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ABSTRACT

Purpose: In youth, cross-sectional studies reported age differences in balance performance that
were in favor of adolescents. Thus, trainability of balance performance might be different in
children compared to adolescents. The purpose of this study was therefore to compare the effects
of balance training (BT) on balance performance between children and adolescents.
Method: Thirty children (7.5 ± 0.5 years) and 42 adolescents (14.7 ± 0.5 years) participated in this
study and were assigned to either a BT-group or a control (CON) group. In both age groups, BT
was conducted over five weeks while the CON-groups received their regular physical education
lessons. Pre- and posttests included the assessment of mobility, static steady-state, proactive, and
reactive balance.
Results: Significant Test × Group × Age interactions were found for static steady-state balance
(i.e., CoP displacements during single leg stance) and mobility (i.e., 10-m gait velocity). For both
measures, post hoc analysis revealed larger improvements (+16-37%, 0.001 ≤ p ≤ 0.033,
0.65 ≤ d ≤ 2.24) for children compared to adolescents. For proxies of proactive and reactive
balance, we could not detect significant Test × Group × Age interactions.
Conclusions: We conclude that trainability of static steady-state balance and mobility seems to be
higher in children than in adolescents indicating larger adaptive reserves in children compared to
adolescents. However, there were no age differences in adaptations to BT with respect to
proactive and reactive balance.

Good postural control is fundamental for children and
adolescents to cope with activities of daily living (e.g.,
climbing stairs, standing in a moving bus) and to successfully engage in physical activities (e.g., running, hopping,
cycling). However, several studies have shown differences
in balance performance in youth, with adolescents typically
outperforming children. For example, Riach and Hayes
(1987) found postural sway during static bipedal stance to
decrease with increasing age in children aged two to fourteen years. Similar results were obtained during a dynamic
balancing task (Walchli, Ruffieux, Mouthon, Keller, &
Taube, 2018), showing that six-year-olds sway significantly
more on a swinging platform than eleven- and fifteen-yearolds. Moreover, postural responses after anticipated (Haas,
Diener, Bacher, & Dichgans, 1986) as well as nonanticipated perturbations (Shumway-Cook & Woollacott,
1985) reportedly mature with age in youth. Finally, a recent
systematic review and meta-analysis (Schedler, Kiss, &
Muehlbauer, 2019) investigating differences in balance
performance between children and adolescents revealed
small (dynamic steady-state/proactive balance) to large
(static steady-state balance) effects in favor of adolescents.
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Age-related differences in balance performance in youth
have been attributed to advanced maturation of the postural control system (Woollacott & Shumway-Cook, 1990),
neural (Haas et al., 1986) and physical (Riach & Starkes,
1993) developments, and increased motor experiences
(Gouleme, Ezane, Wiener-Vacher, & Bucci, 2014) in adolescents compared to children. These factors may also lead
to differences in the trainability of balance between children and adolescents. On the one hand, trainability of
balance might be higher in adolescents compared to children due to their almost mature postural control system,
which might be a prerequisite for pronounced training
adaptations. On the other hand, children might be better
trainable due to their lower level of performance leaving
them with higher adaptive resources compared to
adolescents.
So far, there have only been a few original studies on
age-dependent effects of balance training (BT) in youth.
Walchli, Keller et al. (2018) examined adaptations to five
weeks of child-oriented BT in children and adolescents
aged six to fifteen years. Although, no effects were observed
with respect to static steady-state balance (e.g., center of
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Table 1. Characteristics of the study participants.
Children (n = 30)
Age (years)
Sex (f/m)
Body height (cm)
Body mass (kg)
Maturity offset1 (Years from PHV)

BT-group (n = 11)
7.4 ± 0.3
8/3
129.2 ± 7.1
28.4 ± 7.7
−4.17 ± 0.55

Adolescents (n = 42)

CON-group (n = 19)
7.7 ± 0.6
8/11
132.0 ± 5.9
31.0 ± 5.1
−4.02 ± 0.65

BT-group (n = 25)
14.7 ± 0.5
8/17
170.7 ± 8.5
68.4 ± 14.8
1.65 ± 0.74

CON-group (n = 17)
14.7 ± 0.5
8/9
172.7 ± 9.8
67.5 ± 15.9
2.05 ± 0.70

Note. Values are means ± standard deviations. 1Maturity offset was calculated by using the formula provided by Moore et al. (2015). There were no significant
differences between groups per age category. BT-group = balance training group, CON = control group (i.e., regular P.E. lessons); f = female; m = male;
PHV = peak height velocity.

pressure [CoP] sway during tandem stance), BT was effective to promote dynamic balance (e.g., CoP sway during
single leg stance on a spinning top) in all age groups, with
the youngest children showing the largest improvements.
In another study (Walchli, Keller, Ruffieux, Mouthon, &
Taube, 2018), these authors examined age-dependent
adaptations of BT to anticipated and non-anticipated perturbations in six- versus twelve-year-olds. In both age
groups, BT resulted in improved proactive/reactive postural stability without significant differences between sixand twelve-year-olds. Finally, Gebel, Lesinski, Behm, and
Granacher (2018) conducted a systematic review and
meta-analysis on the effectiveness of BT in youth. Their
analysis revealed BT to be equally effective to promote
static/dynamic balance in children and adolescents,
although the observed effect size was higher for children
(SMD = 1.28) compared to adolescents (SMD = 0.84).
However, these authors (Gebel et al., 2018) emphasized
the preliminary character of their findings due to high
heterogeneity between studies and insufficient methodological quality of the majority of included studies. Even
though, the aforementioned studies added significantly to
age-effects of BT in youth, their individual evidence is
limited to certain aspects of balance (e.g., proactive/reactive
balance), while it remains unclear if the observed effects
also apply for other aspects of balance control (e.g., static/
dynamic steady-state balance) in a particular sample.
Therefore, the objective of this study was to systematically investigate the effects of BT on measures of mobility, static steady-state, proactive, and reactive balance
performance in children compared to adolescents. We
expected that BT will result in significant improvements
in balance performance in children as well as in
adolescents. We further hypothesized, that the observed
BT-related improvements will be greater in children compared to adolescents.

Method
Participants
Thirty children (14 boys, 16 girls, 7.5 ± 0.5 years) from two
primary school classes and 42 adolescents (26 boys, 16 girls,

14.7 ± 0.5 years) from two secondary school classes participated in this study after experimental procedures were
explained. Because the classes were rigid in their composition, randomization was only possible on a class but not on
an individual level. Consequently, each class was randomly
defined to be either a BT-group (children: 3 boys, 8 girls;
adolescents: 17 boys, 8 girls) or a control (CON) group
(children: 11 boys, 8 girls; adolescents: 9 boys, 8 girls).
Table 1 shows participants’ characteristics for each group.
No significant differences in anthropometric data (i.e., body
height, body mass) were found between intervention and
control groups in children and adolescents, respectively.
Additionally, we checked for differences in maturity status
using sex-specific equations introduced by Moore et al.
(2015). Participants from the children’s group were classified as being pre-peak height velocity (PHV) without significant differences between children from the BT- and the
CON-group (p = .448). Similarly, maturity status did not
differ between the adolescent’s BT- and CON-group
(p = .075). However, there was a significant difference in
maturity status between the pre-PHV children, and the
post-PHV adolescents (p < .001). None of the students
had any history of musculoskeletal, neurological, or orthopedic disorder that might have affected their ability to
execute the BT program, the physical education (P.E.)
lessons, and/or the balance tests. Participants’ assent and
parents’ written informed consent was obtained before the
start of the study. The Human Ethics Committee at the
University of Duisburg-Essen, Faculty of Educational
Sciences approved the study protocol (code:
TM_29.11.2018).

Training protocols
Each group exercised separately for five weeks (2–3
times per week with a total of 135 minutes per week)
during regular P.E. lessons at the school gym, supervised by their respective P.E. teacher and a graduate
student. Each training session started with a 10-minute
warm-up and finished with a 5-minute cool down
program.
The BT-groups performed a BT program that was
based on recommendations provided by Granacher,
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Muehlbauer, Taube, et al. (2011) and is summarized in
Table 2. Each training session included 5–8 exercises
for the training of mobility, static steady-state, proactive, and reactive balance. Three trials per exercise
(each trial lasted 30 s) were conducted. The rest period
between trials and exercises was 30 s and 1 min, respectively. Training progression was achieved by a gradual
manipulation of the stance and walking conditions and
by removing the visual input (Table 2). Further, the
number of balance exercises was gradually increased.
Instead of the BT program, the students in the CONgroups underwent their regular P.E. lessons using the
same training volume (i.e., 5 weeks with a total of
135 min per week). The regular P.E. lessons consisted
of ball games (i.e., soccer and basketball).
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prepare participants physiologically and psychologically
for the following tests. Even though exercises were
unspecific and unlike the tests it may have led to better
performances during measurements. Although, usually
several trials are collected and then averaged, participants performed 1–2 practice trials followed by one
data-collection trial, if not otherwise stated. This rather
uncommon approach was adopted as all data collecting
took place during regular P.E. lessons lasting approximately 60 minutes only. However, if participants failed
to perform a test correctly, trials were repeated until at
least one valid trial was accomplished. All test procedures were identical during pre- and posttests.

Testing material
Testing procedure
All balance tests were conducted in gyms by the same
assessors (graduated sport scientists) during pre- and
posttests. Examiners were trained and achieved competence for the respective balance test in a study course.
In addition, they were blinded to group allocation. The
students received standardized verbal instructions
regarding the test procedure. Subsequently, the following schedule of testing started: (1) measurement of
anthropometric data (i.e., body height, body mass, leg
length); (2) a standardized 10-min warm up program
consisting of static/dynamic steady-state, proactive, and
reactive balance exercises; (3) assessment of mobility,
static steady-state, proactive, and reactive balance.
Balance exercises were performed during warm-up to
Table 2. Protocol of the balance training program.
Balance
exercises
Training
volume

Training
progression

– static steady-state balance (i.e., standing exercises)
– dynamic steady-state balance (i.e., walking exercises)
– proactive balance (i.e., weight shifting while standing)
– reactive balance (i.e., perturbed standing)
− 5 weeks with 135 minutes per week
– each session included 5–8 balance exercises that
required static/dynamic steady-state, proactive, and
reactive balance performances
– 3 trials per exercise (each trial lasted 30 s)
– 30 s and 1 minute of rest between trials and
exercises, respectively
– use of unstable training devices (i.e., soft mats, ankle
disks, balance pads, foam cushions, ARTZT® vitality
Wobblesmart)
– reduction of the base of support while standing (i.e.,
from bipedal stance over semi-tandem and tandem
stance to single leg stance)
– use of different walking conditions (i.e., from normal
gait over narrow and overlapping gait to tandem
gait), speeds (i.e., slow, habitual, fast), and directions
(i.e., forward, backward, sideward)
– remove of visual information (i.e., training with eyes
closed)
– increase of exercise number (i.e., from 5 to 8
exercises)

Static steady-state balance was tested using the single leg
stance (Zumbrunn, MacWilliams, & Johnson, 2011) while
standing on a three-dimensional force plate (AMTI
AccuSway, Watertown, USA). We asked students to stand
as stable as possible on their non-dominant leg (determined
per self-report) in an upright position for 30 s without
shoes, arms akimbo, gaze fixated on a cross located on
a wall approximately one meter opposite to the platform,
and eyes opened. This test showed high reliability in schoolaged children indicated by spearman’s rank correlation
coefficients of 0.91–1.00 (Atwater, Crowe, Deitz, &
Richardson, 1990). Data was sampled at 100 Hz and processed using a fourth-order Butterworth filter with a cutoff
frequency of 10 Hz. CoP displacement was calculated as the
resultant traveled distance of the x- and y-coordinates of
the CoP using the following formula: CoPpath length ¼
n qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
ðxi  xi1 Þ2 þ ðyi  yi1 Þ2
i¼2

Mobility was assessed using the 10-m walk test (Dusing
& Thorpe, 2007). Students walked with their own footwear,
initiating and terminating the walk a minimum of 1 m
before and after the 10-m walking distance to allow sufficient distance to accelerate and decelerate. We instructed
participants to “walk as fast as possible without running”.
The time needed to cover the 10-m distance was recorded
with a stopwatch to the nearest 0.01 s. Afterward, gait
velocity (m/s) was calculated and used for further analysis.
Proactive balance was measured using the Lower
Quarter Y Balance Test (LQ-YBT) which shows “moderateto-good” to “excellent” reliability in school-aged youth with
ICCs ranging from 0.40 to 0.96 (Calatayud, Borreani,
Colado, Martin, & Flandez, 2014; Schwiertz, Brueckner,
Schedler, Kiss, & Muehlbauer, 2019). Briefly, the
Y Balance Test Kit (Functional Movement Systems,
Chatham, USA) was placed on the gym floor and each
student had to stand barefoot with the non-dominant leg
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on the centralized stance platform and to move the reach
indicator with the dominant leg as far as possible in in the
anterior (AT), posteromedial (PM), and posterolateral (PL)
direction. Each student performed three practice trials followed by three data-collection trials. Trials were discarded
if participants (i) lost their balance, (ii) lifted the stance leg
from the centralized stance platform, (iii) stepped on top of
the reach indicator for support, or (iv) kicked the reach
indicator. Maximal reach distance (cm) for each of the three
reach directions was assessed to the nearest 0.5 cm.
Afterward, the normalized (% leg length) maximal reach
distance per reach direction was calculated and used for
further analysis.
Reactive balance was tested using the Push and Release
Test (PRT) (Jacobs, Horak, Van Tran, & Nutt, 2006),
which has actually been developed for people with balance
deficits (e.g.,, Parkinson’s disease). However, due to our
experimental setup we predominantly opted for fieldbased tests and to the best of our knowledge there is no
other field-based test to assess reactive balance so far. The
students were asked to stand without shoes and to push
backward against the palms of the examiner’s hands that
were placed on the participant’s scapulae. Afterward, we
asked the students to move their shoulders and hips just
behind their heels. Thereafter, the examiner suddenly
removed her/his hands, requiring the participant to take
at least one step backwards to regain balance. The step
number and the quality of the recovery was judged as
follows: 0 point = 1 step, 1 point = 2–3 small steps with
independent recovery, 2 points = ≥ 4 steps with independent recovery, 3 points = multiple steps with assistance for
recovery, 4 points = fall or unable to stand without
assistance.
Intraclass correlation coefficients (ICC) were calculated for all balance measures on the basis of ICC3,
k (i.e., two-way mixed-effects, consistency, multiple
raters/measurements model) using pre- and posttest
data of the CON-groups and proved to be excellent
for all measures except PRT which showed fair to
good test-retest reliability (Table 3).

Table 3. Intraclass correlation coefficients (ICC) for all balance
measures.
Variable (Measure)

ICC

CoP Path (static steady-state balance)
Gait velocity (mobility)
Y Balance Test AT (proactive balance)
Y Balance Test PM (proactive balance)
Y Balance Test PL (proactive balance)
PRT (reactive balance)

0.89
0.77
0.91
0.96
0.96
0.43

Note. AT = anterior reach direction; CoP = center of pressure;
PL = posterolateral reach direction; PM = posteromedial reach direction;
PRT = push and release test

Statistical analyses
An a priori power analysis using G * Power (Faul, Erdfelder,
Lang, & Buchner, 2007) with the following input parameters was performed to obtain medium-sized test ×
group × age interaction effects: effect size (f = 0.25), type
I error (α = 0.05), type II error (1-β = 0.95), number of
groups (n = 4), number of measurements (n = 2), correlation between measurements (r = 0.60). Additionally, a dropout rate of 20% was considered. The use of a medium effect
size was based on a similar study conducted by Walchli,
Keller et al. (2018) who compared the effects of BT on
measures of static/dynamic steady-state balance between
children and adolescents. Our analysis revealed a total sample size of 72 participants.
Normal distribution of data was examined using
the Shapiro-Wilk test. Descriptive statistics for interval scaled data (i.e., measures of mobility, static
steady-state balance, and proactive balance) were presented as group means ± standard deviations (SD).
For ordinal scaled data (i.e., proxies of reactive balance), the median and interquartile range was calculated as descriptive data. Performance differences in
the pretest values between BT- and CON-groups per
age group were assessed using either the independent
sample t-test for interval scaled data or the nonparametric Mann-Whitney-U test for ordinal scaled
data. Variables of mobility, static steady-state balance, and proactive balance were analyzed in separate
2 (test: pretest, posttest) × 2 (group: BT, CON) × 2
(age: children, adolescents) ANOVA with repeated
measures on test. Pretest performance values were
included as covariates to adjust for baseline differences between groups. For measures of reactive balance, differences between posttest minus pretest
values were calculated and statistically compared
(BT-group versus CON-group) per age group using
the Mann-Whitney-U test. Additionally, Cohen’s
d (Cohen, 1988) was calculated for the interval scaled
data as an effect size measure. Finally, the pa.b-value
(Grissom & Kim, 2012) was calculated as an effect
size measure for ordinal scaled data by dividing the
Mann-Whitney-U statistics by the product of the two
sample sizes (i.e., BT children × CON children, BT
adolescents × CON adolescents). All analyses were
carried out using the Statistical Package for Social
Sciences (SPSS) version 24.0 and significance level
was set at p < .05.

Results
All participants received treatment (i.e., BT lessons) or
control (i.e., regular P.E. lessons) conditions as allocated.
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Table 4. Age-related effects of the balance training program on measures of mobility, static steady-state, proactive, and reactive
balance in youth.
Children (n = 30)
BT-group (n = 11)
Static balance
CoP (cm)
Mobility
Gait velocity (m/s)
Proactive balance
AT (%)
PM (%)
PL (%)
Reactive balance
PRT (pt)

Adolescents (n = 42)

CON-group (n = 19)

BT-group (n = 25)

CON-group (n = 17)

Pretest

Posttest

Pretest

Posttest

Pretest

Posttest

Pretest

Posttest

208.8 ± 50.7

174.9 ± 52.8

187.2 ± 59.5

186.8 ± 44.7

121.2 ± 29.4

124.0 ± 23.3

114.6 ± 26.9

100.9 ± 26.1

1.36 ± 0.22

1.87 ± 0.27

1.59 ± 0.38

1.69 ± 0.31

1.35 ± 0.15

1.51 ± 0.19

1.41 ± 0.23

1.50 ± 0.19

73.1 ± 7.4
106.6 ± 14.7
104.3 ± 16.3

73.6 ± 6.0
109.5 ± 13.1
108.5 ± 13.9

67.5 ± 8.6
97.3 ± 11.6
100.5 ± 17.6

70.5 ± 6.3
99.9 ± 12.6
98.6 ± 11.1

71.6 ± 5.7
111.0 ± 9.1
107.8 ± 10.2

72.3 ± 8.5
116.3 ± 12.9
112.9 ± 15.9

78.4 ± 26.0
120.0 ± 45.0
116.4 ± 48.0

79.2 ± 28.5
119.2 ± 43.2
114.8 ± 48.0

2.0 (1.5-3-5)

2.0 (1.5–3.0)

2.0 (1.0–2.0)

1.0 (1.0–2.0)

2.0 (1.0–2.0)

1.0 (1.0–2.0)

2.0 (2.0–2.0)

1.0 (1.0–2.0)

Note. AT = anterior reach direction; BT-group = balance training group, CON-group = control group (i.e. regular P.E. lessons); CoP = center of pressure;
PRT = push and release test; PL = posterolateral reach direction; PM = posteromedial reach direction.

Table 5. Analysis of covariance outcomes (adjusted for sex) for the measures of mobility, static steady-state balance, proactive
balance, and reactive balance.
Test × Sex
Static balance
CoP (cm)
Mobility
Gait velocity (m/s)
Proactive balance
AT (%)
PM (%)
PL (%)
Reactive balance
PRT (pt)

Test × Group

Test × Age

Test × Group × Age

p-value

d-value

p-value

d-value

p-value

d-value

p-value

d-value

.197

.35

.393

.23

.202

.35

.008

.74

.832

.06

<.001

1.02

.002

.76

.002

.78

.557
.768
.108

.14
.06
.40

.458
.231
.006

.18
.29
.69

.600
.843
.952

.13
.06
.06

.577
.256
.955

.14
.28
.05

.696a
.102b

.46a
.36b

Note. Significant interaction effects are displayed in bold. a p-values and effect sizes for comparison between children’s BT- and CON-group; b p-values and effect
sizes for comparison between adolescent’s BT- and CON-group; AT = anterior reach direction; BT-group = balance training group, CON-group = control group (i.e.
regular P.E. lessons); CoP = center of pressure; PRT = push and release test; PL = posterolateral reach direction; PM = posteromedial reach direction

None of the participants reported any test- or trainingrelated injury. Seven children (BT-group: n = 5, CONgroup: n = 2) and three adolescents (BT-group: n = 1,
CON-group: n = 2) did not perform the posttest due to
health reasons not attributable to treatments. The attendance rates during training sessions amounted to 98% (BTgroup) and 95% (CON-group) in children and to 97% (BTgroup) and 94% (CON-group) in adolescents. Table 4 displays descriptive statistics for all analyzed variables. In
children and in adolescents, there were no statistically significant differences in the pretest values between the BTand CON-groups. Finally, Table 5 displays the ANOVA
outcomes including all three- and two-way interactions as
well as results of the analysis of a potential test × sex
interaction. In depth results are presented separately for
each measure in the following paragraphs.

hoc analysis revealed significant improvements for children in the BT-group illustrated by a reduced CoP path
length (−16%, p = .033, d = 0.65) but not for adolescents in the BT-group who exhibited slightly increased
CoP displacements (+2%, p = .605, d = 0.05) during
single leg stance.

Mobility
We detected a significant Test × Group × Age interaction for 10-m gait velocity (F(1, 67) = 10.358, p = .002,
d = 0.78) (Figure 2). Post hoc analysis revealed significant improvements in both BT-groups that were larger
in children (+37%, p < .001, d = 2.24) compared to
adolescents (+12%, p < .001, d = 0.88).

Proactive balance performance
Static steady-state balance performance
We found a significant Test × Group × Age interaction
for the CoP displacements during single leg stance
(F(1, 56) = 7.690, p = .008, d = 0.74) (Figure 1). Post

Only for the PL reach direction, we found a significant
Test × Group interaction (F(1, 67) = 7.986, p = .006,
d = 0.69). Post hoc analysis revealed significant
improvements for the BT-groups (+4.7%, p = .015,
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Figure 1. Performance changes (mean ± standard deviation) during the intervention period in static steady-state balance (i.e., center
of pressure [CoP] displacement during single leg stance) for the balance training (BT) compared to the control (CON) groups by age.

Figure 2. Performance changes (mean ± standard deviation) during the intervention period in dynamic steady-state balance (i.e., 10m gait velocity) for the balance training (BT) compared to the control (CON) groups by age.

d = 0.36) but not for the CON-groups (−1.7%, p = .251,
d = 0.05). However, we did not detect any significant
Test × Group × Age interactions.

in children (p = .696, pa.b = 0.46) and adolescents (p = .102,
pa.b = 0.36).

Discussion
Reactive balance performance
Irrespective of age group, we did not find significant differences for the pre- to posttest changes (i.e., delta values) in
the PRT performance between the BT- and CON-groups

In the present study, we compared the effects of BT on
balance performance of children versus adolescents.
Our main findings can be summarized as follows: (i)
five weeks of BT proved to be safe (i.e., no training-
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related injury) and feasible with high attendance rates
(98% in children and 97% in adolescents); (ii) in children and in adolescents, BT resulted in significant
improvements in measures of static steady-state balance
(i.e., CoP displacements during single leg stance) and
mobility (i.e., 10-m gait velocity) which were significantly larger in children compared to adolescents; (iii)
irrespective of age group, BT failed to significantly
improve performances in the applied measures of
proactive and reactive balance.
Effects of BT on balance performance
We partially confirmed our first hypothesis that BT will
result in significant improvements in balance performance in children as well as in adolescents. Significant
improvements were found for measures of static
steady-state balance and mobility but not for proxies
of proactive (except for the PL reach direction in the
LQ-YBT) and reactive balance. For children, the present findings disagree with those of Granacher,
Muehlbauer, Maestrini et al. (2011) who did not find
significant effects of BT on balance performance in sixyear-old children. However, these authors measured
dynamic steady-state balance (i.e., CoP-displacement
during two-legged stance on a swinging platform)
whereas we measured mobility (i.e., gait speed) which
limits the comparability of the results. Nonetheless,
Granacher, Muehlbauer, Maestrini et al. (2011) attributed their findings to the immaturity of the postural
control system in six-year-olds as major developments
(e.g., ability to suppress inappropriate sensory input)
reportedly only emerge by the age of seven (Berger,
Quintern, & Dietz, 1985; Forssberg & Nashner, 1982;
Foudriat, Di Fabio, & Anderson, 1993). As we examined seven-year-olds, children in our study may have
taken this milestone in the development of postural
control, thus showing larger adaptations to BT.
Moreover, although BT was similar in terms of weekly
training time and training content in both studies, we
conducted five weeks of BT whereas children trained
for four weeks in the study of Granacher, Muehlbauer,
Maestrini et al. (2011). It may therefore be speculated
that BT in young children has to be conducted for
a minimum of five weeks until improvements in
dynamic steady-state balance become evident.
Concerning adolescents, our results are in line with
those of Granacher, Gollhofer, and Kriemler (2010)
who reported significant reductions in postural sway
in adolescents after four weeks of BT. However, their
findings are limited to static steady-state balance (i.e.,
CoP sway during single leg stance) as no data on
measures of dynamic steady-state, proactive, or reactive
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balance were collected. Recently, Gebel et al. (2018)
conducted a systematic review and meta-analysis on
the effects of BT in youth analyzing data of 17 different
controlled trials. Similar to our results, these authors
(Gebel et al., 2018) found a moderate effect in terms of
static balance and a large effect regarding dynamic
balance illustrating the effectiveness of BT in youth,
irrespective of age, sex, training status, setting, or testing method. However, in this study (Gebel et al., 2018)
dynamic balance comprised data of dynamic steadystate, proactive, and reactive balance measures, whereas
we analyzed mobility instead of dynamic steady-state
balance. Additionally, separate analysis of proactive and
reactive balance in our study did not reveal BT-induced
improvements for these measures (except for the PL
reach direction in the LQ-YBT) in children and adolescents. However, the PRT was originally developed to
assess reactive balance in Parkinson’s disease patients
and may therefore be less sensitive in people with
sufficient balance (e.g., healthy youth) (Jacobs et al.,
2006). Consequently, the PRT probably was not sensitive enough to detect BT-induced improvements as
most participants performed well at baseline already
and/or produces a learning effect as CON-groups
showed improvements comparable or even larger than
BT-groups. To prevent such effects, researchers should
use other tests (e.g., perturbed stance on a force platform) and/or more sophisticated instrumentation (e.g.,
inertial sensors) when assessing reactive balance in
youth > 6 years. However, due to the experimental
setup (e.g., testing in school gyms during regular P.
E. lessons) and limited equipment we opted for easy
to administer functional measures in our study.
Overall, BT seems to be a feasible and effective means
to promote static steady-state balance and mobility in PE
lessons in children as well as in adolescents. However,
the conducted training regime did not have beneficial
effects on proactive balance and no conclusions can be
drawn regarding reactive balance control.
Age-related effects of BT on balance performance
In our second hypothesis we expected BT-related
improvements to be significantly larger in children
compared to adolescents. Consistent with this assumption, we found significantly larger improvements for
measures of static steady-state balance and mobility in
children than in adolescents. However, no age-related
effects of BT were observed for proxies of proactive and
reactive balance. Therefore, our second hypothesis is
only partially supported by our results. These findings
are in line with two former studies of Walchli, Keller
et al. (2018) and Walchli, Ruffieux et al. (2018).
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Investigating the effects of five weeks child-oriented BT
on static and dynamic steady-state balance in six-,
eleven-, and fourteen-year-olds, Walchli, Keller et al.
(2018) found BT-induced improvements to be significantly larger in six-year-olds compared to eleven- and
fourteen-year-olds. Higher trainability of children compared to adolescents was attributed to larger adaptive
reserves in children, as they performed significantly
worse at baseline. However, these findings were limited
to dynamic balancing tasks performed in single leg
stance while no BT-related improvements were
reported for easier static/dynamic balancing tasks performed in two-legged stance. To avoid such ceiling
effects, we assessed static balance under more challenging conditions (e.g., single leg stance) and thus
observed enhanced static steady-state balance after BT
in children as well as adolescents, but with children
showing larger improvements than adolescents.
To examine age-dependent adaptations to BT with
respect to proactive and reactive balance, Walchli,
Ruffieux et al. (2018) compared balance performances
of six- and twelve-year-olds on a free swinging platform
after anticipated and non-anticipated externally
induced perturbations. Although, there were differences in training adaptations between children and
adolescents depending on the test condition (anticipated vs. non-anticipated perturbation), no significant
age differences in terms of the overall effect of BT were
found, which is in line with our findings. However, in
contrast to this study we did not find improvements in
proactive/reactive balance at all which may be attributed to differences in the applied tests.
Larger adaptations to BT in children compared to
adolescents may be attributed to larger adaptive
reserves in children. The somatosensory and vestibular system slowly mature throughout childhood and
even into adolescence, especially with respect to vestibular function (Hirabayashi & Iwasaki, 1995;
Peterson, Christou, & Rosengren, 2006), leading to
greater reserves of these systems to adapt to BT in
children. Consequently, the immaturity of the postural control system in young children does not seem
to inhibit adaptations to BT and might even lead to
larger improvements in balance performance after BT
in children compared to adolescents. Therefore, it
seems reasonable to include BT in P.E. lessons of
young children attending elementary school in order
to promote static steady-state balance and mobility.
However, children do not seem to possess any advantages over adolescents concerning the effectiveness of
BT with respect to proactive balance and no conclusions can be drawn regarding reactive balance as the

administered test (i.e., PRT) was probably not sensitive enough to detect changes.
Limitations of the present study particularly relate to
the school setting. The intervention period was
restricted to five weeks, although evidence suggests
that BT should be carried out for eight weeks in order
to be most effective (Gebel et al., 2018). Moreover,
randomization occurred on class-level only and the
use of predominately field-based tests may have biased
our results as for instance the PRT has been developed
for an entirely different population. As all testing was
performed during regular P.E. classes, we were forced
to limit testing to one valid trial for most measures,
which might have affected reliability of our data.
Additionally, the findings of the present study are limited to the examined age groups (i.e., seven- and fourteen-year-olds). Therefore, we cannot comment on agerelated adaptations to BT in other groups of children
(e.g., >8 years) and adolescents (e.g., >15 years).
Furthermore, the underlying mechanisms of BTinduced improvements in balance performance in
youth remain unclear as our methodical approach was
limited to balance performance measures. Finally, the
influence of different BT modalities (i.e., training frequency, duration, intensity) on balance performance in
youth cannot be appraised by the results of the present
study and should be addressed in future research.

Conclusions
The present study systematically investigated the effects
of BT on measures of static steady-state balance, mobility, proactive, and reactive balance performance in
children compared to adolescents. In both age groups,
the applied BT program resulted in significant
improvements on proxies of static steady-state balance
and mobility that were larger in children as in adolescents. Based on that, we suggest that trainability of
static steady-state balance and mobility is higher in
children than in adolescents. A larger adaptive reserve
in children might explain this finding. Further research
on age-dependent adaptations to BT regarding proactive and reactive balance in youth is mandatory.

What does this article add?
It has been shown that in youth balance performance
is affected by age. Thus, age might also affect balance
trainability in youth. Previous studies focused on
training effects on particular balance components
(e.g., proactive balance) in various age groups. This
study examined the effectiveness of a five week BT-
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program during regular P.E. classes on performance
of three components of balance (i.e., static steadystate, proactive, reactive) and mobility (i.e., gait
speed) within one sample. Although, children as well
as adolescents improved their static steady-state balance performance and mobility, children benefitted
more from BT than their older counterparts.
Consequently, the immaturity of the postural control
system in children does not seem to hamper BTinduced adaptations. Our findings might be explained
by larger adaptive reserves in children and suggest
that these may be utilized by P.E. teachers or sport
coaches to enhance balance performance already at
young ages. However, the administered training was
not efficient to improve reactive and proactive balance performance in neither age group indicating that
either the training was ineffective or that the applied
tests were not sensitive enough to detect changes.
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