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Abstract

Background Childhood obesity is a global public health concern since an excess in body weight causes postural control
problems and consequently leads to reduced motor control and impaired movement patterns with an increased risk of falls
and injuries interfering with children’s daily life activities. The use of posturographic analysis together with adiposity level
investigation could improve the assessment of postural impairments leading to tailored and more effective therapeutic
approaches. Therefore, the aim of the present study is to evaluate and compare the different strategies used to maintain
postural control between normal-weight children and children with obesity.

Methods A total of 33 Caucasian children (14 with obesity) were recruited. Anthropometric indexes were computed from
the anthropometric measurements. Participants stood in an upright standing position, barefoot on the stabilometric platform,
and performed two 30 s trials (eyes open — EO, and eyes closed — EC).

Results Results revealed a difference in postural control only in the minimum sway parameter under both EO and EC con-
ditions. The BMI z-score and TMI indexes were positively associated with the sway length, delta X, and minimum sway
parameters in EO conditions, while fewer and weaker associations were found in the EC condition.

Conclusion Our study did not highlight postural control impairments in prepubertal children with obesity when compared
to their normal-weight peers. Despite some significant positive associations with postural control parameters, both the BMI
z-score and the TMI indexes do not clearly predict postural control impairments in prepubertal children.
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Introduction

Childhood obesity is a global public health concern, espe-
cially in developing countries, counting more than 350
million children worldwide. The recent estimates report
that more than 29% and 31% of school-age girls and boys
in Italy live with obesity, respectively [1]. Children with
obesity have a higher risk of developing cardiovascular
and metabolic diseases, with increased co-morbidity and
mortality rates during their adulthood lives [2-5]. Body
mass index (BMI) is a widely used parameter for defin-
ing overweight and obesity [6]. However, BMI cannot be
directly applied to children due to continuous changes in
height and weight during growth. To account for these
variations, BMI is adjusted for age and sex, resulting in
the BMI z-score. This parameter, which is computed based
on sex-adjusted growth curves, is used to define the cut-
offs describing overweight and obesity status in children.
Similarly to adult populations, higher values of the BMI
z-score are associated with increased fat percentages, and
they are considered risk factors for both cardiometabolic
and neurological diseases [7-9].

Given the limitations of BMI in distinguishing between
fat and lean mass, alternative indices have been proposed
to assess body composition. For example, the tri-ponderal
mass index (TMI) can be a valuable tool to assess body
composition in children, and prior studies explored its
potential use as a predictor of metabolic syndrome in
pediatrics [10]. Furthermore, because BMI z-score does
not differentiate between lean and fat mass, Hudda et al.
[11] developed a non-linear equation incorporating weight,
height, ethnicity, and age, which more accurately estimates
body fat mass.

Beyond metabolic and cardiovascular risks, obesity
also affects motor functions, including postural control.
Impaired postural control is a well-documented issue in
adults with obesity and is associated with an increased
risk of fall-related injuries. Excess weight creates a larger
moment of forces, especially at the ankle joint level, mak-
ing postural control more challenging [12, 13]. Postural
control refers to the ability to achieve, maintain, or restore
a state of stability during any activity, such as walking,
running, or only standing. To evaluate postural control,
one of the gold standard procedures is the use of force
platforms, especially under static conditions [14-16].
These technological devices measure postural oscillations
and analyze the movement of the center of foot pressure
(CoP), that is influenced by both the movements of the
CoM and the mechanisms of neuromuscular control of the
body [17, 18]. In adults with obesity, excess abdominal
weight alters the position of the CoP, which results in a
shift towards the anterior edge, consequently leading to
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the anterior displacement of the CoM. The forward shift
of both the CoM and the CoP leads to the generation of
larger torques that require appropriate counteracting mus-
cle actions. Consequently, the variability and the speed of
CoP increase in response to the greater amplitudes of the
motor commands [19].

Although the link between obesity and postural control is
well established in adults, the extent to which obesity affects
postural control in children remains unclear. While some
studies found that higher BMI z-score is associated with
worse postural control [20], other studies did not find any
relation between adiposity and postural control [21]. How-
ever, understanding this association is crucial since postural
control is an indicator of musculoskeletal health and a higher
active lifestyle in children [22]. Additionally, postural con-
trol is related to the development of fundamental motor and
movement skills [23].

Since body mass estimations provide a more precise
assessment of obesity in children, integrating posturographic
analysis with adiposity assessments may improve the evalu-
ation of postural dysfunctions associated with varying adi-
posity levels.

For these reasons, the first aim of this study was to evalu-
ate the differences in postural control between normal-
weight and children with obesity. The second aim was to
evaluate the relationships between adiposity indexes and fat
mass on postural control in children with obesity.

Materials and methods
Study design and participants

A cross-sectional study was conducted to determine the rela-
tionships between anthropometric characteristics and pos-
tural control (obtained from a bipedal posturographic assess-
ment) performed under eyes open (EO) and eyes closed (EC)
conditions. For each condition, time and frequency domain
variables were obtained with a baropodometric platform
from the motion of the CoP. A total of 14 Caucasian children
with obesity (OB) of both sexes (6 females) were recruited
using the non-probabilistic convenience sampling method
from the endocrinology unit of the Buzzi children’s hospital
in Milan, Italy. Nineteen normal-weight (NW) children of
both sexes (10 females) were recruited as the age-matched
control group. Inclusion criteria were children of both sexes
with BMI z-score below 1.0 standard deviation (SD) for the
NW group and a BMI z-score above 2.0 SD for the OB
group according to the BMI z-score cutoff provided by the
World Health Organization (WHO) [24] and the ability to
understand Italian. Exclusion criteria were cardiovascular
and respiratory diseases, co-morbidities to OB, orthopedic
injuries in the previous six months, and any condition that
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did not allow upright standing. The evaluators explained all
the procedures to parents and children before the enrolment,
and all participants were informed of the possibility of with-
drawing from the study at any time without any repercus-
sions. Parents, or legal guardians, and the adolescents gave
their verbal and written informed consent. The sample size
for the present investigation was determined in our previ-
ous study [25]. All procedures were in accordance with the
Declaration of Helsinki [26] and were approved in advance
by the ethics committee of Milano Area 1 (n. 2020/ST/298).

Anthropometric measurements

Anthropometric measurements were taken following the
guidelines of the International Society for the Advancement
of Kinanthropometry (ISAK) [27]. Weight was measured
barefoot and in light clothing, standing in the middle of the
scale platform (Seca, Hamburg, Germany) with hands along
the trunk. Standing height was measured using a Harpenden
stadiometer (Holtain Ltd., Cross-Well, UK) with a fixed ver-
tical table and an adjustable head. The measurement was
carried out with the subjects in an upright standing position,
without shoes, and with their head in the horizontal plane of
Frankfort. Two measurements were taken for each param-
eter, and a third was obtained if a discrepancy of 500 g and
0.5 cm was noted between the initial measurements. Anthro-
pometric characteristics were then based on the average of
the two closest measurements. BMI was calculated as body
weight (kilograms, kg) divided by height squared (meters
squared, m?) and was transformed into BMI z-scores using
WHO references [28]. Adiposity indexes including tripon-
deral mass index (TMI) and fat mass were also calculated
as follows:

i. TMI=weight (kg)/ height (m)* [29]; and
ii. Fat Mass=weight (kg) —exp[0.3073 X height2 — 10.0
155 x weight — 14+ 0.004571 X weight —0.9180 X In(ag
e)+0.6488 x age0.5 +0.04723 x male +2.8055] [11]

(exp =exponential function, In=natural logarithmic
transformation, male =1, female =0).

Procedure and instrumentation

To avoid any interference with school commitments, all
measurements were carried out in the afternoon from 4 to
6 pm. The assessments were carried out in the gait labora-
tory of the Buzzi hospital with a constant room temperature
of 21 degrees Celsius. Participants stood barefoot on the
stabilometric platform (FreeMed®, Sensormedica, Rome,
Italy — 12050 cm — sampling at 400 Hz) that was placed
on a stable surface on the floor to avoid any distortion and
signal disturbances.

The subjects were instructed to stand upright while
maintaining their arms along the sides of their bodies. The
evaluators asked participants to stand as still as possible.
A visual target (5 cm in diameter) was placed at eye level
and at a 2-m distance in front of the participant.

Two tests were performed for each subject: 30 s bipodal
standing positions with eyes open (EO) and 30 s bipo-
dal standing positions with eyes closed (EC). Participants
stood with their feet positioned at a 30° angle between the
longitudinal axes. A plastic positioning tool was used to
standardize and speed up foot placement, then removed
prior to measurement to prevent interference with COP
recordings. Although 60 s trials are usually recommended
to increase the reliability of postural control assessments,
children up to the age of 12 years are unable to concen-
trate on such tasks for a long time. Also, a previous study
showed good to excellent reliability indexes in typically
developing children who performed three 10 s trials [30].
Therefore, 30 s trials were used to validly assess postural
control in children of this age.

The stabilometric platform software extracted the sway
area (SA; measured in mm?, the area swept by the CoP
motion) and the mediolateral and anteroposterior peak-
to-peak oscillations of the CoP, defined as Delta X for the
mediolateral axis and Delta Y for the anteroposterior axis.

Additional parameters were extracted by analyzing the
orientation and shape of the confidence ellipse. The confi-
dence ellipse is an ellipse covering 95% of the SA.

The ellipse eccentricity (EE) is defined as the ratio
between the two axes of the confidence ellipse. The EE
ranges from O to 1 and gives information about the shape
of the confidence ellipse: when the EE is closer to 0, it
indicates that the X axis and the Y axis have a similar
length; hence, the ellipse is almost a circle. Conversely, an
EE closer to 1 would indicate that the ellipse is flattened
along one of the two axes. By its definition, this variable
describes whether there is a preferred swaying direction,
and it is correlated to the shape of the CoP displacement.

The ellipse inclination, which is expressed in degrees,
is defined as the orientation in degrees of the main axis (or
mediolateral axis) of the ellipse compared to the Y axis (or
antero-posterior axis). The inclination of the ellipse gives
information about postural symmetry [31].

Lastly, the ratio between the length of the sway path
described by the movement of the CoP and the area of the
ellipse containing the same sway path (L/S) was used as
an indicator of postural energy expenditure [32]. A L/S
ratio close to 1 indicates a healthy postural control, while
a value lower than 1 can indicate (i) a reduced L, meaning
that the subject uses little energy to keep a stable posture
or (ii) an increased S when poor postural control leads to
a wider CoP oscillation area [32].

@ Springer
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Statistical analysis

To identify and correct transcription errors, all data were
entered into a spreadsheet were carefully reviewed by a third
researcher. Values are presented as means (95% confidence
intervals, CI) for all variables. Children were excluded from
the analysis if they had missing data. To evaluate the asso-
ciation between the adiposity indexes (BMI z-score, TMI,
and fat mass) and the different outcomes of postural stability,
we first conducted a bivariate correlation analysis, Pearson
or Spearman, based on the data distribution and reported in
the graphical representation. Then, we computed a linear
regression analysis to analyze the relationship between pos-
tural stability and the adiposity indexes, adjusting for sex
(Model 1), and further adjusting for age and sex (Model 2)
as a sensitivity analysis. To further evaluate the differences
between children with obesity and children with normal
weight, groups using parametric or non-parametric analysis
of covariance, as appropriate, adjusting for age and sex. A p
value lower than 0.05 was considered statistically significant
for all the analyses. Both non-standardized and standard-
ized beta coefficients were reported for the regression mod-
els. Statistical analyses were performed using R software
(version 4.4, R Foundation for Statistical Computing). The
“ggplot2” package was used to create linear regression plots
and the “Durga” for visualizing group comparisons Table 1.

Results

Table 1 shows the anthropometric and descriptive char-
acteristics of the sample divided by groups. Postural
control differences between children with normal weight

and obesity are detailed in Table 2. As shown in Fig. 1,
only the minimum sway is significantly different between
groups (Cohen’s d=1.222; p=0.001). The same was
found in the eyes-closed condition (Fig. 2) with a Cohen’s
d=0.802 (p=0.008). To better understand these differ-
ences, they are also graphically illustrated in Figs. 1, 2,
corresponding to the eyes-open and eyes-closed condi-
tions, respectively. Table 3 shows the associations of static
postural control parameters during the eyes-opened condi-
tion with the adiposity indexes. As shown in Table 3, sway
length, delta X, and minimum sway exhibited positive
associations with the BMI z-score in both models. Specifi-
cally, in model 2, the corresponding beta coefficients were
$=0.371 (p=0.035), =0.367 (p=0.028), and f=0.514
(p=0.002), respectively. Similarly, sway length, delta X,
and minimum sway showed positive associations with the
TMI index in both models. Specifically, in model 2, the
corresponding beta coefficients were f=0.377 (p=0.033),
$=0.352 (p=0.036), and f=0.473 (p =0.005), respec-
tively. As far as the fat mass index is concerned, only the
minimum sway parameter shows a positive association
resulting in a beta of 0.363 (p =0.043). While Table 4
shows the associations of static postural control param-
eters during the eyes-closed condition with the adipos-
ity indexes. As shown in Table 4, minor axis sway and
minimum sway showed positive associations with the BMI
z-score in both models. Specifically, in model 2, the cor-
responding beta coefficients were f=0.340 (p =0.029) and
p=0.345 (p=0.049), respectively. Only the minor axis
sway showed a positive significant association with the
TMI index in both models. Specifically, in model 2, the
beta coefficient was f=0.348 (p =0.026). No statistically
significant associations were found for the fat mass index.

Table 1 Anthropometric and NW OB Overall
descriptive characteristics of the
sample (N=19) (N=14) (N=33)
Sex
F 10 (52.6%) 6 (42.9%) 16 (48.5%)
M 9 (47.4%) 8(57.1%) 17 (51.5%)
Age (y) 9.63 (8.56, 10.70) 10.14 (9.60, 10.68) 9.85(9.19, 10.50)
Weight (kg) 34.00 (30.34, 37.66) 63.39 (55.63, 71.15) 46.47 (40.14, 52.80)
Height (m) 1.39(1.32, 1.46) 1.49 (1.43, 1.56) 1.43 (1.38, 1.49)
BMI z-score 0.34 (-0.02, 0.70) 3.16 (2.93, 3.39) 1.54 (1.01, 2.07)
T™I 12.64 (11.86, 13.42) 18.81 (17.96, 19.66) 15.26 (14.06, 16.46)

@ Springer

Fat mass (kg)

8.14 (7.02, 9.26)

26.40 (22.63, 30.16)

15.88 (12.33, 19.44)

Values are presented as total number (%) for categorical variables; while continuous variables are presented

as mean (95% CI)

NW group of normal weight children, OB group of children with obesity, F female, M, male, BMI body
mass index, TMI tri-ponderal mass index
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Table 2 Postural control differences between children with normal weight and obesity

EO EC

Variable Mean (CI) p value Effect size Variable Mean Difterence (CI) p value Effect Size

Sway length (EO) 73.426 (- 16.901, 0.206  0.593 Sway length (EC) 58.782 (—35.382, 0.172  0.441
163.753) 152.946)

Sway area (mm?) 346.89 (—168.513, 0.703  0.494 Ellipse area (mm?) 87.339 (—650.505, 0.088  0.530
862.293) 825.183)

Ellipse inclination (°) —12.944 (—46.777, 0.431  0.268 Ellipse inclination (°) —32.128 0.057 0.718
20.89) (—63.135,—1.121)

Ellipse eccentricity —0.074 (-0.238,0.09) 0.417 0.300 Ellipse eccentricity —0.072 (-0.253,0.108) 0.407 0.274

L/S ratio —0.063 (=0.79,0.664) 0.895 0.059 L/S ratio —0.449 (-1.02,0.123) 0.281 0.394

Delta X (mm) 7.657 (—2.368, 17.682)0.221  0.553 Delta X (mm) 6.232 (—4.682, 17.146)0.139  0.401

Delta Y (mm) 4.783 (- 11.008, 20.575)0.547  0.219 Delta Y (mm) 0.253 (—17.565, 18.07) 0.108  0.659

Major axis (mm) 4.139 (-6.772,15.05) 1.000 0.271 Major axis (mm) —15.186 (—59.559, 0.081 0.450

29.186)

Minor axis (mm) 6.373 (—2.985, 15.731)0.316  0.493 Minor axis (mm) 7.981 (—1.688, 17.651) 0.066  0.590

Maximum sway (mm) 3.297 (—2.651,9.245) 0.529 0.402 Maximum sway (mm)  4.822 (—12.033,21.677)0.222  0.198

Minimum sway (mm) 0.073 (0.029,0.117)  0.001  1.222 Minimum sway (mm) 0.064 (0.006, 0.121)  0.008  0.802

Values are presented as mean (95% CI). The effect size=Cohen’s d

EO eyes-opened condition, EC eyes-closed condition, L/S length and surface ratio

Discussion

The primary aim of the present study was to investigate
the postural control in children with obesity and compare
it with that of their normal-weight peers. Our findings
revealed no significant differences in postural control
between the two groups, except for the minimum sway
parameter. Specifically, the OB group displayed greater
minimum sway under both EO and EC tasks. The human
body continuously reorganizes posture to counteract
external perturbations (e.g., visual conditions like EC
or EO tasks, or surface irregularities). Therefore, the
complexity of sway patterns is considered an indicator
of efficiency and adaptability of balance control mecha-
nisms [33]. Wiesinger et al. [34] reported that children
with obesity tend to exhibit reduced complexity in pos-
tural control. In this context, larger CoP sways might
imply slower postural adaptations to change [33], and a
reduced efficiency in maintaining balance [34]. Previ-
ous studies reported concerning evidence linking obesity
to impairments in the proprioceptive system [35-37].
Previous findings suggest that the hyperstimulation of
plantar mechanoreceptors, resulting from a higher body
weight, can cause a progressive decline in receptor sen-
sitivity that further deteriorates with age [37]. Indeed,
Yang et al. [38] (2020) found impaired postural control in
a group of adolescents over 15 years of age. Supporting
this hypothesis, another study showed that the percentage
of children and adolescents showing an incorrect postural
control is strongly dependent on the age. Accordingly,
the authors observed that the older adolescents’ group

showed a significantly higher prevalence of impaired
balance compared to the 11-year-old group. A plausible
explanation for our findings might rely on the different
developmental growth patterns observed in children with
obesity [39]. Existing literature has demonstrated that the
onset of puberty tends to occur earlier in this population,
potentially highlighting an association between postural
control mechanisms and age. The rapid physiological
and hormonal changes triggered by puberty may act to
mitigate potential impairments in balance control, which
could otherwise become more pronounced in the later
stages of adolescence [40, 41]. Therefore, an accurate
evaluation of postural control prior to the onset of obe-
sity-related impairments may enable targeted interven-
tions designed to reduce future declines in postural con-
trol. The secondary aim of this study was to evaluate the
associations of the main adiposity indexes and fat mass
with balance parameters. Our findings demonstrated that
both the BMI z-score and the TMI were positively associ-
ated with increased sway length, delta X, and minimum
sway parameters under EO condition. Fewer and weaker
associations were observed under EC condition. Specifi-
cally, the BMI z-score was associated with the minor axis
sway and minimum sway parameters, whereas the TMI
was associated only with the minimum sway parameter.
These findings indicate poorer mediolateral balance con-
trol as body weight increases. The human body possesses
several mechanisms to counteract postural perturbations
along the anteroposterior axis (e.g., muscular adjust-
ments involving the ankle, knee, and hip joints); how-
ever, mediolateral stability relies primarily on hip-level

@ Springer
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Fig. 1 Differences in static balance with eyes opened are displayed by
Gardner—Altman plots, which show a representation of observed val-
ues by the two-group comparison (normal weight vs. with obesity),

control. Thus, these findings suggest that early declines in
postural control may first manifest in parameters related
to mediolateral stability.
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a bootstrap effect size (Cohen’s d) estimation, mean and 95% confi-
dence interval. Two-sided p values from analysis of covariance evalu-
ating the differences between groups adjusting for sex and age

Furthermore, the additional body mass in children with
obesity does not actively assist movement and further chal-
lenges postural stability [16, 33]. In line with the findings
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Table 3 Linear regressions showing associations of static balance with eyes opened with adiposity indexes in children
Model 1 Model 2
b (95% CI) p p b (95% CI) p p

BMI z-score Sway length 29.436 (3.108, 55.764) 0.384  0.030 28.434 (2.101, 54.767) 0.371  0.035
Sway area 144.818 (—4.398, 294.033) 0.340  0.057  136.912 (—9.346, 283.170) 0322  0.065
Ellipse inclination —0.836 (- 11.721,10.050)  —0.028 0.876  —1.027 (—12.094, 10.041)  —0.034  0.851
Ellipse eccentricity ~ —0.017 (—0.077, 0.043) -0.102 0572  —0.014 (—0.074, 0.046) —-0.087 0.628
L/S ratio —0.024 (-0.278, 0.230) —0.035 0.848 —0.013 (—0.266, 0.240) -0.020 0915
Delta X (mm) 3.360 (0.423, 6.297) 0391  0.026 3.154 (0.368, 5.940) 0.367  0.028
Delta Y (mm) 2.268 (—2.546, 7.082) 0.173  0.344 2.131 (-2.729, 6.990) 0.163  0.377
Major axis sway 2.095 (- 1.287, 5.476) 0225 0.216 1.937 (- 1.409, 5.284) 0.208  0.246
Minor axis sway 2.692 (—0.109, 5.493) 0.337  0.059 2.481 (—0.143, 5.105) 0.311  0.063
Maximal sway 1.462 (- 0.299, 3.224) 0.293  0.100 1.377 (- 0.361, 3.114) 0.276  0.116
Minimum sway 0.022 (0.009, 0.034) 0512 0.002 0.022 (0.009, 0.035) 0.514  0.002

TMI Sway length 13.375 (1.658, 25.092) 0392 0.027 12.838 (1.086, 24.590) 0.377  0.033
Sway area 59.644 (—7.617, 126.904) 0315  0.080 55.298 (—10.840, 121.437) 0.292  0.098
Ellipse inclination —2.117 (-6.914, 2.681) -0.158 0375  —2.237(-17.114,2.640) -0.167 0356
Ellipse eccentricity ~ —0.008 (—0.035, 0.019) —-0.107 0.555  —0.006 (—0.033, 0.020) —0.089 0.624
L/S ratio 0.007 (—0.107, 0.120) 0.023  0.902 0.013 (-0.100, 0.126) 0.043  0.816
Delta X (mm) 1.460 (0.143, 2.777) 0382  0.031 1.348 (0.092, 2.603) 0352  0.036
Delta Y (mm) 0.676 (—1.492, 2.843) 0.116  0.529 0.598 (—1.593, 2.788) 0.103  0.581
Major axis sway 0.742 (—0.783, 2.266) 0.179  0.328 0.654 (—0.858, 2.166) 0.158  0.383
Minor axis sway 1.080 (—0.185, 2.346) 0.304  0.092 0.964 (—0.227, 2.155) 0271  0.109
Maximal sway 0.579 (—0.215, 1.373) 0.261  0.147 0.532 (—0.254, 1.318) 0.240  0.177
Minimum sway 0.009 (0.003, 0.015) 0.470  0.004 0.009 (0.003, 0.015) 0.473  0.005

Fat mass (kg)  Sway length 2.267 (- 1.930, 6.464) 0.197  0.279 3.176 (- 1.088, 7.440) 0276  0.139
Sway area 10.636 (- 12.849, 34.121) 0.167  0.362 16.940 (- 6.357, 40.236) 0.265  0.148
Ellipse inclination —0.400 (—2.028, 1.228) —-0.088 0.619  —0.315(-2.035, 1.405) -0.070 0.711
Ellipse eccentricity ~ —0.001 (—0.010, 0.008) —-0.033 0855 —0.002(-0.012, 0.007) -0.101  0.590
L/S ratio —0.010 (—0.048, 0.028) -0.096 0.603 —0.017 (-0.056, 0.021) -0.170 0367
Delta X (mm) 0.260 (—0.209, 0.730) 0.202  0.266 0.422 (-0.022, 0.866) 0.327  0.062
Delta Y (mm) 0.130 (—0.602, 0.862) 0.066  0.719 0.234 (—0.528, 0.996) 0.119  0.534
Major axis sway 0.170 (—0.347, 0.687) 0.121  0.508 0.289 (—-0.233,0.811) 0.207  0.267
Minor axis sway 0.219 (-0.220, 0.658) 0.183 0315 0.379 (—0.031, 0.788) 0.316  0.069
Maximal sway 0.070 (—0.206, 0.345) 0.093  0.609 0.134 (—0.144, 0.412) 0.179  0.332
Minimum sway 0.002 (—0.000, 0.004) 0.333  0.051 0.002 (0.000, 0.005) 0.363  0.043

Model 1 was adjusted for sex. Model 2 was adjusted for sex and age

b beta unstandardized coefficients, f beta standardized coefficients, CI confidence interval, BMI body mass index, TMI tri-ponderal mass index

of Wiesinger et al. [34], no correlation was found between
body weight and x axis sway under EC conditions. This lack
of correlation may be attributable to the increased difficulty
of the task rather than to deficiencies in the balance control
system. Indeed, in the absence of visual inputs, the human
body must rely entirely on the vestibular and proprioceptive
systems to maintain balance [42].

Villarrasa-Sapifia et al. [33, 43] (2018) found that
increased fat mass appears to be associated with poorer pos-
tural control and worsened balance parameters. Specifically,
the authors reported that trunk and leg mass indexes were
the best predictors for postural control in children. However,

@ Springer

their study assessed body composition using the dual-energy
X-ray absorptiometry (DXA) method. In contrast, the pre-
sent study aimed to determine whether less invasive and
more cost-effective indexes could similarly predict balance
impairments. Hence, BMI z-scores and TMI indexes do not
seem to clearly predict potential impairments in postural
control.

Conversely to previous studies, our findings did not reveal
differences in the L/S ratio parameter, which might other-
wise have supported the hypothesis of compromised balance
control in children with obesity. Although we observed some
evidence of greater difficulty in maintaining and restoring
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BMI z-score

T™I

Fat mass (kg)

Sway length
Sway area

Ellipse inclination
Ellipse eccentricity
L/S ratio

Delta X (mm)
Delta Y (mm)
Major axis sway
Minor axis sway
Maximal sway
Minimum sway
Sway length
Sway area

Ellipse inclination
Ellipse eccentricity
L/S ratio

Delta X (mm)
Delta Y (mm)
Major axis sway
Minor axis sway
Maximal sway
Minimum sway
Sway length
Sway area

Ellipse inclination
Ellipse eccentricity
L/S ratio

Delta X (mm)
Delta Y (mm)
Major axis sway
Minor axis sway
Maximal sway
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Table 4 Linear regressions showing associations of static balance with eyes closed with adiposity indexes in children
Model 1 Model 2
b (95% CI) p p b (95% CI) p P
18.337 (- 11.204, 47.878) 0.218 0215 16.279 (- 11.762, 44.320) 0.194  0.245
36.192 (—226.863, 299.247) 0.051  0.781 27.632 (—236.963, 292.227) 0.039  0.832
—7.386 (—18.195, 3.423) -0247 0.173  —7.492 (- 18.515, 3.530) -0.250 0.175
—0.036 (—0.096, 0.025) —-0.210 0.238  —0.031 (-0.087, 0.025) -0.183  0.270
—0.165 (—0.378, 0.048) -0.277 0.125 —0.153 (-0.360, 0.055) -0.256  0.143
2.073 (- 1.472,5.619) 0211 0.242 1.751 (- 1.423, 4.924) 0.178  0.268
—0.132 (- 6.88 -4, 6.620) —0.007 0968 —0.253(-7.116, 6.611) —-0.014  0.940
—5.774 (- 23.046, 11.499) —0.123 0.500 —5.865 (—23.495, 11.764) -0.124 0502
3.175 (0.282, 6.069) 0.371  0.033 2915 (0.316, 5.514) 0.340  0.029
0.340 (—5.416, 6.095) 0.022  0.905 0.453 (—5.391, 6.298) 0.029  0.875
0.018 (0.001, 0.036) 0359  0.042 0.018 (0.000, 0.035) 0.345  0.049
11.713 (- 1.100, 24.525) 0314  0.072 10.605 (- 1.583, 22.793) 0.284  0.086
40.429 (—76.191, 157.049) 0.129 0.484 35.871 (—81.721, 153.462) 0.114  0.538
—3.512 (- 8.316, 1.293) —-0.264 0.146  —3.577 (—8.482,1.327) -0.269 0.147
—0.016 (=0.043,0.011) -0.213 0234 —0.014 (-0.039,0.012) -0.179  0.283
—0.069 (- 0.165, 0.027) -0.260 0.152 —0.062 (—0.155,0.031) -0.234 0.184
1.131 (- 0.433, 2.695) 0.259  0.150 0.955 (—0.449, 2.358) 0218 0.175
0.515 (—2.494, 3.523) 0.064  0.729 0.451 (-2.612, 3.515) 0.056  0.765
—0.770 (- 8.535, 6.995) —-0.037 0841 —0.811(—8.749,7.127) -0.039 0.836
1.469 (0.185, 2.752) 0.385 0.026 1.326 (0.168, 2.484) 0.348  0.026
0.652 (- 1.906, 3.211) 0.095  0.606 0.720 (- 1.880, 3.319) 0.105  0.576
0.007 (-=0.001, 0.015) 0.323  0.070 0.007 (-0.001, 0.015) 0.305  0.085
0.678 (—3.866, 5.222) 0.054 0.763 2.088 (—2.311, 6.488) 0.166  0.340
—6.546 (—46.005, 32.913) —-0.062 0.737 —1.569 (—42.794, 39.656) -0.015 0938
—1.237 (—2.846, 0.373) -0.275 0.127  —1.294 (-2.997, 0.409) -0.288 0.131
—0.002 (- 0.011, 0.007) -0.076  0.673  —0.005 (—0.014, 0.004) -0.201 0.242
—0.016 (- 0.048, 0.017) -0.175 0.338  —0.025 (-0.057, 0.007) -0.282 0.119
0.064 (—0.480, 0.609) 0.044  0.810 0.280 (- 0.214, 0.773) 0.190  0.256
—0.129 (- 1.141, 0.884) -0.047 0.797 —0.063 (—1.132, 1.005) -0.023 0904
—1.001 (—3.587, 1.585) -0.141 0435 —1.043(-3.781, 1.696) —0.147 0442
0.205 (—0.258, 0.668) 0.159  0.373 0.396 (- 0.018, 0.809) 0.308  0.060
—0.077 (= 0.941, 0.786) -0.033 0857 —0.154 (-1.062,0.755) -0.066 0.732
0.002 (- 0.001, 0.004) 0.208  0.250 0.002 (- 0.001, 0.005) 0293 0.111

Minimum sway

Values are presented as mean (95% CI). Model 1 was adjusted for sex. Model 2 was adjusted for sex and age

b beta unstandardized coefficients, f beta standardized coefficients, CI confidence interval, BMI body mass index, TMI tri-ponderal mass index

balance in the OB group, the data do not provide sufficient
evidence to conclude the presence of an impaired postural
control system.

This absence of differences may be related to certain limi-
tations of our study, such as the task conditions or sample
characteristics. Firstly, the size of our sample was limited,
which may reduce the generalizability of the findings to
larger or different populations. This limitation underlines the
need for future studies with broader recruitment efforts to
further explore postural control in adolescents. In addition,
we did not assess the stage of pubertal development in our

sample, which may have influenced our findings, as some
participants might have already entered puberty, a process
that typically begins earlier in children with obesity.

Another limitation lies in the restricted testing setup, as
only two postural conditions were assessed, which varied
solely in the visual input stimulus. To further explore this
topic, future studies should evaluate balance under a wider
range of conditions.

Despite these limitations, this study also presents some
strengths. We evaluated the association of two different
indexes (the BMI z-score and TMI) with balance control,

@ Springer
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trying to investigate their applicability in identifying the
risk of balance impairments. Furthermore, by focusing on
the relationship between obesity and postural control, our
research highlights an important area of concern for public
health.

Future studies should address these limitations by eval-
uating and comparing postural control in a larger, more
diverse sample while incorporating participants across a
broader age range. This approach would allow for a more
comprehensive exploration of the onset and progression of
potential balance control impairments related to obesity.

Conclusions

The present findings did not highlight balance impairments
in prepubertal children with obesity. Secondarily, the use
of adiposity indexes such as BMI z-score and tri-weight
mass indexes does not seem to provide clear information
about postural control abilities in children, neither to predict
potential postural control impairments when determining the
impact of excessive body weight on balance outcomes in
this population.
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