory rheumatic diseases, mus-
culoskeletal pain, or neuropathic pain, as well as cardio-
pulmonary, musculoskeletal, somatosensory, psychiatric,
or neurological disorders associated with a high risk
of falls, such as stroke, Parkinson’s disease, muscular
dystrophy, epilepsy, or Alzheimer’s disease. Additional
exclusion criteria included severe visual and vestibu-
lar loss (e.g., glaucoma or cataracts), ophthalmic dis-
orders, obesity (body mass index >30), surgery within
the last 12 months, endoprosthetic care or a leg length
discrepancy exceeding 1 cm. Participants were also
excluded if they were taking medications associated
with an increased risk of falls (e.g., hypnotics, an-
tiepileptics, or antidepressants), had impaired cogni-
tion (Montreal Cognitive Assessment Basic score <26),
or were unable to complete the experiment as required
by the tester.

A total of 40 participants (20 young and 20 elderly)
who met the inclusion criteria were initially recruited.
However, due to scheduling conflicts and equipment
failure, data from five young participants were not suc-
cessfully collected and were excluded from the formal
analysis. Finally, 35 participants (15 young and 20 elder-
ly) participated in this study, and their data were used for
analysis. The basic inputs of the participants are de-
tailed in Table 1. All participants signed informed con-
sent and were thoroughly familiarized with the study
design. This study was approved by the Ethics Commit-
tee of Soochow University (SUDA20250108H03).

Table 1. Mean + standard deviation for variables
in the young and elderly groups

Variables Young (n = 15) Elderly (n = 20)
Age [years] 23.0+6.2 60.0+34
Sex (M/F) 817 8/12
Height [m] 1.70 £0.07 1.62 +0.06
Weight [kg] 649+11.4 64.0+72
BMI [kg/m?] 22.4+3.0 24.5+2.03
MoCA-B (score) 28.7+1.1 282+1.2

M — male, F — female, BMI — body mass index, MoCA — Mon-
treal Cognitive Assessment-Basic (MoCA-B)

2.3. Center-of-pressure recording
and data extraction

One force plate (Type: 9281, Kistler Instruments
Inc., Switzerland) was used to collect CoP trajectory
at a sampling rate of 1000 Hz. This study used a frame
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with stroboscopic function that can attach to glasses to
create SD (Type: GS06, Queling Sports, China), which
can ensure the standard implementation of visual dis-
turbances. SD was achieved using the Reflex Glasses
mobile app set at 3 Hz, alternating between 0.10 s trans-
parency and 0.23 s opacity. This configuration has been
demonstrated to be effective in limiting visual infor-
mation input [20], [30].

For the bipedal standing task, participants stood
with both legs and bare feet on the force plate. Their
feet were shoulder-width apart and pointing forward.

5 '
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All participants were asked to maintain this stance as
still as possible for 60 s with arms akimbo in a neutral
position, facing straight ahead, and they were asked to
gaze at a fixed target, at eye level, 5 m in front of them.
When performing a bipedal standing test under strobe
vision, it is necessary to wear strobe glasses and main-
tain other testing actions unchanged. They need to com-
plete the bipedal standing task under two visual condi-
tions (transparency and stroboscopic). Three successful
trials in each condition were conducted for every par-
ticipant. A rest period of at least one minute between
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Fig. 1. Temporal changes in CoP trajectories under transparent and stroboscopic vision conditions
for young (upper) and elderly (lower) groups in (a) ML, (b) AP, and (c) RS directions
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consecutive conditions was used to prevent fatigue, and
the order of visual conditions was randomized.

For the CoP trajectory collected from the bipedal
standing task, the first and the last 10 s were excluded,
and only the middle 40 s were evaluated and processed,
which represent the stable posture. The data were then
filtered with a low-pass 4th-order Butterworth filter
by Vicon Nexus (Version: 2.16.0, Vicon, UK) with
a cutoff frequency of 5 Hz. Downsampling to 100 Hz
and extracting relevant indicators using the code writ-
ten based on MATLAB (Version: 2023a, MathWorks,
Inc., Natick, MA, USA). For each of the CoP trajectory
and ground reaction force (GRF) in Medial-Lateral (ML)
(Fig. 1a), Anterior-Posterior (AP) (Fig. 1b), and Re-
sultant Spatial (RS) (Fig. 1c) directions were extracted
[29]. The CoP trajectory and GRF values in the RS
direction are calculated based on the corresponding
values in the ML and AP directions, and the specific
formula is as follows:

COP,, =/CoPML? + CoPAP? ,

GRF, =/GRFML® + GRFAP? .

In order to eliminate the potential influences of in-
dividual differences on the results, value extracted from
every frame of CoP trajectories were baseline-adjusted
using the first frame and normalized by individual
height (meters) directly.

2.4. Data analysis

Traditional time-domain and frequency-domain pa-
rameters were initially calculated. Subsequently, CoP
trajectories in the three directions were decomposed into
RM and TR components using the method proposed by
Zatsiorsky and Duarte [49], enabling the calculation of
their respective time-domain and frequency-domain pa-
rameters. This decomposition adheres to the following
formula:

CoPora = COPraaning + COPtrerrinng'

The RM component was derived by determining the
instant equilibrium point trajectory, achieved by identify-
ing zero-force points and interpolating these using
a piecewise cubic Hermite polynomial. This trajectory
reflects postural equilibrium adjustments. The TR com-
ponent was calculated as the difference between the
CoP and the RM components. Illustrations of the de-
composed components for both groups under different
vision conditions are presented in Figs. 2 and 3.

2.5. Time-domain
parameters

The parameters that can fully reflect the static
posture control characteristics of the human body are
selected for analysis [17], [38]. The time-domain pa-
rameters included: (I) mean sway distance: the average
distance displaced by the CoP; (Il) sway range: the
maximum Euclidean distance between any two points
on the CoP path; (111) pathlength: the cumulative dis-
tance covered by the CoP, calculated as the sum of
distances between consecutive points on the CoP path;
(V) mean velocity: the average velocity of CoP dis-
placement, computed as the total pathlength divided by
the duration of the observation; (V) root mean square
(RMS) of sway: the square root of the mean of the
squared deviations of the CoP displacement from the
first frame; (V1) The 95% confidence circle area: the
area of a circle with a radius corresponding to the one-
sided 95% confidence limit of the resultant CoP dis-
placement time series; (VII) 95% confidence ellipse
area: the area of the 95% bivariate confidence ellipse;
(V1) sway area: the total area enclosed by summing
the areas of triangles formed by two consecutive points
on the CoP path and the mean CoP position. Higher
values of time domain parameters in this study sug-
gested increased difficulty in CoP control. Calculation
of the 95% confidence circle area, the 95% confidence
ellipse area, and the sway area was not performed in
the RM-TR analysis.

2.6. Frequency-domain
parameters

The frequency-domain parameters, which were
measured using a power spectral density (PSD) based
on Welch’s algorithm was used with a resolution of
0.024 Hz, included: (I) mean frequency (MF): the aver-
age frequency of the signal (Hz); (11) 80% power fre-
quency (F80): the frequency below which 80% of the
total power is concentrated (Hz), which was chosen as
it is suggested best to characterize the modifications of
the postural control system; (I11) total power (TP): the
integrated area under the power spectrum curve,
providing a measure of the signal’s overall energy
(Hz); (IV) frequency dispersion (FD): a dimensionless
measure that quantifies the variability in the frequency
distribution of the PSD and (V) the frequency at which
the spectral mass is concentrated (CF) is defined as
the square root of the ratio of the second spectral mo-
ment to the zeroth spectral moment (Hz).
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Fig. 2. The decomposed components of CoP for the young group in (a) ML, (b) AP, and (c) RS directions
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2.7. Statistical analysis

The mean of the three trials per participant was used
for further statistical analyses. A series of linear mixed-
-effect regression (LMER) models were used for statis-
tical analysis, which are robust to violations of normali-
ty. Separate models compared time-domain and fre-
guency-domain parameters with fixed-effects of group
(young (reference condition), elderly) and vision (trans-
parent (reference condition), stroboscopic), and random-
-effects to account for the within-participant manipula-
tions. We conducted statistical analyses using RStudio
and the ImerTest package [6]. The significance thresh-
old for all statistical analyses was set at « = 0.05. The
unstandardized beta coefficient () for the fixed fac-
tors (i.e., Transparent vs. Stroboscopic) and the inter-
action term (group x vision) was reported, along with
the corresponding significance level ( p-value) and effect
size (Hedge’s g). Corrected effect sizes were inter-
preted as small at 0.20, medium at 0.50, and large at
0.80 [11].

3. Results

3.1. Traditional time-domain
parameters

In Table 2, the LMER analysis results for traditional
time-domain parameters are summarized. A significant
group effect was observed for the mean sway distance
in the ML direction (£ =-1.215, p = 0.027); however,
post-hoc comparisons did not reveal statistically signifi-
cant differences between groups (p = 0.390, g = 0.20).

Significant vision effects were identified for sev-
eral parameters, including the range of sway in the AP
direction (S = 3.18, p = 0.049), pathlength in the ML
(f=15.21, p=0.009), AP (p=27.87, p=0.004), and
RS (= 20.88, p = 0.032) directions; sway velocity in
the ML (= 0.38, p=0.009), AP (5= 0.70, p = 0.004),
and RS (S =0.52, p = 0.032) directions; and sway area
(B =58.67, p=0.003). Post-hoc comparisons confirmed

Table 2. Comparison of time domain parameters for the center of pressure (CoP)

between young and elderly groups during bipedal standing under transparent and stroboscopic visions.
Shown are the mean =+ standard deviation for each variable

] Young (n = 15) Elderly (n = 20)
Variables - -
Transparent Stroboscopic Transparent Stroboscopic
MD_ML#* 0.11+1.23 —0.17+£1.12 —-1.10 £ 1.80 0.39£1.65
MD_AP -0.29+3.93 —0.65 £ 4.66 —0.27+2.84 —2.21+6.40
MD_RS® 3.81+£2.52 4.14+£3.52 3.60 +2.04 6.27+3.76
SR_ML 5.26+3.16 6.66 +3.49 6.43 £4.18 8.44 + 6.04
SR_AP® 12.55 +£7.98 15.73 +£7.81 12.59 +£4.30 17.72 £ 6.93
SR_RS¢ 931+7.13 11.31 £6.53 9.20+4.21 14.59 £ 6.73
Pathlength_ ML 100.59 £ 51.16 115.80 +59.78 100.76 +26.93 113.17 £40.89
Pathlength_AP® 151.40 £52.23 179.27 + 60.36 159.28 £42.99 189.14 £60.71
Pathlength_RSP 141.14 + 48.49 162.02 + 61.00 141.42 +34.58 175.35 £59.62
MV_MLP 2.52+1.28 2.90 £ 1.49 2.52+£0.67 2.83+1.02
MV_APP 3.79+1.31 448 £ 1.51 3.98+1.08 473 £1.52
MV_RSP 3.53+1.21 4.05+1.53 3.54 +0.86 438+1.49
RMS_ML 0.90 + 0.60 1.12+£0.49 1.15£0.85 1.53+0.97
RMS_AP 2.53+1.90 2.93+1.62 2.44 +£0.85 3.39+1.50
RMS_RS® 1.95+1.65 2.14 +£1.39 1.78 £0.78 2.90 +1.54
CCA° 54.16 £ 126.96 54.28 +£95.85 31.79 £29.85 90.77 £101.47
CEAC 49.42 + 67.75 63.93 + 65.00 53.51 +47.87 101.62 +87.20
SAb 163.33 £229.92 222.00 + 265.69 149.33 £102.96 251.04 +193.93

MD — mean sway distance, ML — medial-lateral, AP — anterior-posterior, RS — resultant spatial, SR — sway range,
MV — mean velocity, RMS — root mean square of sway, CCA — 95% confidence circle area, CEA — 95% confidence ellipse

area, SA — sway area.

In the ML direction, positive values represent medial movement, while negative values represent lateral movement;
In the AP direction, positive values represent the anterior movement, while negative values represent the posterior
movement. Results from LMER showed a) an effect of group, b) an effect of vision, and c) an interaction effect of

group * vision.
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significant differences between the two vision condi-
tions for all these parameters: sway range in the AP
direction (p < 0.001, g = 0.63), pathlength in all three
directions (all p < 0.001, g = 0.31 (ML), g =0.53 (AP),
g = 0.55(RS), respectively), sway velocity in all three
directions (all p < 0.001, g = 0.31(ML), g = 0.53(AP),
g = 0.55(RS), respectively), and sway area (p < 0.001,
g = 0.42). Across these parameters, stroboscopic vision
elicited significantly greater values compared to trans-
parent vision.

Significant Group x Vision interaction effects were
also observed for several parameters. These included
mean sway distance in the ML (g = 1.77, p = 0.023)
and RS (g = 2.33, p = 0.012) directions, the sway
range in the RS direction (£ = 3.39, p = 0.033), RMS
of sway in the RS direction (S = 0.94, p = 0.017),
95% confidence circle area (£ = 58.87, p = 0.029), and
95% confidence ellipse area (£ = 33.59, p = 0.039).
Post-hoc analyses revealed that these interactions were

primarily driven by the elderly group’s heightened sensi-
tivity to vision condition changes. Specifically, when
transitioning from transparent to stroboscopic vision, the
elderly group exhibited significantly increased mean
sway distance in the ML (p = 0.005, g = 0.95) and RS
(p <0.001, g = 1.48) directions (Figs. 4a, b), signifi-
cantly greater range (p < 0.001, g = 1.71) and RMS
of sway (p < 0.001, g = 1.46) in the RS direction
(Figs. 4c, d), and significantly larger confidence circle
and ellipse areas (p = 0.001, g = 1.11; p < 0.001,
g = 1.49, respectively) (Figs. 4e, f), with all effects
exhibiting large effect sizes (g > 0.8).

3.2. Traditional frequency-domain
parameters

In Table 3, the LMER analysis results for tradi-
tional frequency-domain parameters are displayed.
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No significant main effects for either group or vision
were observed.

Significant Group x Vision interaction effects were
identified for several parameters: MF in the AP (S =
—0.06, p = 0.003) and RS (S =-0.02, p = 0.044) direc-
tions; F80 in the AP direction (£ =-0.09, p = 0.002);
FD inthe AP (£ =-0.05,p=0.015) and RS (4 =-0.03,
p = 0.029) directions; and CF in the AP (g = -0.07,
p = 0.007) and RS (5 = -0.04, p = 0.031) directions.
Post-hoc analyses revealed that these interaction effects

were predominantly attributed to the elderly group’s
response to visual condition changes. Under strobo-
scopic vision, the elderly group reported significantly
reduced MF in the AP (p = 0.003, g = 1.02) and RS
(p =0.027, g =0.73) directions (Figs. 5a, b), F80 in the
AP direction (p = 0.003, g = 1.03) (Fig. 5¢), FD in the
AP (p =0.005, g =0.95) and RS (p = 0.010, g = 0.87)
directions (Figs. 5d, e), and CF in the AP (p = 0.004,
g = 0.99) and RS (p = 0.012, g = 0.84) directions
(Figs. 5f, g). All these results were associated with me-
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Table 3. Comparison of frequency domain parameters for the center of pressure (CoP)
between young and elderly groups during bipedal standing under transparent and stroboscopic visions.
Shown are the mean + standard deviation for each variable

) Young (n = 15) Elderly (n = 20)
Variables

Transparent Stroboscopic Transparent Stroboscopic
MF_ML [HZz] 0.35+0.12 0.32£0.10 0.29+0.12 0.27 £0.08
MF_AP [Hz]¢ 0.24 +0.06 0.26 +0.07 0.26 £ 0.06 0.22 +£0.04
MF_RS [Hz]¢ 0.20 +£0.02 0.21+0.03 0.21 £0.03 0.20+£0.02
F80_ML [Hz] 0.54+0.21 0.48 £0.18 0.44 £0.20 0.40+0.13
F80_AP [Hz]¢ 0.35+0.08 0.39+0.11 0.39+0.10 0.33+£0.07
F80_RS [Hz] 0.30 +£0.02 0.31+0.03 0.31+0.02 0.30+£0.02
TP_ML [x10%] 1.07 £ 2.09 1.37 £ 1.60 2.62+4.19 2.45+3.00
TP_AP [x10?] 9.91 +19.76 13.38 £32.95 5.82+6.18 23.92 £30.48
TP_RS [*x10?] 10.98 + 19.84 14.75 £33.46 8.44£9.37 26.38 +30.63
FD_ML [Hz] 0.46 +0.13 0.44+0.11 0.40 +0.12 0.37+0.11
FD_AP [Hz]¢ 0.31+0.06 0.32+0.07 0.33+0.06 0.29+£0.05
FD_RS [Hz]¢ 0.29 + 0.04 0.30 + 0.04 0.30 + 0.05 0.28 +0.03
CF_ML [Hz] 0.57+0.18 0.54+0.14 0.50 +0.17 0.46 + 0.14
CF_AP [Hz]® 0.39+0.08 0.41 +£0.10 0.42 +0.08 0.36 £0.06
CF_RS [Hz]° 0.36 £ 0.04 0.37 £ 0.05 0.37 = 0.05 0.34 +0.04
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MF — mean frequency, ML — medial-lateral, AP — anterior-posterior, RS — resultant spatial, F80 — 80% power fre-
quency, TP — total power, FD — frequency dispersion, CF — concentrated frequency.

In the ML direction, positive values represent medial movement, while negative values represent lateral movement;
In the AP direction, positive values represent the anterior movement, while negative values represent the posterior
movement. Results from LMER showed c) an interaction effect of group x vision.

dium to large effect sizes. Conversely, the young group  effects were observed. However, vision significantly

exhibited statistically insignificant increases across these

parameters.

3.3. RM time-domain parameters

In Table 4, the LMER analysis results for RM time-

influenced several parameters, including pathlength
in the ML (£ = 4.75, p = 0.045) and AP (S = 10.68,
p = 0.014) directions, and sway velocity in the AP di-
rection (B = 0.26, p = 0.017). Post-hoc analyses re-
vealed statistically significant differences across vision
conditions for each of these parameters: pathlength in the
ML direction (p = 0.005, g = 0.28), pathlength in the

-domain parameters are reported. No significant group AP direction (p < 0.001, g = 0.66), and sway velocity

Table 4. Comparison of time domain parameters for the Rambling (RM) component

between young and elderly groups during bipedal standing under transparent and stroboscopic visions.
Shown are the mean + standard deviation for each variable

. Young (n = 15) Elderly (n = 20)
Variables

Transparent Stroboscopic Transparent Stroboscopic
MD_ML 0.11+£1.24 -0.17 £ 1.41 -1.10 £ 1.81 0.37+1.64
MD_AP -0.32+3.92 -0.68 £4.71 -0.30+2.83 —2.23+6.46
MD_RS® 3.77+£2.53 4.08 £3.56 3.51+£2.10 6.24 £3.86
SR_ML 3.61£2.39 4.54+1.82 4.84+3.27 6.06 £ 3.62
SR_AP 10.06 = 7.47 11.69 +7.28 9.83+4.01 13.78 £5.62
SR_RS 8.62+7.29 11.07£5.95 8.39+£3.74 12.50 £ 5.66
Pathlength_ML " 40.35 +15.59 4510+ 14.28 4535+ 16.56 49.73 £17.94
Pathlength_AP® 68.07 £21.29 78.76 +28.51 70.61 & 14.45 87.65+£21.26
Pathlength_RS 98.14 +37.55 107.50 =41.10 84.50 £19.20 105.15 £+ 35.32
MV_ML 1.02 +£0.40 1.14+£0.36 1.15+0.42 1.27 £0.46
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Table 4 continued

MV_APP 1.73+£0.53 2.00 £0.72 1.79 £ 0.36 2.22 £0.54
MV_RS 2.49£0.96 2.73 £1.03 2.15+£0.49 2.67+0.91
RMS_ML 0.75+0.58 0.93 £0.42 0.98 £0.77 1.30 £ 0.82
RMS_AP 2.23+£191 2.55+1.61 2.11+0.84 2.97 £1.45
RMS_RS® 1.89 £1.68 2.12+1.36 1.68£0.72 2.71 £1.48

MD — mean sway distance, ML — medial-lateral, AP — anterior-posterior, RS — resultant spatial, SR — sway range,
MV — mean velocity, RMS — root mean square of sway.

In the ML direction, positive values represent medial movement, while negative values represent lateral movement;
In the AP direction, positive values represent the anterior movement, while negative values represent the posterior
movement. Results from LMER showed b) an effect of vision, and c¢) an interaction effect of group x vision.
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in the AP direction (p < 0.001, g = 0.66). In all cases, Additionally, significant Group x Vision interaction
stroboscopic vision induced significantly higher values  effects were observed for the mean sway distance in the
compared to transparent vision. RS direction (= 2.42, p = 0.011) and RMS of sway
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in the RS direction (4 = 0.80, p = 0.045). Post-hoc
analyses indicated that these interactions were primari-
ly attributable to the elderly group’s greater response to
vision condition changes. Specifically, under strobo-
scopic vision, the elderly group exhibited significantly
greater mean sway distance (p < 0.001, g = 0.53; me-
dium to large effect size) and RMS of sway (p < 0.001,
g = 0.14; small effect size) (Figs. 6a, b).

3.4. RM frequency-domain parameters

In Table 5, the LMER analysis results for RM fre-
guency-domain parameters are outlined. While no sig-
nificant group and vision effects were observed.

Group x Vision interaction effects were significant
for several parameters, including MF in the RS direc-
tion (5 =-0.01, p = 0.047); F80 in the AP (5= -0.03,
p = 0.046) and RS (5 =-0.02, p = 0.044) directions;
FD in the RS direction (f=-0.02, p = 0.041); and CF
in the RS direction (8 = -0.02, p = 0.041). Post-hoc
analyses highlighted that these interactions were mostly
driven by the elderly group’s responses to vision
changes, except in the case of MF and F80, in the
RS direction, which showed no significant change (p =
0.055, p = 0.150). Specifically, under stroboscopic vi-
sion, the elderly group exhibited significantly reduced

F80 in the AP direction (p = 0.035, g = 0.69) (Fig. 6¢),
FD in the RS direction (p = 0.037, g = 0.69) (Fig. 6d),
and CF in the RS direction (p = 0.042, g = 0.67)
(Fig. 6e). All these results were associated with medium
to large effect sizes. Conversely, the younger group
showed marginal and statistically nonsignificant in-
creases in these measures.

3.5. TR time-domain parameters

In Table 6, the LMER analysis results for TR
time-domain parameters are presented. No significant
group effect and group x vision interaction effect were
observed. However, vision significantly influenced sev-
eral parameters, including the sway range in the AP
(=141, p=0.035) and RS (£ = 1.18, p = 0.040)
directions, pathlength in the ML (4= 13.44, p = 0.012),
AP (B =10.68, p = 0.014), and RS (£ = 2057, p =
0.002) directions, sway velocity in the ML (£ = 0.33,
p = 0.017), AP (£ = 0.58, p = 0.011), and RS (S =
0.52, p = 0.002) directions, and RMS of sway in the RS
direction (4= 0.14, p = 0.016).

Post-hoc comparisons confirmed significantly higher
parameter values under stroboscopic vision than trans-
parent vision. Notably, significant differences were ob-
served for sway range in the AP (p < 0.001, g = 0.69)

Table 5. Comparison of frequency domain parameters for the Rambling (RM)
between young and elderly groups during bipedal standing under transparent and stroboscopic visions.
Shown are the mean + standard deviation for each variable

. Young (n = 15) Elderly (n = 20)
Variables

Transparent Stroboscopic Transparent Stroboscopic
MF_ML [Hz] 0.23£0.06 0.22£0.03 0.22£0.05 0.21£0.05
MF_AP [Hz] 0.19+0.03 0.20£0.02 0.20+£0.02 0.19£0.02
MF_RS [Hz] © 0.19+£0.02 0.20£0.02 0.19£0.02 0.18 £0.02
F80_ML [Hz] 0.35+0.09 0.33+0.05 0.33+0.06 0.33+0.08
F80_AP [Hz] © 0.30 = 0.04 0.31+0.03 0.31 +0.03 0.29 £ 0.03
F80_RS [Hz] ¢ 0.30 £ 0.02 0.31+0.04 0.30 £ 0.02 0.29 +0.02
TP_ML [x10?] 0.96 +2.09 1.16 £1.44 2.42+3.95 2.02 £2.68
TP_AP [x10%] 9.11 £18.40 12.90 + 33.89 5.11+5.78 23.18 £30.66
TP_RS [x107] 10.61 £19.26 14.82 +34.40 7.91+9.22 26.01 £31.22
FD_ML [Hz] 0.31=£0.06 0.30 +0.04 0.29 +0.05 0.28 £0.06
FD_AP [Hz] 0.26 £0.02 0.26 £0.02 0.26 £0.01 0.25+0.01
FD_RS [Hz] ¢ 0.26 £0.02 0.27£0.03 0.26 £0.02 0.25+0.01
CF_ML [Hz] 0.38£0.08 0.37£0.05 0.36 £ 0.07 0.35+0.08
CF_AP [Hz] 0.32+0.03 0.32+0.02 0.33+0.02 0.31+0.02
CF_RS [Hz] © 0.33+0.03 0.34+£0.04 0.33+0.02 0.31+£0.02

MF — mean frequency, ML — medial-lateral, AP — anterior-posterior, RS — resultant spatial, F80 — 80% power fre-
quency, TP — total power, FD — frequency dispersion, CF — concentrated frequency.

In the ML direction, positive values represent medial movement, while negative values represent lateral move-
ment; In the AP direction, positive values represent the anterior movement, while negative values represent the poste-
rior movement. Results from LMER showed b) an effect of vision, and c) an interaction effect of group x vision.
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Table 6. Comparison of time domain parameters for the Trembling (TR) component
between young and elderly groups during bipedal standing under transparent and stroboscopic visions.
Shown are the mean + standard deviation for each variable

) Young (n = 15) Elderly (n = 20)
Variables
Transparent Stroboscopic Transparent Stroboscopic
MD_ML 0.01 £0.03 0.01 £0.03 0.00 = 0.04 0.02 +£0.05
MD_AP 0.01 £0.03 0.01 £0.05 0.02+0.05 0.01 £0.05
MD_RS 0.06 £ 0.06 0.08 £0.11 0.11+0.11 0.07 £0.11
SR_ML 344 +2.54 4.16+2.47 3.34+1.62 470 +£3.84
SR_APP 5.14 + 1.67 6.55+1.91 545+ 1.51 7.17 +3.34
SR_RSP 4.09 +1.39 5.27+2.11 499 +£2.48 6.15+3.07
Pathlength_MLP 85.75 +47.24 99.19 +55.43 83.61 +£20.23 92.86 +32.56
Pathlength_APP 115.89 £ 46.36 139.50 +£52.12 123.77 £ 42.60 144.78 + 55.84
Pathlength_RSP 92.91 +£37.63 113.47 £48.97 104.06 = 32.11 122.95+46.33
MV_MLP 2.17+1.20 2.50+1.39 2.12+0.51 2.37+0.85
MV_AP® 295+1.17 3.53+£1.31 3.14+£1.07 3.67+141
MV_RSP 2.36 £0.96 2.88+1.23 2.65+0.82 3.12+1.18
RMS_ML 0.41+0.25 0.50+0.28 0.44£0.21 0.59+0.40
RMS_AP 0.73 +£0.26 0.88 +0.27 0.81 +£0.29 1.00 £0.50
RMS_RSP 0.47+0.14 0.61+0.23 0.65+0.35 0.78 £0.39

MD — mean sway distance, ML — medial-lateral, AP — anterior-posterior, RS — resultant spatial, SR — sway range,

MV — mean velocity, RMS — root mean square of sway.

In the ML direction, positive values represent medial movement, while negative values represent lateral movement;
In the AP direction, positive values represent the anterior movement, while negative values represent the posterior
movement. Results from LMER showed b) an effect of vision.

and RS (p = 0.003, g = 0.48) directions; pathlength in
the ML, AP, and RS directions (all p <0.01, g = 0.28
(ML), g = 0.45 (AP), g = 0.47 (RS), respectively);
sway velocity in the ML, AP, and RS directions (all
p <0.001, g =0.29 (ML), g = 0.44 (AP), g = 0.47 (RS),
respectively); and RMS of sway in the RS direction
(p<0.001,g=0.41).

3.6. TR frequency-domain parameters

In Table 7, the LMER analysis results for TR fre-
guency-domain parameters are summarized. No signifi-
cant Group x Vision interaction effects were observed
for these parameters. Significant group effects were
observed for FD (= —0.11, p = 0.033) and CF (B =
—0.15, p = 0.049) in the RS direction, with post-hoc
comparisons indicating that the young group had sig-
nificantly higher values for these parameters compared
with the elderly group (p = 0.016, g = 0.74; p = 0.032,
g = 0.66, respectively).

Vision significantly influenced TP in the RS direc-
tion (B =7.82, p = 0.011). Post-hoc comparisons con-
firmed that TP values were significantly greater under
stroboscopic vision compared to transparent vision
(p <0.001, g =0.35).

4. Discussion

This study explored the influence of SD on CoP
trajectory and its RM and TR components in individu-
als of different ages. We used transparent and strobo-
scopic vision conditions to input different volumes of
visual information and analyze the role of visual de-
pendence in the posture control of the elderly.

4.1. Effects of SD in the elderly
during bipedal standing

Based on the above results, the emergence of SD
led to significant changes in CoP control in both the AP
and RS directions. Time-domain parameters primarily
indicated an increase in CoP pathlength, sway velocity,
and sway area, accompanied by greater sway range
and variability in the TR component. These findings
support the first hypothesis, confirming that SD substan-
tially impacts human postural control strategies. Fur-
thermore, the quantification of these indicators suggests
that SD specifically increases instability and challenges
in balance. This outcome aligns with prior research
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Table 7. Comparison of frequency domain parameters for the Trembling (TR) component
between young and elderly groups during bipedal standing under transparent and stroboscopic visions.
Shown are the mean + standard deviation for each variable

) Young (n = 15) Elderly (n = 20)
Variables

Transparent Stroboscopic Transparent Stroboscopic
MF_ML [Hz] 0.90 +£0.20 0.91 +£0.20 0.83+0.18 0.78 £0.23
MF_AP [Hz] 0.70+0.12 0.72+0.16 0.69+0.13 0.67+£0.10
MF_RS [Hz] 0.83 +0.21 0.81+0.16 0.73£0.19 0.72+£0.14
F80_ML [Hz] 1.18 £0.24 1.22 £031 1.06 £ 0.20 1.04 £0.30
F80_AP [Hz] 0.98 +0.18 1.02 £0.24 0.98 £0.20 0.95+0.15
F80_RS [Hz] 1.22 +£0.30 1.21+0.26 1.07 £0.30 1.04 £0.20
TP_ML 9.76 £12.93 13.28 £17.06 9.74 +11.87 19.04 £ 29.00
TP_AP 24.92 +£16.42 34.86 + 18.15 30.35+22.78 50.01 + 60.97
TP_RS® 9.67+5.53 17.49 £ 11.29 21.87+£27.44 31.16 £33.15
FD_ML [Hz] 0.82 +0.20 0.80 +=0.23 0.80+0.21 0.76 £0.27
FD_AP [Hz] 0.62+0.14 0.58+0.13 0.56 +0.10 0.55+0.07
FD_RS [Hz] 2 0.81+0.18 0.77 £ 0.14 0.70 £0.17 0.65+0.12
CF_ML [Hz] 1.22+0.27 1.22+0.30 1.16 £0.25 1.09 + 0.34
CF_AP [HZz] 0.93+0.18 0.93 +£0.20 0.89+0.15 0.86+0.11
CF_RS [Hz] @ 1.17£0.26 1.12£0.21 1.01 £0.25 0.97 £0.18
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MF — mean frequency, ML — medial-lateral, AP — anterior-posterior, RS — resultant spatial, F80 — 80% power fre-
quency, TP — total power, FD — frequency dispersion, CF — concentrated frequency.

In the ML direction, positive values represent medial movement, while negative values represent lateral movement;
In the AP direction, positive values represent the anterior movement, while negative values represent the posterior
movement. Results from LMER showed a) an effect of group, and b) an effect of vision.

showing that partial visual occlusion impairs postural
control during bipedal stance [45].

When SD was introduced, the discrepancies in CoP
parameters between age groups became more pro-
nounced. These results, consistent with H2, preliminarily
suggest that younger and older individuals employ dif-
fering postural control strategies under SD. A reduction
in the circle or ellipse area of CoP sway is often inter-
preted as more efficient integration of multisensory
inputs [24]. Our results corroborate this perspective.
Elderly individuals, when faced with reduced visual
input, exhibited a significant increase in 95% confi-
dence circle and ellipse area, respectively; the RMS of
CoP sway in the RS direction also increased, whereas
younger displayed no such change. These findings are
consistent with previous studies, where under the inter-
ference of SD, young individuals do not experience an
increase in ellipse area [29]. In contrast, elderly indi-
viduals experience an increase in CoP fluctuation char-
acteristics (such as RMS) [44]. This discovery high-
lights the poor adaptability of elderly individuals to
visual changes due to age-related decline in sensory
processing ability and slower compensatory responses,
making it difficult for them to rely on remaining visual
information to maintain posture stability. However, this
result is inconsistent with those of Schmidt et al. [37].
They conducted visual manipulation using four ap-

proaches (including blackout glasses) for different age
groups but did not find any visual influence on bal-
ance control in either the young or the elderly groups.
Proske et al. [33] argue that vision plays a major role
in standing stability for individuals up to age 65; how-
ever, as visual acuity declines with age, the influence of
other sensory factors on postural control may gradual-
ly become more prominent. Considering that the average
age of the elderly in this study was 60, while the aver-
age age in Schmidt et al. [37] was 69, we believe that
the difference in results is due to age differences. This
further means that SD may have a greater impact on
the postural control of elderly individuals in specific age
groups.

Analysis of the CoP spectrum revealed that, under
SD, elderly individuals experienced significant re-
ductions in frequency-domain parameters (MF, F80,
and CF) compared to the transparent vision condi-
tion, whereas younger individuals did not show such
changes. Similarly to research by McCreary et al. [29],
who found minimal effects of SD on the postural sta-
bility of young individuals, our results support their
notion that the challenge brought by SD in static pos-
ture control for the young population is relatively small.
In contrast, previous studies conducted by Degani et al.
[14] and Prieto et al. [32] reported that elderly indi-
viduals generally exhibit higher MF and greater high-
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frequency signal power during quiet standing, regard-
less of visual conditions. Moreover, Prieto et al. [14]
also observed increased indicators of instability, such
as ellipse area and sway speed, in elderly individuals
following visual deprivation. Notably, however, our re-
sults differ from these findings: SD in our study led to
a decrease in frequency-domain parameters among the
elderly, not an increase. This discrepancy may be due
to the heightened challenge presented by SD, which
may have exceeded the adaptive capacity of the elder-
ly, resulting in a shift towards relying more on low-
-frequency control strategies. Delmas et al. [15] simi-
larly reported increased CoP variability and a pre-
dominance of low-frequency components in elderly
individuals during challenging balance tasks, which sup-
ports our observations. Richer et al. [35] suggested that
higher contributions from high-frequency bands during
complex postural tasks are related to increased postural
automaticity. Postural control improvements observed
in healthy young individuals under complex task con-
ditions are believed to result from directing attention
away from postural control, facilitating greater auto-
maticity, effectively enhancing stability and reducing
the risk of falls [35], [42]. Our findings suggest that the
increase in low-frequency signals under SD reflects
a decline in automaticity among elderly individuals,
indicating less efficient postural adjustment when visual
input is limited. Notably, the inability to select appropri-
ate balance strategies remains among the most common
risk factors for falls among elderly individuals [12].
This inefficiency in postural control may lead to de-
layed or inappropriate motor responses when sensory
information is compromised, such as in low-light en-
vironments or when other sensory cues are diminished
[10]. Therefore, based on our findings, impaired auto-
maticity in selecting or switching balance strategies
under limited visual information input conditions is
an important factor contributing to a higher fall risk in
elderly individuals.

In addition, if the intricate workings of the postural
control system are able to generate precise and timely
responses to maintain stability, external factors could
not disrupt postural control [22]. Postural control inher-
ently involves continuous modulation of sensory inputs,
neural integration, and motor outputs. This system used
in controlling body sway in the elderly is more irregu-
lar and random than young individuals [14]. In theory,
the elderly should have a higher value of FD when
vision condition transitions to SD to adapt to their
standing challenge. However, our results revealed
a significant decrease in FD for elderly individuals tran-
sitioning from transparent to stroboscopic vision. This
decline suggests that under SD, postural strategies in

the elderly become more rigid and lack the adaptabil-
ity necessary for efficient balance regulation. Tsai et al.
[44] reached similar conclusions, noting that SD chal-
lenges postural regulation by increasing the regularity
of postural movements while reducing the frequency
of corrective attempts. This rigidity in postural control
strategy likely hinders the elderly from adapting swiftly
and maintaining balance under visual interference.

In terms of specific CoP trajectory components, the
previous studies suggest that RM trajectories are cen-
trally-controlled, driven by intentional shifts in position,
while TR trajectories are primarily peripherally-con-
trolled, influenced by reflexes and changes in mechani-
cal properties [39]. Chen et al. [8] found that a larger
sway of RM component during stance balance sug-
gests that the supraspinal central nervous system was
responsible for maintaining stability on a larger scale.
Similarly, we observed elderly individuals have higher
RMS values in the RS direction of the RM compo-
nent, suggesting that SD has a greater influence on CoP
control in this direction, and this population requires
greater supraspinal contribution to compensate for sen-
sory deficits in this visual condition [18]. Spectrum
analysis of RM trajectories further revealed that, under
SD, elderly individuals had decreased FD and CF in the
RS direction. This finding indicates that SD leads to
a more regular control process at the supraspinal level,
corresponding to the “rigidity” commonly reflected in
traditional frequency-domain parameters. Donker et al.
[16] similarly suggested that increasing postural task
difficulty through visual deprivation could result in an
increase of CoP variability and a decrease in local
stability in individuals, accompanied by a more regular
CoP trajectories control strategy for CoP trajectories.
The latter change can be attributed to the individuals
actively monitoring their posture in order to cope with
the increased postural task difficulty [16]. However,
they also suggested that this monitoring instead makes
it difficult for elderly individuals to cope with posture
control challenges more “automatically” under visual
interference. In summary, elderly individuals appear to
have greater difficulty adapting to changes in visual con-
ditions caused by SD, and supraspinal control strate-
gies become more intentional but less adaptable.

Moreover, no obvious change in elderly TR para-
meters was detected under SD conditions. Considering
Rubega et al. [36] found that elderly showed more mus-
cular activity compared to the younger during difficult
balance task, and due to the fact that TR components
usually imply the regulation of balance contributions
from spinal reflex components, our finding further sug-
gests that when faced with posture challenges brought
by SD, the peripheral tissue (including reflex control
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as well as joint, ligament, and muscle) did not receive
more activation to regulate elderly individuals’ posture.
This behavior may make it take longer for them to deal
with postural challenges induced by SD and also make
it more difficult for them to face potential fall risks.
Besides, Gerber et al. [19] also revealed that characteris-
tics of TR sway were significantly affected by the
sensory challenges introduced by the test, whereas the
RM component remained largely unchanged, and such
changes are typical of healthy individuals who are ca-
pable of effectively reweighting sensory inputs. In con-
trast, younger individuals maintained stable RM and
TR control strategies under SD, indicating more effec-
tive sensory reweighting and adaptability. Overall, our
findings reveal that, compared with young individuals,
the elderly exhibit reduced automaticity and adaptability
in both central and peripheral postural control mecha-
nisms under visual challenges, resulting in increased
rigidity, slower responses, and a higher risk of instabil-
ity and falls.

4.2. Clinical implications

The findings of this study highlight how SD, which
limits visual information input, exposes the reduced and
unstable adaptive capacity of postural control in elder-
ly individuals. Unlike young individuals, who demon-
strate enhanced adaptation to challenging postural
states under SD, the elderly face greater difficulty, as
evident in their increased sway parameters (e.g., higher
values of the 95% confidence ellipse area and elevated
value of RM components) in this study. These results
suggest that the residual sensory information available
to elderly individuals (e.g., vestibular, somatosensory
inputs) may be insufficient to compensate for the re-
stricted visual feedback during postural tasks fully.
From a clinical perspective, considering the feasibility
and safety of training, stroboscopic glasses can pro-
vide a controllable yet challenging environment that
reduces over-reliance on visual feedback, strengthens
other sensory pathways, and helps reconstruct central
nervous system control mechanisms in the elderly,
thereby supporting better overall balance and motor
function and ultimately contributing to fall prevention
and improved quality of life. Besides, although visual
biofeedback interventions have been proven to have
the potential to improve posture balance in the elderly
[2], when conducting such intervention training, the
cost of equipment cannot be ignored, which may limit
the widespread adoption of training. Stroboscopic glasses
are relatively easy to access and have a low cost, and
have already been successfully employed in training

high-performance populations, such as athletes, to
enhance adaptability under dynamic conditions [27].
Similarly, clinical practitioners could leverage these
devices to design postural control training protocols
for elderly individuals who often experience a decline in
sensory reweighting and central nervous system pro-
cessing efficiency. Future studies should investigate
the longitudinal efficacy of SD-based rehabilitation or
training in elderly populations, particularly in individu-
als with impaired somatosensory input due to injuries
or aging-related conditions.

4.3. Limitations

This study still has several limitations. First, only
one frequency of SD was investigated in this study. It
remains unclear whether comparable effects would be
observed in elderly individuals under other frequency
settings. Second, this study was limited to assessments
during bipedal standing, which restricts the generalizabil-
ity of the findings. Future studies should investigate
a wider array of postures, such as gait or unipedal stance,
which are essential for evaluating fall risk in daily life,
to provide a more holistic understanding of SD’s ef-
fects. Lastly, as an exploratory investigation, while the
results indicate that SD can affect postural control and
may have potential in mitigating visual dependence
in the elderly, further clinical studies are essential to
validate the therapeutic efficacy of strobe glasses in im-
proving postural stability within this population.

5. Conclusions

In this study, we preliminarily found that SD, by
reducing visual input, impairs postural automaticity and
diminishes the flexibility of postural control in elderly
individuals, particularly when compared to their younger
counterparts. Under SD conditions, elderly individuals
tend to rely less on rapid, automatic corrective responses
and instead employ slower, less efficient strategies for
postural adjustment. This reduced ability to regulate
CoP sway under stroboscopic visual conditions under-
scores an age-related vulnerability in balance mainte-
nance and reflects increased dependence on visual
input for postural control in elderly individuals. Us-
ing stroboscopic glasses to challenge and potentially
recalibrate this reliance may offer a promising ap-
proach to enhance automatic balance regulation in
elderly individuals, helping lower their risk of falling
injuries.
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