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Abstract

Limited evidence exists on the efficiency of the sensory systems of children with
sensory impairment. The purpose of this study was to examine the sensory systems
involved in postural control of male children with hearing (HI) or visual impairments
(VI) compared to those without HI or VI. Participants aged 9—-13 years old (N=45,
Mage= 11.43, SD=1.5) were placed within one of three equally stratified purposive
groups (HI, VI, comparison children). Postural control was measured using a Kistler
force plate (with stabilometric parameters: mean velocity in the anterior-posterior (AP)
and medial-lateral (ML), standard deviation (SD) velocity in the AP and ML directions,
and sway area) applying four different sensory conditions; condition A: standing on
two legs on a stable surface with the eyes open and without any sensory interference
(assessment of postural control); condition B: standing on two legs on a stable sur-
face with eyes closed and hyper-extension of the head (perturbation of vestibular and
visual system: assessment of proprioceptive system); condition C: standing on two
legs on an unstable surface with hyper-extension of the head (perturbation of vestib-
ular and proprioception system: assessment of visual system); condition D: standing
on two feet on an unstable surface and eyes closed (perturbation of proprioception
and visual system: assessment of vestibular system). The results indicated that in the
assessment of postural control condition, comparison children had smaller center of
pressure (COP) parameters than children with VI and HI (p=0.001). Also, children
with HI had smaller COP parameters compared to VI (p=0.001). In the assessment
of proprioceptive system condition, comparison children had greater COP parameters
than children with HI and VI (p=0.001). In conclusion, comparison children had better

PLOS One | https://doi.org/10.1371/journal.pone.0321065 May 12, 2025

1/16



http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0321065&domain=pdf&date_stamp=2025-05-12
https://doi.org/10.1371/journal.pone.0321065
https://doi.org/10.1371/journal.pone.0321065
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9138-9346
mailto:Zareei.h@yahoo.com

PLO\Sﬁ\\.- One

Competing interests: The authors have
declared that no competing interests exist

postural control than children with VI and HI; and children with HI had better postural
control than children with VI. The proprioceptive system of children with VI and HI
performed better than comparison children in maintaining postural control. Conse-
quently, children with VI, HI, and comparison children depend on the proprioceptive
system more than other sensory systems to maintain postural control.

Introduction

Clinically, optimal postural control requires the coordinated integration of information
from the visual, vestibular, and proprioceptive systems, all of which must work simul-
taneously and harmoniously to ensure effective corrective postural control responses
[1,2]. Generally, if one of these systems provides incorrect or insufficient information,
the remaining intact sensory systems must reweight and deliver accurate and suffi-
cient information to maintain postural control [3,4].

In this regard, the researcher reviewed literature to see how the remaining sen-
sory systems in children with hearing and visual impairment are compared to peers
without sensory impairments (Comparison children). There is emerging evidence
demonstrating that children with hearing impairment (HI) compensate for the lack of
information in the vestibular system through the visual and proprioception systems
to maintain static balance with open or closed eyes [5-8]. Additionally, children with
HI often will have to maintain postural control while standing when both visual and
somatosensory information are available. However, when visual and somatosensory
information is perturbed, children with HI have difficulty maintaining their postural
control [9-11].

Contradictory evidence has been amassed regarding the predominance of each of
these sensory systems in children with HI. Oftentimes, the visual system is predom-
inant in children with HI [9]. An escalating number of studies have reported that the
proprioception system may be more responsible for the postural control of children
with HI than the visual system [8,12—14]. Given this contradiction in the literature,
further investigation is required.

In addition, investigations have also examined balance control in children with
visual impairment (VI), revealing that they have poorer balance control compared
to their peers without visual impairment [15—-19]. There have also been various
reports about the efficiency of the sensory systems of children with VI. In closed-eye
conditions, children without VI show a postural control level akin to children with VI
[20-23]. This finding may suggest that the remaining sensory systems (vestibular and
proprioceptive) in children with VI function more effectively in maintaining postural
control compared to their peers without sensory disabilities.

Additionally, the balance control of children without VI does not necessarily
decrease under the influence of perturbation of the vestibular system [24,25]. The
greatest effect was observed during the perturbation of the proprioception system.
However, amongst children with VI, balance decrements tend to be more profound
when the proprioception system and also the vestibular systems are perturbed [24].
Thus, in the absence of visual information in VI children, children rely more heavily
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on vestibular and proprioception information [20—22]. However, the proficiency of the proprioception system was expected
to be higher in children with VI than in children without VI, which was mentioned only in one study [26]. Therefore, further
studies are needed that include the measurement of individual sensory systems to determine whether the proprioceptive
and vestibular systems of children with VI function similarly to those of children without VI or HI.

A review of previous literature revealed the efficiency of each of the sensory systems in the postural control of chil-

may be attributed to differences in participant ages and the various tools used to measure the efficiency of the sensory
systems involved in postural control. Previous studies have typically perturbed only one sensory system at a time, which
limits the accurate evaluation of the contributions of the remaining two systems in maintaining postural control. In contrast,
the present study utilized a force plate device to measure postural control that perturbs two sensory systems while evalu-
ating the third, allowing for a more accurate assessment.

Peterka [28] investigated the amount of re-weighting of sensory systems information during perturbations in different
sensory systems. For individuals without a disability, with perturbation in one of the sensory systems, the amplitude of the
postural sway increases immediately. However, with increasing reliance on other sensory systems, the amplitude of the
postural sway decreases. Sensory systems information is reweighted in individuals without a disability. However, conflict-
ing results were observed in individuals with vestibular system defects. Sensory system perturbation for individuals with
vestibular system defects caused the amplitude of postural sway to increase. However, subsequent sensory reweighting
did not occur, and the postural control system was unable to determine which sensory system was providing accurate
information to rely more heavily on. Therefore, the amplitude of the postural sway did not decrease. Re-weighting refers to
the potential importance of having inertia (gravity) and spatial awareness provided by the vestibular system [29]. Current
evidence suggests that it is more effective to perturb two sensory systems and evaluate the role of the remaining one to
assess postural control. This approach provides more accurate information about the contributions of the sensory systems
in these groups.

To the best of our knowledge, no comprehensive research has yet been conducted to compare the efficiency of sensory
systems in children with HI and HI to their peers without sensory impairments or to determine how the absence of one
sensory system affects the function of other sensory systems. Therefore, the purpose of this study was to investigate the
efficiency of the sensory systems involved in postural control of children with HI and VI compared to comparison children.

Method
Participants

Forty-five participants were divided into three equally stratified purposive groups (HI: n=15, VI: n=15, Comparison chil-
dren: n=15). The participants were within the age range of 9-13 years (M, ,=11.43, SD=1.5) (Table 1). The selection of

Table 1. Children characteristics.

Characteristic \'/| HI CP Total group p-value
(n=15) (n=15) (n=15) (n=45)
mean + SD mean + SD mean + SD mean * SD
Age (y) 11.5 + 2.1 11.9 + 0.9 10.9 + 1.5 11.43 + 1.5 0.41
Height (cm) 138.7 + 5.4 135.8 + 5.2 136.8 + 5.8 1371 + 5.4 0.35
Body mass (kg) 35.2 + 6.2 36.2 + 5.4 37.9 + 5.4 36.4 + 5.6 0.67
Leg length (cm) 71.36 + 4.3 69.95 + 4.6 70.39 + 4.9 70.56 + 4.6 0.59
BMI (kg/m?) 18.3 + 24 19.6 + 2.1 20.2 + 2.1 19.3 + 2.2 0.29

BMI: Body mass index; VI: Visually-impaired; HI: Hearing-impaired; CP: Comparison peers; *significant differences between variables (p<0.05).

https://doi.org/10.137 1/journal.pone.0321065.t001
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participants included a standardization based on height, body mass, and age to minimize the confounding impact of these
variables on the results of the study.

The criteria for the present study included 1) male children (due to environmental and cultural conditions, female partic-
ipants were not available); 2) Sensorineural hearing loss (the used criterion just for HI children); 3) Moderate to severe VI:
Visual loss was classified by the World Health Organization categories of VI. where blindness was defined as best- cor-
rected visual acuity (VA) <3/60 in the better eye, severe VI as VA<6/60-3/60 in the better eye, and moderate VI as best-
corrected visual acuity <6/18-6/60 in the better eye (the used criterion only for VI children); 4) Age of the participants (age
range from 9 to 13 years); 5) Hearing range of higher than 75 decibels for hearing impaired children; 6) Not participating in
any professional and recreational sports, and only participating in the general physical education classes of the school; 7)
No use of psychiatric medications or medications affecting postural control; 8) No hearing loss in VI children and no visual
impairment in HI children; 9) Lack of postural abnormalities in the research process (in the lower and upper limbs); and
10) Qualified for physical activity readiness questionnaire and the participants’ health questionnaire.

The exclusion criteria for participants were 1) Rheumatoid arthritis; 2) history of anesthesia during the last 6 months;

3) insulin-dependent diabetes; 4) taking medications affecting the nervous system; 5) history of ankle injury and sprain or
knee and hip surgery during the last 6 months; 6) visual and hearing impairment. For comparison children: 1) did not pos-
sess any vision correction or cochlear implantation) and 2) brain, vascular disease, or any peripheral and central disease
that may be involved in sensory input.

An power analysis was conducted to determine the sufficient sample size of each group. The sample size was calcu-
lated based on a previous study by Negahban and Nassadj [30] with an alpha level of 0.05, and an actual power (1-beta)
of 0.80. The analysis (G x Power, Version 3.1.9.2, University of Kiel, Germany) revealed that a sample size of n=15 would
be sufficient for each group to find significant effects between variables

Study design

The start and end of the recruitment period for this study was 15/9/2023 and 16/12/2023 respectively. This study fea-
tured a descriptive/analytic and cross-sectional design. children with HI from a regional deaf center within a local deaf
school, children with VI from the Center of the Blind Association, and comparison children were also selected from one of
the local community schools (public schools) volunteered to participate in the study. Children were pair-matched accord-
ing to their sensory disorders. After studying the medical records of HI participants, those with complete hearing loss

(of the sensorineural type) (hearing range greater than 75 decibels) were selected for the study, and for the VI children,
the range of moderate to severe visual impairment was selected. Two days before administering the tests, a thorough
explanation of the study was given to the participants and parents of children; and parents’ consent was obtained for
their children’s participation in this research. The height and body mass of the participants were measured before start-
ing the tests of postural control. Also, their body mass index was calculated. Then, to start the test, the actual leg length,
i.e., from the anterior superior iliac spine to the medial malleolus of the ankle, was measured to normalize the data and
compare the participants without worrying about individual differences [31]. Data collection was performed across 3
successive days including; day 1) Measuring tests of HI children; day 2) Measuring tests of VI children; and 3) Measur-
ing tests of comparison children. Each participant was supervised and verbally guided to achieve proper implementation
of each test by a researcher and physiotherapist to control all the testing procedures. all testing were conducted by both
a physiotherapist and a researcher who had sufficient skills and specialized certificates in the field of these testing with
force plate.

Before the administration of the measurements, the Medical and Sports Information Questionnaire was applied. These
questionnaires provided information about cardiovascular, respiratory problems, physical health, and were a screening
tool so that children who did not have specific health and physical problems were included in the study [32]. Then, par-
ents’ written informed consent was collected for both study participation and publication of identifying information/images
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in an online open-access publication. Participants were informed about the nature of the study and they were assured
that the measurement methods are not dangerous. This trial obtained ethical approval from the Institute of Sport Sciences
Research Institute (SSRI) IR. SSRI. REC. 1399. 028; and all experiments were performed in accordance with relevant
guidelines and regulations. The legal guardians of the individual pictured in Fig 1 has provided written informed consent
(as outlined in PLOS consent form) to publish their image alongside the manuscript. Furthermore, the individual pictured
in Fig 1 has provided written informed consent (as outlined in PLOS consent form) to publish their image alongside the
manuscript.

Measurements

Height was measured by a stadiometer (Seca 222, Terre Haute, IN) mounted on the wall and recorded to the nearest
0.5cm [33]. Body mass was measured to the nearest 0.1kg using a digital scale (Tanita, BC-418MA, Tokyo, Japan) [33].
Body mass index (BMI) was calculated (kg/m?).

Postural control was measured by a Kistler force plate model BA 9286 (made in Switzerland) using four different sen-
sory conditions with a frequency of 1000 Hz and second-order low-pass Butterworth filter frequency of 20 Hz. [30].

Procedure

Center of pressure (COP) sways require the measuring of the postural sway indices of mean velocity in the anterior-
posterior (AP) and medial-lateral (ML), standard deviation (SD) velocity in the AP and ML directions, and sway area
(95% confidence ellipse). Demonstrated reliability from previous research guided the use of mean velocity and stan-
dard deviation of velocity. [34,35]. Also, the sway area was chosen to increase the accuracy of the measurements [36].
Displacement, mean and velocity of the COP sways were calculated by Excel software. To eliminate the potential noise,
all data were filtered using a second-order low-pass Butterworth filter [30]. A comparison of the COP sway area com-
ponents in four sensory conditions and between different groups was performed in the Matlab software R2024b (The
MathWorks, Inc., Natick, Massachusetts, United States) [30].The efficiency of sensory systems in postural control was
measured in four different sensory conditions, including: condition A, standing on two legs on a stable surface with the
eyes open and without any sensory interference (assessment of postural control); condition B, standing on two legs
on a stable surface with eyes closed and hyper-extension of the head (perturbation of vestibular and visual system:
assessment of proprioceptive system); condition C, standing on two legs on an unstable surface with hyper-extension
of the head (perturbation of vestibular and proprioception system: assessment of visual system); condition D, standing
on two feet on an unstable surface and eyes closed (perturbation of proprioception and visual system: assessment of
vestibular system) (Fig 1).

Four different sensory conditions that were used to evaluate the efficiency of the sensory systems of postural control
were similar to the conditions of the sensory organization test (SOT). In the SOT, there were six conditions and, in each
condition, only one sensory system information was disturbed, and two sensory systems information were evaluated. But,
in the test used in the present study, there were four conditions, two of which were removed compared to the SOT. Two
sensory system information were disturbed in each condition, and only one sensory system information was measured.
Therefore, there is no integration of sensory systems when evaluating each condition; and to evaluate better information
from each of the sensory systems information. SOT is a form of posturography that is designed to assess quantitatively
an individual's ability to use visual, proprioceptive, and vestibular cues to maintain postural stability in stance [37]. The
SOT conditions significantly influence the postural strategy adopted, where the availability and unavailability of accurate
and/or conflicting sensory feedback, based on the type of SOT condition, can influence the study findings [38]. Changes
in the vertical position of the head may induce instability by placing the utricular otolith organs beyond their working range
[39]. Vertical position changes may explain why participants demonstrate increased standing postural instability with their
heads extended.
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Fig 1. Evaluation of postural control under four different sensory conditions : condition A, standing on two legs on a stable surface with the eyes
open and without any sensory interference (assessment of postural control); condition B, standing on two legs on a stable surface with eyes closed and
hyper-extension of the head (assessment of proprioception system); condition C, standing on two legs on an unstable surface with hyper-extension of
the head (assessment of visual system); condition D, standing on two feet on an unstable surface and eyes closed (assessment of vestibular system).

https://doi.org/10.1371/journal.pone.0321065.9001
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In the foam conditions, participants were instructed to stand on a foam pad (40 x 60 cm dimensions, 10cm thickness,
and 35kg/m3 density) placed on the forced platform. Placing a foam pad on a force plate does not significantly alter the
force readings, as demonstrated by Patel, Fransson [40] who found that the addition of a foam layer did not impact the
accuracy of force measurements in their experiments. In each position, the participants’ hands were against their waist.
The participants stood with their feet positioned shoulder-width apart, ensuring a standardized stance across all par-
ticipants. The distance between the feet was approximately 15—-20 centimeters, consistent regardless of the children’s
height. All participants were barefoot or wearing stockinged during the assessment, providing a uniform condition for
the experiment. All test conditions were explained to each subject via total communication, body language, and sign
language involving speech and demonstration. The instructions that were given to the participants when they were
placed on the force plate included: 1) stand on the force plate as still as they could and face forward on a point that is
two meters away from the force plate on the wall; 2) During the disturbance in the vestibular system: raise your head as
far as you can and look at the ceiling. 3) Do not remove your hands from your waist at all. 4) During disturbances in the
visual system: close your eyes and do not open them at all until you are instruction to relax. If participants committed any
of the specified errors, the trial was promptly stopped and repeated to maintain uniformity in the testing conditions. Each
participant performed the test for 30 seconds [41]. Each condition was repeated in 3 trials lasting for 30s (each trial). The
presentation of all postural conditions (A, B, C, D) was counterbalanced for each subject to minimize learning effects.
However, the three trials of each postural condition were completed sequentially. Moreover, a break time of five minutes
was considered between postural conditions to minimize fatigue. The participants were asked to sit on a chair during the
break time.

Statistical analysis

The Shapiro-Wilk Normality test was used to check the normal distribution of data. All the values are presented as

mean + standard deviation (SD). To check the differences between children’s characteristics, the primary analysis was an
independent samples f-test. A repeated-measures ANOVA (3 groups x4 conditions) was utilized to analyze data (SPSS
28.0) [42]. Assumptions of sphericity were assessed using Mauchly’s test of sphericity, with any violations adjusted by
using the Greenhouse-Geisser (GG) correction. When a significant F value was achieved, a Scheffé post hoc test was
used to detect differences in the measures [42]. A difference was statistically significant at p<0.05. Cohen’s d [43] was
also used to calculate the effects of group and condition (effect size). Threshold values for assessing magnitudes of ES
were <0.2, trivial; 0.2-0.6, small; 0.6—1.2, moderate; 1.2-2.0, large; 2.0—4.0, very large; and>4.0, nearly perfect [44]. The
effect size is reported with a 95% confidence interval (Cl) for all analyzed measures.

Results

There were no anthropometric differences between the three groups for age (p=0.41), height (p=0.35), body mass
(p=0.67), leg length (p=0.59), and BMI (p=0.29). The results of the repeated-measures ANOVA showed that the interac-
tion of the group by postural conditions was significant for mean velocity in AP (F=6.78, p=0.001), mean velocity in ML
(F=7.36, p=0.001), SD velocity in AP (F=8.39, p=0.001), SD velocity in ML (F=7.36, p=0.001) and Sway area (F=9.16,
p=0.001) (Tables 2 and 3). Scheffé’s post hoc test was used to detect differences in the measures.

The results of multiple comparisons showed that within the assessment of postural control condition, there were smaller
COP parameters in the comparison children (mean velocity in AP, mean velocity in ML, SD velocity in AP, SD velocity in
ML and Sway area) than in the HI (p=0.001) and the VI (p=0.001). In addition, there were greater COP parameters in the
VI than in the HI (p=0.001).

In the condition assessment of the proprioceptive system, there were greater COP parameters in the comparison chil-
dren than in the HI (p=0.001) and the VI (p=0.001). Additionally, there was no significant difference in the COP parame-
ters of VI and HI children (p > 0.05). In the condition assessment of the visual system, there were greater COP parameters
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Table 2. Mean*SD of COP parameters in different postural conditions in the groups.

Groups

Visually-impaired

Hearing-impaired

Comparison peers

Condition A: assessment of postural control

Mean Velocity, AP 23.61+19.00 21.97+7.46 15.37+£6.92
Mean velocity, ML 16.44+£9.45 14.60+6.40 12.33+£5.84
SD Velocity, AP 40.14+£52.43 25.35+10.34 15.44+9.61
SD Velocity, ML 24.11+£20.94 18.49+5.89 11.19+£5.39
Sway area (95% ellipse) 205.08+233 153.36+338.78 48.26+331.55
Condition B: assessment of proprioceptive system

Mean Velocity, AP 19.06+6.08 19.47+9.33 22.56+9.17
Mean velocity, ML 13.97+6.03 12.39+4.93 16.03+8.97
SD Velocity, AP 16.8916.10 23.58+18.67 30.49+58.96
SD Velocity, ML 13.02+£5.54 13.94+6.46 24.57+51.87

Sway area (95% ellipse)

91.29+768.77

112.47+103.0

233.88+635.23

Condition C: assessment of visual system

Mean Velocity, AP 39.65+15.20 36.32+10.72 37.00+11.65
Mean velocity, ML 28.84+£16.15 23.86+4.87 25.01+4.48
SD Velocity, AP 43.17+£16.41 34.56+12.17 34.03+13.16
SD Velocity, ML 36.83+£26.77 22.05+5.87 23.10+5.88
Sway area (95% ellipse) 493.77+745.88 258.12+101.38 273.22+105.87
Condition D: assessment of vestibular system

Mean Velocity, AP 28.93+6.56 45.47+16.98 29.36+7.12
Mean velocity, ML 23.50+£6.67 29.84+12.09 24.41+6.98
SD Velocity, AP 25.30+£5.30 47.38+19.68 25.43+5.77
SD Velocity, ML 21.49+6.89 32.25+16.66 22.19+7.24
Sway area (95% ellipse) 295.13+155.25 462.69+337.96 317.64+160.66

COP: center of pressure; SD: standard deviation; AP: anteroposterior; ML: mediolateral. Units of COP parameters are as follows: mm/s (mean velocity

and SD velocity); mm? (area).

https://doi.org/10.1371/journal.pone.0321065.t002

Table 3. Summary of repeated-measures ANOVA for COP parameters: F-ratios and P-values by variable.

Mean Velocity, AP Mean velocity, ML SD Velocity, AP SD Velocity, ML Sway area (95% ellipse)

Main effect F 29.53 19.68 17.98 21.06 32.69
Condition

P 0.001 0.001 0.002 0.001 0.001
Group F 6.35 5.98 4.69 6.01 8.69

P 0.001 0.001 0.003 0.001 0.001
Interaction F 6.78 7.36 8.39 7.36 9.16
Condition x group P 0.001 0.001 0.001 0.001 0.001

Significant p-values are in bold (p<0.05).
AP: anteroposterior; ML: mediolateral.

https://doi.org/10.1371/journal.pone.0321065.t003

in the VI than in the comparison children (p=0.001) and the HI (p=0.001). There was no significant difference between
the COP parameters of HI and comparison children (p > 0.05). In the condition assessment of the vestibular system, there
were greater COP parameters in the HI than in the comparison children (p=0.001) and the VI (p=0.001). There was no

significant difference between the COP parameters of VI and comparison children (p > 0.05) (Table 4).
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Within the VI group, there were smaller COP parameters in the condition assessment of the proprioceptive system than
in postural control (p=0.001), visual system (p=0.001), and vestibular system (p=0.001). There were no significant differ-
ences between the COP parameters of other assessments of sensory/postural conditions (p > 0.05). In the HI group, there
were smaller COP parameters in the condition assessment of the proprioceptive system postural control (p=0.001), visual
system (p=0.001), and vestibular system (p=0.001). Additionally, there were no significant differences between the COP
parameters of other assessment of sensory/postural conditions (p > 0.05).

In the comparison children group, there were smaller COP parameters in the condition assessment of postural control
than in the condition assessment of the proprioceptive system (p=0.001), visual system (p=0.001), and vestibular system
(p=0.001). Within the comparison children group, there were smaller COP parameters in the condition assessment of the
proprioceptive system than condition assessment of the visual system (p=0.001) and vestibular system (p=0.001). There
were no significant differences between the COP parameters of condition assessment of the visual and vestibular system
(p > 0.05) (Table 4).

Discussion

To our knowledge, no thorough research has been carried out to compare the efficiency of sensory systems in children
with HI and VI compared to comparison children, nor to investigate how the absence of one sensory system influences
the functioning of other sensory systems. Therefore, the purpose of this study was to examine the efficiency of sensory
systems in postural control of children with HI and VI compared to comparison children. In this regard, postural control
was measured in different sensory conditions. In the first condition (condition assessment of postural control), there was
no perturbation in the sensory systems. In the second condition (condition B), there was a perturbation in the visual and
vestibular systems, and the dominant system for maintaining postural control was proprioception. In the third condition
(condition C), perturbation occurred in proprioceptive and vestibular systems, and the dominant system for maintaining
postural control was vision. In the fourth condition (condition D), perturbation occurred in the proprioceptive and visual
systems, and the dominant system for maintaining postural control was vestibular.

Postural control

The results of the condition assessment of postural control showed that comparison children had smaller COP parameters
than children with VI and HI. Also, in comparison children to children with VI, children with HI had smaller COP parame-
ters. These results revealed that comparison children have better postural control than children with VI and HI; and chil-
dren with HI have better postural control than children with VI. As vision and vestibular systems are sensory systems for
maintaining postural control [45], defects in these systems lead to defects in maintaining postural control. The findings of
this study are in line with the results of previously conducted studies that reported postural control defects in children with
HIl and VI [46,47].

Furthermore, the results demonstrated that those children with HI had better postural control performance than chil-
dren with VI. The role of the visual system in maintaining postural control is greater than that of the vestibular system [45].
Therefore, defects in the visual system impair postural control more than defects in the vestibular system. The visual sys-
tem plays a crucial role in providing essential information regarding environmental context and body orientation, whereas
the vestibular system is responsible for detecting head position and movement [48]. Research demonstrates that when
visual information is accessible, the central nervous system prioritizes this input over vestibular signals in the regulation of
balance [3]. This phenomenon is particularly pronounced in scenarios where visual cues are robust or when the environ-
mental conditions are stable [49]. Consequently, it appears that the contribution of the visual system to the maintenance
of postural control is significantly greater than that of the vestibular system. Our results show that children with VI have
more problems in postural control than children with HI. These results align with previous literature as postural control
plays an important role in learning motor skills and increasing physical activity [46,50]. The development of motor skills

PLOS One | https://doi.org/10.1371/journal.pone.0321065 May 12, 2025 10/16




PLO\Sﬁ\\.- One

and participation in physical activity are two essential parts of increasing the quality of life [51,52]. Therefore, a progres-
sive training program should be considered to improve the postural control of children with sensory disorders, especially
children with VI.

Contribution of the proprioceptive system

The comparison children had greater COP parameters than children with HI and VI and there was no significant difference
between children with VI and HI in the assessment of proprioceptive system condition. These results showed that the
proprioceptive system of children with VI and HI performed better than comparison children in maintaining postural control
and there was no significant difference in the proprioceptive system of children with VI and HI. The results of the present
study are in line with the obtained results of previous studies [26,53]. They concluded that the proprioceptive system of
children with VI is significantly stronger than that of children without VI. However, these results also conflict with the pre-
vious studies with no significant differences [20—22]. Research indicates that in children with visual impairment, the visual
cortex is often repurposed by other sensory modalities [54]. Complete visual deprivation during early development has
been shown to enhance the sensitivity of sensory receptors [55]. Given that the development of spatial cognitive abilities
relies on motor skills, it is likely that spatial frames of reference undergo modifications after the first year of life [56]. Thus,
the absence of visual feedback during this critical developmental period appears to disrupt the spatial coding necessary
for motor control [57]. Therefore, it appears that other remaining sensory systems are enhanced in maintaining postural
control.

By removing the visual system. Ribeiro and Olivera (2007) reported that proprioception is considered the most import-
ant and main system for the sensory control of balance and helps to stabilize the body and joints through two feedback
and feedforward mechanisms [58]. Proprioceptive information is used to regulate overall body balance and joint stability
and determines whether the body is moving with the required effort or not, as well as how different parts of the body are
positioned relative to each other [59]. Given the critical role of the proprioceptive system in maintaining postural control,
children with VI and HI may benefit from proprioceptive training. This training approach may help compensate for postural
control deficits resulting from the absence of visual or vestibular sensory input.

Contribution of the visual system

In the assessment of visual system condition, children with VI had greater COP parameters than children with HI and
comparison children. Additionally, no significant differences were found between children with HI and comparison chil-
dren. In maintaining postural control, the results showed that the visual system of children with VI is weaker than children
with HI and comparison children. Also, there was no significant difference between the performance of the visual system
among children with HI and comparison children in maintaining postural control. The results of the present study are
compatible with the results of previously done studies that showed that the information of the visual system of children
with HI works similarly to comparison children in maintaining postural control [12,13,60]. In children with HI, the weakness
of postural control caused by vestibular system defects is partially compensated by other sensory systems. Therefore, it
seems that performing visual sensory training can improve the postural control of children with HI.

Contribution of the vestibular system

In the assessment of vestibular system condition, children with HI had greater COP parameters than children with VI

and comparison children and there was no significant difference between children with VI and comparison children. The
results of the present study exposed that the vestibular system of children with HI was weaker than children with VI and
comparison children in maintaining postural control. Also, there was no significant difference found between the vestibular
system performance of children with VI and comparison children in maintaining postural control. The results of the present
study are aligned with the results of several earlier studies that show the information on the vestibular system of children
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with VI works like comparison children in maintaining postural control [20,22]. Physiologically, the function of the vestibular
system components (including the semicircular canals, otolith organs, and degree of myelination of the vestibular nerve)
at birth is similar to that of adults [61,62]. However, the degree of its organization has been reported to be completely
different from its physiological function, and studies have shown that even by the age of 15, the organization of the vestib-
ular system is not the same as that of adults [45,63]. Therefore, it is recommended that the implementation of vestibular
exercises may improve the function of the vestibular system in children with HI and VI and thus improve postural control in
these children [64,65].

Predominance of the sensory systems in the children with Hl and VI

In examining the conditions in each group, the results showed that within the VI group, there were smaller COP param-
eters in the assessment of proprioceptive system condition than in the other assessment of sensory/postural conditions.
Also, among the HI group, the same results as the VI group were observed. Therefore, the results demonstrated that VI
and HI groups were dependent on the proprioceptive system to maintain postural control more than other systems. More-
over, in comparison to other sensory systems, the proprioceptive system of these children had a better performance. The
results of the present study are in line with the findings of previous studies that reported that the proprioceptive system

in the HI group [12,13] and VI group [20,22] is the dominant system for maintaining postural control. The obtained results
contradict with some studies that reported children with HI were more dependent on the visual system to maintain pos-
tural control [9,27]. The reasons for this contradiction may be the method for calculating the postural control tests and the
applied tools. As stated earlier, the vestibular system is critical for visual stabilization (the ability to gaze at something)
[66]. Consequently, damage to the vestibular system causes defects in postural control and visual performance. There-
fore, the same factor may be the cause of the lower efficiency of the visual system compared to the proprioceptive system
in children with HI to maintain postural control.

Also, in a study conducted by Rogge, Hoétting [67], the effects of combined proprioceptive-vestibular training on balance
and cortical function in individuals with visual impairment were investigated. The findings indicated that after 12 weeks of
training, the balance of participants with visual impairment was comparable to that of individuals with typical development.
Additionally, there was a notable improvement in the cortical surface thickness of those with visual impairment following
the training. These results suggest that such training positively influences the plasticity of the cerebral cortex in individu-
als with visual impairment [67]. Furthermore, the concept of compensatory plasticity within the reciprocal model remains
applicable to this population. Consequently, it appears that children with HI and VI, in the absence of one sensory system,
tend to rely more heavily on their remaining sensory modalities, particularly proprioception, for daily activities and social
interactions [68]. This increased dependence on proprioceptive feedback during everyday tasks may further enhance the
functionality and strength of the proprioceptive system.

Predominance of the sensory systems in the comparison children

Multiple comparisons showed that within the comparison children group, there were smaller COP parameters in the
assessment of postural control condition than in the other assessment of sensory/postural conditions. Smaller COP
parameters also existed in the assessment of proprioceptive system condition than in the assessment of visual and
vestibular system condition. The results revealed that, like children with VI and HI, comparison children depend more on
the proprioceptive system than other sensory systems to maintain postural control. The proprioceptive system of com-
parison children performed better than other systems to maintain postural control. However, unlike children with HI and
VI, comparison children had better balance performance in the assessment of postural control condition than in other
assessments of sensory/postural conditions. These results displayed that the reweighting of sensory systems information
in children with VI and HI develops earlier than comparison children. Also, the integration of sensory systems information
in comparison to children occurs earlier than in children with VI and HI. Therefore, it seems that the implementation of
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training programs that improve the remaining sensory systems in children with HI and VI may have a significant effect on
the postural control of these children.

Strength and limitations

The current study had several strengths. To the best knowledge of the researchers, this was the first to investigate the
efficiency of sensory systems in three groups of children with HI, VI, and comparison children, while previous studies have
been conducted between two groups. The comparison of children of the three groups provides more accurate and com-
plete information about the efficiency of the three sensory systems (visual, vestibular, and proprioception) in maintaining
postural control. The instrument used to assess postural control was psychometrically robust, whereas previous studies
had used more functional instruments. Also, the method of evaluating sensory systems was innovative. In this study, two
sensory systems were disturbed and one sensory system was evaluated. In previous studies, only one sensory system
was disturbed, which caused a high probability of error and a lack of accurate assessment of the sensory systems.

This study had limitations to report. Due to the limited number of participants, the findings of the present study are only
generalizable to 9—13-year-old male children. More research is needed to identify whether our findings can be general-
ized to female children or a different age band. Also, in the current study, visual, auditory, and vestibular examinations to
assess the children’s levels of disability were not conducted. Therefore, it is strongly recommended that future research
incorporates these assessments. Finally, the present study just evaluates static postural control. Further studies can
be conducted on the dynamic balance and motor skills of these people to determine the differences between the three
groups in these variables.

Conclusion

In summary, this study found that children without a disability exhibit superior postural control compared to those with
visual VI and HI, with HI children demonstrating better postural control than VI children. Additionally, the proprioceptive
system in children with VI and HI performed better in maintaining postural control than in comparison children. The results
also indicated that all groups—children with VI, HI, and comparison children—relied more on their proprioceptive system
than on other sensory systems for postural control. Proprioceptive training tailored to the strengths of the sensory systems
in children with HI and VI could enhance their postural control. However, in the absence of sensory disturbances, compar-
ison children showed better balance performance across other sensory and postural assessments compared to those with
HIl and VI. These findings suggest that sensory system reweighting develops earlier in children with VI and HI compared
to comparison children, who integrate sensory systems more effectively.
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