
Changes in the Sensory Weighting Strategies in
Balance Control Throughout Maturation in Children
Solara Sinno, PhD1,2,3 Georges Dumas, MD, PhD1,4 Art Mallinson, PhD5 Fadi Najem, PhD, AuD6,7

Kim Smith Abouchacra, PhD3,6 Lewis Nashner, PhD8 Philippe Perrin1,2,9

1EA 3450 DevAH, Development, Adaptation and Handicap, Faculty of
Medicine, University of Lorraine, Vandoeuvre-lès-Nancy, France

2Laboratory for the Analysis of Posture, Equilibrium and Motor Function
(LAPEM), University Hospital of Nancy, Vandoeuvre-lès-Nancy, France

3Department of Otorhinolaryngology-Head and Neck Surgery,
Audiology & Balance Center, American University of Beirut Medical
Center, Beirut, Lebanon

4Department of Oto-Rhino-Laryngology, Head and Neck Surgery,
Grenoble Alpes University Hospital, Grenoble, France

5Neuro-otology Unit, Department of Surgery, Vancouver General Hospital,
Faculty of Medicine, University of British Columbia, Vancouver, Canada

6Medical Audiology Sciences Program,DivisionofHealthProfessions, Faculty
of Health Sciences, American University of Beirut, Beirut, Lebanon

7Department of Hearing and Speech, Al-Ahliyya Amman University,
Amman, Jordan

8Biomedical Business Development, Chicago, Illinois
9Department of Pediatric Oto-Rhino-Laryngology, University Hospital
of Nancy, Vandoeuvre-lès-Nancy, France

J Am Acad Audiol 2021;32:122–136.

Address for correspondence Solara Sinno, PhD,
solara.sinno@univ-lorraine.fr

Keywords

► computerized
dynamic
posturography

► sensory organization
test

► children
► normative data
► pediatric vestibular

evaluation

Abstract Background The central nervous system integrates information from different
sensory inputs (vestibular, visual, and somatosensory) to maintain balance. However,
strategies for weighing sensory information change as maturation occurs.
Purpose The purpose of this study was to: (1) evaluate postural control development
in a large sample of healthy children aged 5 to 17 years old, (2) analyze changes in
sensory weighting strategies as maturation occurs, and (3) determine the extent to
which anthropometric characteristics (height, weight, body mass index [BMI]) influ-
ence postural control.
Sample Size This study recruited 120 healthy children, equally distributed in gender
and number, into four age groups (5–8 years, 9–11 years, 12–14 years, and 15–17
years) and compared them to a control group of 20 healthy adults (aged 20–25 years).
Research Design The sensory organization test (SOT) was used to assess overall
balance and the use of specific sensory inputs to maintain postural control. All children
underwent the six SOT conditions: (1) eyes open, surround and platform stable, (2)
eyes closed, surround and platform stable, (3) eyes open, sway-referenced surround,
platform stable, (4) eyes open, sway-referenced platform, (5) eyes closed, sway-
referenced platform, and (6) eyes open, sway-referenced surround and platform.
Data Analysis Condition-specific equilibrium scores (ES), composite equilibrium
scores (CES), and sensory analysis ratios were analyzed to determine whether the
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Postural control is defined as an individual’s ability to
achieve and maintain balance during a desired posture or
activity.1 Factors contributing to postural control include (1)
a sensory organization process whereby vision, vestibular,
and somatosensory inputs are integrated by the central
nervous system (CNS), (2) a motor adjustment process that
requires coordination of musculoskeletal reflexes, and (3) an
internal representation of positions of body parts in space.2

Together, these processes enable the body to respond to
sensory inputs (somatosensory, visual, vestibular)withmus-
cular output to maintain a specific static position (e.g.,
upright stance) or dynamic condition (e.g., walking), as
well as compensate for body perturbations to prevent falls.

To coordinate forces required for maintaining or restoring
balance in static and dynamic conditions, an individual must
be able to organize sensory inputs.2 The somatosensory sys-
tem relies primarily on proprioceptive and cutaneous input,
through the extensor muscles and joint systems. It provides
information about the orientation of body parts relative to the
support surface and to one another. The visual system directs
visual images to the CNS about the body’s position in its
surroundings. The peripheral vestibular system (semicircular
canals andotolithorgans) analyzes spatial orientationand also
detects angular and linear velocity.3 Sensory organization
involves processing these individual sensory cues through a
hierarchical neural system including the vestibular nuclei,
spinal cord, brainstem, cerebellum, basal ganglia, and cerebral
cortex (parieto-insular vestibular cortex).3,4

The motor output includes two main reflexes: the vesti-
bulo-ocular reflex (VOR) and vestibulospinal reflex (VSR). The
VOR maintains gaze stability and preserves visual acuity
during head movements. The VSR is accountable for postural
control and utilizes otolithic inputs primarily driving the
lateral vestibulospinal tract to generate compensatory move-
ments in response to sudden or unexpected postural changes,
to prevent falls.5 The VSRuses themedial vestibulospinal tract
to activatemotoneurons in theneck tocoordinate theneck-eye
movement, after receiving inputs primarily from semicircular

canals.6 These reflexes allow for focusing the image on the
fovea of the retina and for maintaining balance and equilibri-
um, with the brainstem integrating sensory information and
the cerebellum coordinating and regulating posture, move-
ment, and balance. Additionally, the prefrontal cortex and
supplementary motor area have been shown to assist with
interlimb coordination, postural adjustment for hand-foot
coordination, gait, and postural control.4

The emerging motor effect of posture and balance has
been described as a “weighted sum” of all sensory signals.7

Each sensory channel contributes a weight, then the weight-
ed variables are summed to produce a response modulated
according to the relevance of the incoming afferents. When a
sensory signal is absent or weak, the CNS weighs heavily on
the more reliable sensory inputs to produce appropriate
postural behaviors. The effective utilization and reweighting
of sensory system input for balance control have been shown
to develop across the lifespan.8

From a physiological standpoint, the vestibular system is
thefirst sensory system to developat 49days in utero. At birth,
the semicircular canals and otolith organs aremorphologically
complete and the vestibular nerve is myelinated.9 The devel-
opment of the visual system takes longer. Binocular vision is
mature by age 4 to 5 months and stereoacuity by age 6 to
7months; however, visual nervemyelination is not intact until
theageof2years, and retinaldevelopmentcontinues toat least
the age of 4 years.10 Studies have shown that young children
aremoredependent (i.e., putmoreweight)onvisual cues, even
though the visual system is less mature than other sensory
inputs for postural control. Lee and Aronson11 andWoollacott
and Shumway-Cook12 reported dependence on visual input
whena child is learning to standandwalk (18–36months old).
Forssberg andNashner13 also suggested that the visual system
was the dominant postural control system before 7.5 years of
age. In line with these findings, Casselbrant and colleagues
reported that children aged 4 to 8 years used vision more
heavily than other sensory information for postural control.
Although Sparto et al14 found that children aged 7 to 12 years

performance was related to age, gender, or specific anthropometric characteristics
(height, weight, and BMI).
Results Data showed a significant age-associated improvement in ES for all 6
conditions (p< 0.05) and in CES (p¼ 0.001). For both genders, (1) somatosensory
function was adult-like by age 5 to 8 years, (2) visual function peaked around age
12 years, and (3) vestibular function reached maturity by age 15 to 17 years (p< 0.05).
A moderate positive correlation (r(140)¼ 0.684, p¼ 0.01; two-tailed) between height
and CES was found and a weak positive correlation (r(140)¼ 0.198, p¼ 0.01) between
height and somatosensory ratio was noted. Lower vestibular ratio scores were
observed in children who had a higher BMI (p¼ 0.001).
Conclusion The efficient use of individual sensory system input to maintain balance
does not occur at the same age. Age and gender affect the changes in sensory
weighting strategies, while height and BMI influence postural control in children. These
factors need to be accounted for in child assessment.

Journal of the American Academy of Audiology Vol. 32 No. 2/2021 © 2020. American Academy of Audiology. All rights reserved.

SOT Normative Data in Children Sinno et al. 123

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



and adults have a similar ability to use dynamic visual cues for
postural control, they showed that children did not yet display
adult-like integration and utilization of somatosensory cues to
stabilize posture when visual cues were conflicting.

Vestibulospinal influences emerge at the ageof 4 to6years
but continue to mature until the age of 15 years.15,16 The
resolution of somatosensory/visual conflict appears to be
poor through the ages of 6 to 12 years because of differences
in maturation rate among sensory systems.11,15–17

The sensory organization test (SOT), a subtest of comput-
erized dynamic posturography (CDP), is a tool used clinically
to assess postural control. The SOT protocol allows for an
objective and quantitative analysis of sensory (i.e., vestibular,
visual, and somatosensory) and motor components of bal-
ance.18 The SOT can isolate and quantify the use of each
sensory system and the adaptive (or maladaptive) responses
of the CNS.19 The SOT algorithm has been used to track the
development and maturation pattern of equilibrium in chil-
dren of different ages by delineating the contribution of the
three sensory inputs (vestibular, visual, and somatosensory),
and to determine howweighting strategy patterns change as
maturation occurs throughout childhood.

Several researchers have evaluated the maturation of
balance and sensory weighting strategies in large groups
of children, using the SOT.15,20–25 Proprioceptive function
seemed to mature early, with adult-like performance being
reached by the age of 3 to 4 years. Visual and vestibular
function required more time to mature, with adult-like
performance not occurring until the age of 15 to 16 years.
SOT results suggest that reliance on vestibular system input
for postural stability appears to continue throughout late
childhood and even adolescence. It remains unclear in the
literature whether the SOT performance of children aged 16
to 18 years is adult-like or continues to improve.

Despite the relative maturity of sensory systems, differ-
ences in postural control and sensory weighting between
children and adults may be attributed to neural integration
or possibly anthropometric characteristics (height, weight,
body mass index [BMI], etc.).23,26,27 The influence of anthro-
pometric characteristicsonpostural control is alsounclearand
conflicting. For example, Investigators have reported that
height, weight, and BMI did not affect postural sway.28,29

Peterson et al23 highlighted that anthropometric character-
istics played only a small role in postural control. In contrast,
Cumberworth et al26 found a correlation between visual ratio
and height andMcGrawet al27 found that obese children had a
greater sway (compared to age-matched nonobese).

The purpose of this study was threefold: (1) to evaluate
the development of postural control in a sample of healthy
children aged 5 to 17 years old, (2) to analyze changes in
sensory weighting pattern strategies as maturation occurs
via the SOT, and (3) to determine the extent to which
anthropometric characteristics (height, weight, and BMI)
influence postural control during maturation. The results
of this study will contribute to the understanding of sensory
weighting strategies used by children for balance control as
they mature and contribute to the body of SOT normative
data collected for the pediatric population.

Methodology

This cross-sectional study was conducted over a period of
24 months at the Audiology and Balance Center, American
University of Beirut Medical Center, after approval from the
Institutional Board Review (AUB IRB #: OTO.KS.05).

Participants
One hundred twenty children stratified over four age groups
(5–8 years, 9–11 years, 12–14 years, and 15–17 years) were
included in this study. We followed the guidelines of the
Centers for Disease Control and Prevention that specify
developmental milestones in the following groups: pre-
schoolers [3–5 years of age], middle childhood [6–8 years
of age], middle childhood [9–11 years of age], young teens
[12–14 years of age], and teenagers [15–17 years of age].
These divisions are related to the four main areas or channels
in which children grow: physical, psychological, cognitive,
social, emotional, as well as puberty and gender identity.30

Because 3- and 4-year-old childrenwere often uncooperative
for some of our tests [mainly caloric test], we merged the
small group of 5-year-olds with the group of 6- to 8-year-
olds).30 Each age group included 15 boys and 15 girls.
Additionally, a control group of 20 healthy adults aged 20
to 25 years (10 females and 10 males) was considered as
group 5.►Table 1 summarizes the participants’ demograph-
ics and anthropometric characteristics (gender, age, height,
weight, and BMI).

All participants were healthy, with no audiological, neu-
rological, or vestibular pathologies. Prior to testing, the
parents/guardians and participant providedwritten consent,
granting approval to participate. A thorough case historywas
taken from each participant. Children were excluded from
the study if the parents/guardian reported a history of otitis
media, chronic ear infections, hearing loss, meningitis, pre-
vious ear surgery, concussion, poor vision (corrected visual
acuity poorer than 20/40 was not accepted), skeletal malfor-
mation, immune-deficiency disorders, cancer, or known
disorders of metabolic, neurologic, or genetic origin.

An audiological evaluation was performed to ensure that
both ears of participants had (1) normal otoscopicfindings, (2)
pure-tone air- and bone-conduction thresholds� 15 dB hear-
ing level (HL) at all test frequencies (0.25, 0.5, 1.0, 2.0, and
4.0 kHz), with air-bone gaps � 10 dB HL (MADSEN Astera-2
audiometer; GN Otometrics, Copenhagen, Denmark), and (3)
normal tympanograms (type A)with ipsilateral and contralat-
eral acoustic reflexes present (acoustic reflex threshold �
100 dB) at 0.5, 1.0, and 2.0 kHz (GSI TympStar Middle Ear
Analyzer v.2; Grason Stadler VIASYS NeuroCare, WI). A neu-
rological screening test was performed (finger-to-nose, rapid
alternating movements, tandem walk, and Romberg’s test);
only participantswho had normalfindings of the neurological
screening were included in the study. Oculomotor testing
(saccade and smooth pursuit) and monothermal air caloric
testing (24°C; 60-second irrigation) were completed using
videonystagmography (VNG Ulmer device, Synapsys, Mar-
seille, France). Only participants who had normal oculomotor
findings and caloric results (asymmetry � 15%; total
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reflectivity combining both sides�12°/s)were included in the
study.31 Children whowere uncooperative during the screen-
ing tests were excluded.

Sensory Organization Test
Postural stability was tested using a SMART Equitest posturog-
raphy system and standard SOT protocol (Natus NeuroCom
International, Clackamas, OR). The Equitest consists of a dual
platform capable of rotating in the anteroposterior direction,
and amechanically movable visual screen/surround that is also
capable of rotating in the anteroposterior direction. The mov-
able platform and screen are used to manipulate visual, vestib-
ular, and somatosensory inputs during the SOT. The SOT
protocol (►Fig. 1) consists of three 20-second trials under six
different sensory conditions in which the surface and/or visual
surround are systematically manipulated: (1) eyes open, sur-
round and platform stable, (2) eyes closed, surround and
platform stable, (3) eyes open, sway-referenced surround, plat-
form stable, (4) eyes open, sway-referenced platform, (5) eyes
closed, sway-referenced platform, and (6) eyes open, sway-
referenced surround and platform. The system quantifies the
effect of thesemanipulations onpostural stability bymeasuring
the individual’s spontaneous sway. The stimulusmanipulations
performed by the SOT force the individual to reweight another

sensory input to maintain postural control. In particular, sway-
referencing provides inaccurate sensory input to both the visual
and somatosensory systems and allows the assessment of
vestibular function and further evaluation of how the three
sensory inputs are weighted by the individual.23,32

The composite equilibrium score (CES), equilibrium scores
(ES), and sensory analysis ratios (SAS) were examined in this
study. The CESmeasures the overall level of performance on the
SOT and is a weighted average calculated from the mean
performance of Conditions 1 and 2 and the average of all trials
fromConditions 3 through 6.19 The ES for each condition trial is
determined by comparing the angular difference between the
individual’s calculated maximum and minimum sagittal plane
body sway to a theoretical maximum displacement (12.5°).33

The result is expressed as an inverse percentage between 100
(no body sway) and 0 (fall).

Equilibrium¼ 12.5°� (θmax � θmin)/12.5°� 100

The SAS represents the influence of each sensory system
on the individual’s stability and quantifies the relative dif-
ference in scores between two conditions.19 The somatosen-
sory ratio compares Condition 2 to Condition 1 and assesses
the ability of an individual to use somatosensory information

Table 1 Demographic and anthropometric characteristics (gender, age, height, weight, and body mass index) of healthy
participants with no audiological, neurological, or vestibular pathologies

Groups Age (y) Height (cm) Weight (kg) Body mass index (BMI)

n Mean� SD Mean� SD Mean� SD Mean� SD

5–8 y Female 15 7� 1 121� 17 26� 6 17.17� 1.62

Male 15 7� 1 120� 7 23� 4 16.19� 1.88

9–11 y Female 15 10� 1 142� 8 38� 8 18.81� 2.96

Male 15 9� 1 135� 11 32� 7 17.20� 2.65

12–14 y Female 15 13� 1 159� 6 53� 7 20.66� 1.84

Male 15 13� 1 162� 8 56� 10 21.00� 2.35

15–17 y Female 15 16� 1 161� 5 54� 5 20.77� 1.67

Male 15 16� 1 168� 8 64� 10 22.26� 1.72

20–25 y Female 10 22� 2 162� 5 58� 8 22.56� 3.06

Male 10 22� 2 174� 8 75� 9 24.06� 2.49

Abbreviation: SD, standard deviation.

Fig. 1 The sensory organization test is designed to measure an individual’s ability and to use individual sensory system input cues to maintain
balance control, by methodically manipulating sensory input (e.g., by eliminating visual input or distorting somatosensory or visual information
by sway-referencing the platform or visual surround) as seen in each of the 6 conditions.
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for maintaining balance. The visual ratio compares Condition
4 to Condition 1 and assesses the ability of an individual to
use visual information for maintaining balance. The vestibu-
lar ratio compares Condition 5 to Condition 1 and assesses
the ability of an individual to use a vestibular information for
maintaining balance. Finally, the visual preference ratio
compares Conditions 3 and 6 to Conditions 2 and 5 and
assesses the degree to which an individual relies on visual
information tomaintain balance, evenwhen the information
is incorrect or misleading. ►Table 2 summarizes the equa-
tions used to calculate these ratios.

Procedure
All subjects completed the six sensory conditions of the SOT
(►Fig. 1). In each sensory condition, subjects were given two
trials each of 20 seconds (the decision to perform two trials
in each SOT condition was based on the findings of Rine
et al16 who reported that the use of two trials resulted in
good test-retest reliability scores. In our study, stability
scores were reliable between the two trials on all 6 test
conditions [α C1¼ 0.92,α C2¼ 0.91, α C3¼ 0.90, α C4¼ 0.82,
α C5¼ 0.74, α C6¼ 0.69]).16 A detailed explanation of each
test or trialwasprovided beforebeginning the SOT condition.
Short rest periodswere providedwhen needed. The total test
duration was 20minutes.

Throughout the test, subjects stood on the platform, while
wearing a safety harness that was attached overhead and
designed to prevent falls but not limit sway. The examiner
positioned the subjects’ feet on the platform,making sure that
the medial malleolus centered over a marking stripe that
laterally transects the two force plates, and the ankle joints
were aligned with the platform axis. Subjects were asked to

maintain a quiet upright stance, avoid touching the walls or
harness during testing, and keep their eyes closedwhen asked
to do so (condition-dependent). An examiner remained sta-
tioned behind each subject for safety throughout the test.

Data Analysis
Forward regression analysis was used to find the best model
between CES and SAS, the independent variables (age, gen-
der), and anthropometric characteristics (height, weight,
categorical BMI [the use of categorical BMI was considered
appropriate because age, height, and weight are highly
correlated among children. Initially, BMI was calculated by
body weight [in kilograms] divided by height [in meters
squared]. Then, subjects were categorized as “underweight,”
“normal,” “overweight,” or “obese.” Knowing that adiposity
varies with age and gender during childhood and adoles-
cence, categorical BMI values took age and gender into
consideration]).34,35 Additionally, two-way analysis of vari-
ance (ANOVA) was used to compare subgroups; post hoc
Tukey (honest significant difference) tests were used to
pinpoint statistically significant differences. Pearson’s corre-
lations were run to identify whether relationships existed
between continuous variables (CES, SAS) and the categorical
variables (age, gender). An α level of 0.05 was used for all
statistical tests. All data analyses were completed using SPSS
Version 25 (IBM Inc., Chicago, IL).

Results

Means and standard deviations for the CES, condition-spe-
cific ES, and SAS scores (somatosensory ratio, visual ratio,
vestibular ratio, visual preference ratio) are summarized and

Table 2 Equations and significance of each SOT measurement parameter, including condition-specific equilibrium scores (ES1–
ES6), composite equilibrium score (CES), and sensory analysis scores (SAS: somatosensory ratio, visual ratio, vestibular ratio, visual
preference ratio)

Name Equation Significance

Equilibrium score
(ES1–ES6)

ES closer to 100% indicating perfect
stability and 0% indicating a fall.

Comparing the angular difference between the subject’s
maximum anterior to the posterior center of gravity dis-
placements to the theoretical maximum displacement and its
average between the 2 trials

Composite score ¼ [ES1þ ES2þ 3 (ES3þ
ES4þ ES5þ ES6)] / 14

Global determination of normal versus abnormal
performance

Somatosensory ratio ¼ ES2 / ES1 Participant’s ability to use input from the somatosensory
system to maintain balance (even when visual cues are
removed)

Visual ratio ¼ ES4 / ES1 Participant’s ability to use input from the visual system to
maintain balance (even when somatosensory cues are
altered)

Vestibular ratio ¼ ES5 / ES1 Participant’s ability to use input from the vestibular system to
maintain balance (even when visual cues are removed and
somatosensory are altered)

Visual preference ratio ¼ ES3þ ES6 / ES2þ ES5 Degree to which patient relies on visual information to
maintain balance (correct/incorrect information)

Abbreviation: SOT, sensory organization test.
Note: Table adapted from Balance Manager Systems Clinical Interpretation Guide Computerized Dynamic Posturography, NeuroCom International,
Inc.
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Table 3 Normative posturography data collected in our sample group

Age groups

5–8 y 9–11 y 12–14 y 15–17 y 20–25 y

ES SD ES SD ES SD ES SD ES SD

Gender Female Condition 1 (ES1) 86.90 3.02 85.47 4.32 91.38 4.30 94.10 2.29 93.20 2.53

Condition 2 (ES2) 83.13 3.46 82.53 6.05 90.11 4.19 92.10 2.67 90.70 2.62

Condition 3 (ES3) 80.90 4.21 79.87 7.14 87.40 5.98 90.73 3.85 89.20 2.34

Condition 4 (ES4) 59.23 7.60 62.13 12.44 75.93 9.30 78.87 10.75 82.40 3.16

Condition 5 (ES5) 41.10 12.87 47.07 10.21 53.37 13.21 62.47 10.50 64.60 7.63

Condition 6 (ES6) 44.80 14.47 53.73 12.69 53.50 9.38 64.90 10.06 66.90 7.37

Composite score (CES) 60.58 6.06 64.03 7.39 70.86 6.00 76.94 6.81 78.00 3.83

Somatosensory ratio 95.71 3.78 96.63 6.18 98.66 3.10 97.89 2.49 97.50 0.70

Visual ratio 68.16 8.50 72.48 12.37 83.31 11.05 83.77 11.00 89.17 1.83

Vestibular ratio 47.43 15.02 55.00 10.98 58.41 14.24 66.36 10.94 69.89 7.94

Visual preference ratio 101.57 11.61 103.34 9.39 98.95 12.15 100.74 6.13 100.71 3.20

Male Condition 1 (ES1) 77.98 10.52 83.77 5.13 90.63 3.29 88.67 3.23 94.30 3.49

Condition 2 (ES2) 75.33 10.76 80.67 6.42 88.70 3.27 88.33 3.16 91.30 3.86

Condition 3 (ES3) 73.67 9.87 81.53 6.83 87.57 4.50 85.60 5.11 89.60 3.65

Condition 4 (ES4) 54.77 10.20 55.67 12.85 71.70 9.87 69.77 8.99 82.50 5.38

Condition 5 (ES5) 42.00 11.70 41.96 14.77 55.00 13.45 56.97 12.85 67.10 9.37

Condition 6 (ES6) 44.37 15.71 46.03 17.40 57.23 13.11 62.30 10.73 67.20 9.00

Composite score (CES) 56.98 10.49 60.00 8.94 70.99 6.30 71.49 5.24 79.20 5.45

Somatosensory ratio 96.59 5.02 96.26 3.94 97.91 3.03 99.68 3.35 96.90 2.28

Visual ratio 70.12 7.83 66.46 14.00 78.97 9.54 78.71 10.06 86.69 3.86

Vestibular ratio 52.99 10.15 49.79 16.12 60.69 14.56 64.31 14.53 70.46 8.92

Visual preference ratio 100.66 9.21 105.05 13.23 101.04 7.62 102.27 8.87 98.90 2.85

Note: Table summarizing the means and standard deviations (SDs) for condition-specific equilibrium scores for each of the 6 conditions (ES1–ES6),
composite equilibrium scores (CES), and sensory analysis ratios (somatosensory, visual, vestibular and visual preference ratios), as a function of
gender and age group.

Fig. 2 Composite equilibrium score (CES) and sensory analysis ratios as a function of age (�significant p-value).
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segregated by age group and gender in►Table 3. Additional-
ly, CES and SAS are illustrated in►Fig. 2, as a function of age.

Equilibrium Scores
Regression analysis indicated the following:

• SOT Condition 1: ES was associated with age, gender, and
weight (ES1: R2¼ 0.464, F(3, 136)¼ 39.30, p¼ 0.001). ES1
increased with age (p¼ 0.04) and was higher for females
compared with males (p¼ 0.001). Moreover, as weight
increased ES1 increased (R2 linear¼ 0.352, p¼ 0.001).

• SOT Conditions 2, 3, and 4: ESwere affected by age, height,
and gender (ES2: R2¼ 0.469, F(3, 136)¼ 39.96, p¼ 0.001;
ES3: R2¼ 0.386, F(3, 136)¼ 28.51, p¼ 0.001; ES4:
R2¼ 0.492, F(3, 136)¼ 43.874). In all three conditions,

ES increasedwith age (ES2: p¼ 0.014, ES3: p¼ 0.008, ES4:
p¼ 0.001). Similarly, with increased height the ES in-
creased (ES2: R2 linear¼ 0.386, p¼ 0.001; ES3: R2 line-
ar¼ 0.324, p¼ 0.016; ES4: R2 linear¼ 0.388, p¼ 0.017).
Finally, ES differed between males and females across age
groups (ES2: p¼ 0.001, ES3: p¼ 0.02, ES4: p¼ 0.001);
females of all age groups tended to perform better than
males.

• SOT Condition 5: ES increased as age increased (ES5:
R2¼ 0.349, F(1, 138)¼ 73.85, p¼ 0.001).

• SOT Condition 6: ES increased as a function of age
(p¼ 0.003), height (R2 linear¼ 0.298, p¼ 0.001) and
weight (R2 linear¼ 0.224, p¼ 0.013) (ES6: R2¼ 0.353, F
(3, 136)¼ 24.78, p¼ 0.0001).

Table 4 Multiple regression equations for composite equilibrium score (CES) and sensory analysis ratios

Model B Standard
error

Beta t Significance Partial
correlation

Composite score Constant R2¼ 0.561,
F(3, 136)¼ 57.881,
p¼ 0.001

33.577 5.351 6.274 0.000

Age 881 0.196 0.438 4.498 0.000 0.360

Gender �2.846 1.149 �0.142 �2.477 0.014 �0.208

Height 0.166 0.048 0.336 3.445 0.001 0.283

Weight

BMI

Somatosensory
ratio

Constant R2¼ 0.0391,
F(1, 138)¼ 5.633,
p¼ 0.019

91.829 2.363 38.867 0.0000

Age

Gender

Height 0.037 0.016 0.198 2.373 0.0190 0.198

Weight

BMI

Visual ratio Constant R2¼ 0.288,
F(1, 138)¼ 57.299,
p¼ 0.001

60.169 2.395 25.124 0.000

Age 1.315 0.174 0.542 7.570 0.000 0.542

Gender

Height

Weight

BMI

Vestibular ratio Constant R2¼ 0.277,
F(2, 137)¼ 26.20,
p¼ 0.001

46.316 4.008 11.555 0.0000

Age 1.449 0.211 0.500 6.877 0.0000 0.507

Gender

Height

Weight

BMI �5.221 2.335 �0.162 �2.235 0.0270 �0.187

Visual preference
ratio

Constant R2¼ 0.043,
F(3, 136)¼ 2.069,
p¼ 0.109

77.235 12.737 6.064 0.000

Age

Gender

Height

Weight

BMI

Abbreviation: BMI, body mass index.
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Composite Equilibrium Score
Regression analysis (►Table 4) demonstrated that age, gen-
der, and height were predictors of the CES (R2¼ 0.561, F(3,
136)¼ 57.881, p¼ 0.001). As shown in►Fig. 2, themean CES
for children aged 5 to 8 years was not different from those
aged 9 to 11 years (p¼ 0.40); however, both groups scored
lower than older children and adults (p¼ 0.001). The mean
CES of children aged 12 to 14 years was similar to children
aged 15 to 17 years (p¼ 0.387) but lower than adults
(p¼ 0.003). The scores of adolescents (aged 15–17 years)
did not differ significantly from those of adults. Gender had
an effect only on the CES of children aged 15 to 17 years
(p¼ 0.004), where females scored better than males. Results
of the Pearson’s correlation (►Fig. 3; upper panel) indicated a
significant positive association, of moderate strength, be-
tween height and CES (r(140)¼ 0.684, p¼ 0.01; two-tailed).

Somatosensory Ratio
Regression analysis indicated that the somatosensory ratio
was influenced only by height (R2¼ 0.0391, F(1, 138)¼ 5.633,
p¼ 0.019);however, thecorrelationwasweak (r(140)¼ 0.198,
p¼ 0.01) (see►Fig. 3; lower panel). No significant differences
in mean somatosensory ratios were found across age or
gender. Across age groups, mean somatosensory scores were
consistently high, ranging from 95.70 to 98.66 in females and
96.22 to 99.68 in males (►Table 2).

Mean somatosensory scores were consistently high, rang-
ing from 95.70 to 98.66 in females and 96.22 to 99.68 in
males, across age groups (►Table 3).

Visual Ratio
Regression analysis demonstrated increasing visual ratio
scores with age (R2¼ 0.288, F(1, 138)¼ 57.299, p¼ 0.001).

Fig. 3 Linear regression models demonstrated that composite equilibrium score (CES) increased with height (upper panel), similarly a
correlation was seen between height and somatosensory ratio (lower panel).
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A comparison of scores across age groups indicated a sta-
tistically significant difference in the performance of youn-
ger children (aged 5–11 years) versus older children (aged
12–17 years) or adults (►Fig. 2); performance of children
between the ages of 12 and 17 years was not statistically
different from adults.

Vestibular Ratio
Regression analysis showed that the mean vestibular ratio
score increased with age (R2¼ 0.277, F(2, 137)¼ 26.20,
p¼ 0.001). As shown in ►Fig. 2, the youngest groups of
children (aged 5–8 and 9–11 years) performed similarly;
however, their scores were significantly lower than the
groups of older children (aged 12–14 and 15–17 years) and
adults (respectively, p¼ 0.04, 0.001, and 0.0001). Scores of
children aged 9 to 11 and 12 to 14 years were not signifi-

cantly different (p¼ 0.20). Vestibular ratio scores of children
aged 12 to 14 years were similar to children aged 15 to
17 years (p¼ 0.40) but significantly lower than adults
(p¼ 0.03). Scores of adolescents (aged 15–17 years) were
not significantly different from adults.

BMI category influenced the vestibular ratio (R2¼ 0.253,
F¼ 24.59, p¼ 0.001) but gender and height did not
(►Table 4). In total, 83% of children had a normal BMI
(N¼ 116), 14% were categorized as overweight (N¼ 20),
2.5% were considered obese (N¼ 3), and 1 child (0.8%) was
categorized as underweight (the BMI subcategory “under-
weight” had only 1 child [N¼ 1]; therefore, it was subse-
quently removed from the ANOVA). BMI category analysis
showed that young children with a higher BMI had lower
scores than children with a normal BMI in the same age
group (p¼ 0.001). Specifically, children aged5 to 8 yearswith

Fig. 4 Comparison of composite equilibrium scores (CES, panel A) and sensory analysis ratios (somatosensory in panel B, visual in panel C,
vestibular in panel D, visual preference in panel E) in function of age, across studies using similar equipment to measure postural control.
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a normal BMI had a mean vestibular ratio score of 51.14
compared with 45.64 in overweight children and 46.99 in
obese children. A similar observation was noted in children
aged 9 to 11 years; a mean vestibular ratio score of 53.71was
found in childrenwith a normal BMI comparedwith 34.12 in
obese children.

Visual Preference Ratio
No significant differences in mean visual preference ratio
scores were found across age groups (p¼ 0.403) or gender
(p¼ 0.661). Mean scores were high, ranging from 98.95 to
103.30 in females and 98.90 to 105.00 in males, across age
groups (►Table 3).

Discussion

Age Effect

Composite Equilibrium Score
Significant age-associated increases in overall performance
on the SOT were found in this study, with children not
achieving adult-like CES until age 15 to 17 years.
In ►Fig. 4A, mean CES of males and females are plotted
alongside CES results reported in previous studies, which
measured postural control with the Equitest and standard
SOT protocol. Similar to the present study, Hirabayashi and
Iwasaki15 found that CES increased with age; postural stabil-
ity remained significantly lower than adults even in their
oldest group of children (aged 15 years). Steindl et al24

reported a statistically significant difference in the CES of
children aged 13 to 14 years comparedwith those aged 15 to
16 years, but not between 15 to 16 years olds and adults.
Thus, they concluded that maturation was achieved around
the age of 15 to 16 years. In a recent multicenter study,
Goulème et al8 found that thematuration process of postural
control was not yet achieved by age 16 years andmay require
further development. With the exception of the NeuroCom
data (it is unclear why the NeuroCom CESs deviate signifi-
cantly from the other studies. It is possible that factors such
as anthropometric data are reflective of the population
studied [diverse American population]),36 ►Fig. 4A shows
that mean CESs are relatively consistent as a function of age
across studies, with only a small amount of variability
observed.

Somatosensory Ratio
In our study, children in the youngest group (aged 5–8 years)
utilized somatosensory information for postural control
comparable to adults.►Fig. 4B shows reasonable agreement
in somatosensory function across these studies. Other stud-
ies have reported that the maturity of somatosensory func-
tion in postural control emerges between 2 and 4 years of
age.12 These rapid increase and maturation of the sensori-
motor control system suggest that the proprioceptive system
seems to mature by age 3 to 4 years and reach adult levels of
somatosensory function.15,24,26 Rine et al16 found increased
variability of somatosensory ratio scores in young children
(aged 3–4 years) and suggested that a transition to a mature

response in postural control is occurring in children between
the ages of 3 and 7.5 years. In summary, the vast majority of
researchers agree that somatosensory maturation happens
at an early age and is complete by the age of 5 years, with
minimal variability seen across childhood and adolescence.

Visual Ratio
The maturation pattern of visual function is not the same
across studies using similar equipment to measure postural
control (►Fig. 4C). In our study, the visual ratio data suggested
a possible maturation peak around the age of 12 to 14 years.
Hirabayashi and Iwasaki15 concluded that the visual system
continues todevelopuntil reaching adult-like acuity by the age
of 15 years. However, they observed that the visual ratio
peaked twice: once at 5 to 6 years old and again at 11 to
13 years old. When comparing adults and children aged 7 to
12 years, Sparto et al14 found that both groups had similar
abilities to use dynamic visual cues for postural
control. ►Fig. 4C reveals more variability in visual perfor-
mance compared with somatosensory performance across
studies. Mean somatosensory scores varied by as little as 13
(range:56–69) ingroupsof3yearsold, toasmuchas38 (range:
50–88) in groups of 11 years old. This variability may be
associated with age-height relations across different samples.

Vestibular Ratio
In the present study, vestibular function developed with age,
reaching maturity by age 15 to 17 years.►Fig. 4D shows that
vestibular system maturation is not consistent across stud-
ies. Peterson et al23 proposed that adult-like vestibular
function is seen by the age of 12 years. Hirabayashi and
Iwasaki15 reported nonlinear vestibular system maturation
throughout childhood; they noted a sharp improvement in
vestibular performance in children between the ages of 7 to
8 years and those aged 9 to 10 years. However, vestibular
function continued to improve and was not fully mature in
children aged 14 to 15 years (the oldest age group tested).
Other researchers report vestibular system maturation con-
tinuing throughout childhood, with adult-like performance
obtained around the age of 10 to 14 years.9,37 Similarly,
Cumberworth et al26 observed that vestibular function was
not yet mature by the age of 15 years. Excluding the data
provided by NeuroCom, ►Fig. 4D shows mean vestibular
ratios varying across studies by as little as 17 (range: 35–52)
in groups of 3 years old, to as much as 30 (range: 53–83) in
groups of children aged 14 to 17 years.

It is well established in the literature that the vestibular
system is the first system to develop and is morphologically
complete at birth,9 and can show mature responses as early
as 6 months of age when evaluated via saccade and pursuit
testing.26 A normal VOR response to low frequency can be
observed via caloric testing, which assesses the horizontal
semicircular canals and afferent inputs.38 Normal responses
to high-frequency stimuli can be seen by the age of 6months,
using cervical and ocular vestibular-evokedmyogenic poten-
tials (cVEMP and oVEMP), which assess the integrity of the
saccule and inferior nerve, and the utricle and superior
nerve, respectively.39 However, the context-dependent
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reweighting of support surface (somatosensory), vestibular,
and visual inputs are very complex and organizationally
separate processes; this hierarchically higher process takes
some time to mature.13Higher processing ability is reflected
in the SOT vestibular ratio, which is a value that reflects the
maturation of these processes.

Visual Preference Ratio
The visual preference ratio indicated that all children were
influenced by inaccurate visual input to a similar degree. A
comparison across similar studies (►Fig. 4E) indicates a
small amount of variability in visual preference ratio in
children under the age of 13 years; this was especially true
for children aged 3 to 4 and 9 to 10 years. Mean visual
preference ratios varied by as little as 4 (range: 98–102) in
children aged 13 to 17 years, to as much as 19 (range: 79–98)
in children aged 3 to 4 years and 24 (range: 81–105) in
children aged 9 to 10 years old.

Sensory Integration
Although the anatomical structures involved in sensory
integration are detectable andmature early in life, it appears
that a separate process of sensory maturation is required
before the higher-level adaptive process of integration can
occur.12,13,16,24 The present study has shown that somato-
sensory function is mature as early as 5 to 8 years old, visual
function peaks at around 12 years old, and vestibular func-
tion shows maturation around 15 to 17 years old. It is
hypothesized that the predominance of one sensory system
may be a strategy adopted by the CNS to avoid information
conflict, and this strategy varies with age. Peterka7 showed
thatwhen adults stood on afirm surfacewith available visual
input, sensory contributions consist of 70% somatosensory
input, 20% vestibular input, and 10% visual input. However,
when somatosensory accuracywas reduced through support
surface oscillations, sensory recalibration changed the rela-
tive contributions to 70% vestibular, 20% visual, and 10%
somatosensory to maintain postural stability.

The seminal work of Shumway-Cook and Woollacott40

demonstrated that adult-like postural control and sensory
integration occurred in children aged 7 to 10 years. The
findings of the study served as a basis for assessing postural
development inchildren formanyyears.40 Itwasnot until later
that other studies reported on mature responses appearing
much later in childhood or adolescence.15,23,41 Results of the
current study support late postural control maturation, with
sensory systems appearing to develop at different rates.
Younger children mainly rely on visual information to main-
tain balance regardless of its accuracy and, as they mature,
they change strategy to resemble that of adults.15 Charpiot
et al21 examined performance on CDP in healthy children
ranging in age from 3 to 6 years. The results indicated that
balance control changed from being primarily visual-vestibu-
lar dependent at age 3 years to being somatosensory-vestibu-
lar dependent by age 6 years. However, the transition to adult-
like use of information from all sensory conditions was not
completed by age 6 years. Another study found that, when
visual and somatosensory cues were conflicting, even older

children (aged 7–12 years) were not as proficient at utilizing
somatosensory cues for posture stabilization aswere adults.14

“Nonmonotonic” development of postural control is charac-
terized by a linear improvement of the use of visual inputs
and/or of the reweighting process of visual/somatosensory
inputs from 7 to 10 years of age, and after that, it improves at a
steady rate until adulthood.2,41

Gender
In this study, girls performed better than boys in children
aged 5 to 8 years for SOT Conditions 1 to 4. Notably, boys
showedgreater within-group variability than girls across age
groups. Overall, the CES increased with age, with girls
appearing to mature earlier than boys. Gender effects on
posture stability have been studied extensively in the litera-
ture. Smith et al42 noted that girls aged 8 to 12 years had
better postural stability and were more capable of integrat-
ing sensory inputs. However, boys were more affected by
altered sensory input information, treated each sensory
input separately, and relied more on somatosensory feed-
back.42 Similarly, Goulème et al8 found that the maturation
process was linked with gender. In our study, the somato-
sensory, visual, and vestibular ratios were the same across
gender. However, prior research showed a difference in
gender and visual maturation even at the age of 15 to
16 years.24 Hirabayashi and Iwasaki15 noted a gender differ-
ence especially in females aged 7 to 8 years; where girls
performed better than boys on Condition 5, suggesting that
girls make better use of the vestibular cues.

Height Effect
The results of this study indicate that maturation of
postural control correlates with increased height. A positive
correlation between height and age has been previously
established43; hence, any independence of age associations
between height and CES might be weak or absent. Girls and
boys of the same age do not necessarily have the sameheight.
Additionally, it is well established that children of different
races grow to different heights.44 Height was shown to
influence SOT results in this study. One way to control for
this confoundwould be to factor in subjects’ ethnicity. It may
be that differences in height (and perhaps musculoskeletal
development) in children of a given age but of different
ethnic backgrounds could factor in (i.e., 12-year-olds of
different ethnicities may have different body habitus). Pop-
ulation differences are believed to be related not only to
genetic factors but also to environmental factors.45 In the
present study, control for size differences was attempted
using gender, height, weight, and BMI only.

BMI Effect
Vestibular function was affected by BMI in our study. There
are two possible theories to be considered: (1) BMI varies
with age and gender; accordingly, BMI may influence vestib-
ular function. The effects may be related to age-dependent
changes. BMI effects may also be ethnicity dependent,
knowing that BMI levels differ considerably by ethnicity,
and can vary among subpopulations within an ethnic group
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because of environmental and lifestyle factors.44 (2) Body
composition may influence base support, foot posture align-
ment, and overall body/core stability.46 A recent study has
shown that anthropometric indicators interfered with child-
ren’s postural balance.47 Consequently, BMI should be con-
sidered during CDP testing, especially with the increased
prevalence of childhood obesity.

Physical Activities and Sports Effect
Previous studies have shown that SOT performance can be
influenced by an individual’s balance training (e.g., highly
trainedworld-class athletes,48 circusperformers,49ormilitary
personnel50) and might differ from SOT performance in the
general population.49 Childrenwho are frequently involved in
sports have better muscle strength and postural con-
trol.16,23,51 Moreover, the type of activity may show different
sensory weighting. For example, performing sports such as
judo results in more weight on proprioception, whereas
performing ballet relies more on visual input.52 The effect of
trainingwasnot taken into consideration in this study, as none
of our subjects fell into any of these categories.

Limitations
Variability is seenmainly in the SOTvisual ratio and vestibular
ratio across studies using similar equipment to measure
postural control (►Fig. 4). In these studies, some of the
variability may have resulted from uncontrolled parameters,
such as gender, height, and BMI. The sample size and testing
protocol differencesmay also have played a role. Ethnicity and
environmental factors (i.e., nutritional, psycho-social, socio-
economical)44 may also have influenced the findings. Addi-
tional factors that may account for the variability observed
include the extent of sports practice and also attention capac-
ity during the assessment,20which could affect the overall SOT
performance. Another limitation of the present studywas that
not all parts of the vestibular system were assessed individu-
ally (mainly vertical canals, the saccule, and inferior vestibular
nerve). This could have been performed by assessing all
subjects by video head impulse test and VEMPs. Mallinson
et al53 showed that CDP assessment does not correlate with
oVEMP and cVEMP results. However, Jacobson et al54 showed
that patients with abnormal unilateral saccular or inferior
vestibular nerve function (i.e., abnormal cVEMP) demonstrat-
ed significantly impaired postural control. Although the rela-
tionship between CDP and VEMP is not clear, the authors
acknowledge that the inclusion of VEMP testing would have
provided further evidence of vestibular status.53,54 If unde-
tected vertical canal or otolithic disorders were present in
children, this couldpotentiallyhaveaffected thefindingsof the
study. Finally, little information is available in the literature
about postural control changes in individuals transitioning to
adulthood (i.e., ages 17–20). The above limitations should be
considered and further investigated in future research.

Conclusion and Clinical Applications

The findings of the present study confirm that postural
control strategies in children change throughout maturation.

The ability to utilize specific sensory inputs for balance
maintenance evolves at different ages. Strategy choice
(reweighting of sensory use) develops in synchrony with a
child’s postural control maturation and musculoskeletal
growth. Finally, factors such as age, gender, weight, height,
and BMI must be taken into consideration when applying
normative data in a clinical setting.

In the clinical setting, it is important to utilize valid
normative datawhen assessing a childwith neuro-otological
complaints. Thus, the following factors must be taken into
consideration:

Age: the ability to utilize specific sensory inputs effective-
ly develops at different ages. Findings of the present study
indicated that somatosensory function is nearly mature by
the age of 5 years, visual contribution reaches adult levels
around 11 to 12 years old, and vestibular function continues
to mature at least through the age of 15 to 17 years.

Gender: better postural control observed in females than
in males is likely related to morphological and behavioral
differences in growth maturation.

Anthropometric traits (height, weight, and BMI): postural
sway may be influenced in subjects who fall outside norma-
tive values of anthropometric traits. The effects of this are
unclear and further investigation is required.

Rehabilitation goals and outcomes: when reviewing the
sensory weighting analysis, changes in postural responses
with age need to be taken into consideration when planning
rehabilitation for children and evaluating treatment
outcomes.
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