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Abstract

Background Balance training (BT) has been used for the
promotion of balance and sports-related skills as well as for
prevention and rehabilitation of lower extremity sport
injuries. However, evidence-based dose-response relation-
ships in BT parameters have not yet been established.
Objective The objective of this systematic literature
review and meta-analysis was to determine dose-response
relationships in BT parameters that lead to improvements
in balance in young healthy adults with different training
status.

Data Sources A computerized systematic literature
search was performed in the electronic databases PubMed,
Web of Knowledge, and SPORTDiscus from January 1984
up to May 2014 to capture all articles related to BT in
young healthy adults.

Study Eligibility Criteria A systematic approach was
used to evaluate the 596 articles identified for initial
review. Only randomized controlled studies were included
if they investigated BT in young healthy adults
(1640 years) and tested at least one behavioral balance
performance outcome. In total, 25 studies met the inclusion
criteria for review.
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Study Appraisal and Synthesis Methods Studies were
evaluated using the physiotherapy evidence database
(PEDro) scale. Within-subject effect sizes (ESg,) and
between-subject effect sizes (ES4,) were calculated. The
included studies were coded for the following criteria:
training status (elite athletes, sub-elite athletes, recreational
athletes, untrained subjects), training modalities (training
period, frequency, volume, etc.), and balance outcome (test
for the assessment of steady-state, proactive, and reactive
balance).

Results Mean ESy, demonstrated that BT is an effective
means to improve steady-state (ESy, = 0.73) and proactive
balance (ESg, = 0.92) in healthy young adults. Studies
including elite athletes showed the largest effects
(ESgp = 1.29) on measures of steady-state balance as
compared with studies analyzing sub-elite athletes
(ES4p, = 0.32), recreational athletes (ESg, = 0.69), and
untrained subjects (ESg, = 0.82). Our analyses regarding
dose-response relationships in BT revealed that a training
period of 11-12 weeks (ESg4, = 1.09), a training frequency
of three (mean ESy, = 0.72) or six (single ESy, = 1.84)
sessions per week, at least 16—19 training sessions in total
(ESgp = 1.12), a duration of 11-15 min for a single
training session (ESy, = 1.11), four exercises per training
session  (ESgq, = 1.29), two sets per exercise
(ESgp = 1.63), and a duration of 21-40 s for a single BT
exercise (ES4, = 1.06) is most effective in improving
measures of steady-state balance. Due to a small number of
studies, dose-response relationships of BT for measures of
proactive and reactive balance could not be qualified.
Limitations The present findings must be interpreted with
caution because it is difficult to separate the impact of a
single training modality (e.g., training frequency) from that
of the others. Moreover, the quality of the included studies
was rather limited, with a mean PEDro score of 5.
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Conclusions Our detailed analyses revealed effective
BT parameters for the improvement of steady-state bal-
ance. Thus, practitioners and coaches are advised to
consult the identified dose-response relationships of this
systematic literature review and meta-analysis to imple-
ment effective BT protocols in clinical and sports-related
contexts. However, further research of high methodo-
logical quality is needed to (1) determine dose-response
relationships of BT for measures of proactive and reac-
tive balance, (2) define effective sequencing protocols in
BT (e.g., BT before or after a regular training session),
(3) discern the effects of detraining, and (4) develop a
feasible and effective method to regulate training inten-
sity in BT.

Key Points

The present systematic review and meta-analysis
quantified dose-response relationships of balance
training (BT) parameters (i.e., training period,
frequency, volume, etc.) to maximize improvements
in balance performance and neuromuscular control
of balance in healthy adults aged 16—40 years.

Our analyses revealed that an effective BT protocol
is characterized by a training period of 11-12 weeks,
a frequency of three (mean of 12 studies) or six (one
study only) training sessions per week, at least 16—19
training sessions, a duration of 11-15 min for a
single training session, four exercises per training
session, two sets per exercise, as well as a duration of
2140 s for a single BT exercise to improve
measures of steady-state balance.

Our study provides evidence-based guidelines on
dose-response relationships for coaches and
clinicians to increase the efficacy of their BT
protocols in a clinical and sports-related context.

1 Introduction

Recreational to elite-level athletes frequently use balance
training (BT) as an exercise modality to improve balance
[1] and prevent lower extremity injuries [2]. Athletic
trainers and therapists also incorporate BT in athletes’
rehabilitation to restore proprioception and neuromuscular
function compromised by an injury [3]. BT improves
athletes’ postural control through neuronal mechanisms,
involving spinal and supraspinal networks [4]. At the
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spinal level, BT appears to inhibit spinal reflex excit-
ability due to an increase in presynaptic inhibition. At the
supraspinal (i.e., motor cortical) level, BT can substan-
tially reduce corticospinal and cortical excitability so that
the training-induced reflex down-regulation is associated
with improvements in balance performance [5]. In addi-
tion, favorable adaptations in a balance task after BT are
associated with structural changes in gray matter and
white matter volume in the prefrontal lobe in non-athletic,
healthy young individuals [5]. Therefore, the current
understanding is that functional and structural changes in
the central nervous system mediate the BT-related
improvements in balance performance and are also
involved in the effects that tend to reduce sport-related
injuries [1].

A large body of literature documents the favorable
effects of BT on motor performance and injury prevention.
For example, BT can improve measures of steady-state
(e.g., reduced center of pressure displacements during
single leg stance [6]), proactive (e.g., increased single limb
stance excursion distances during performance of the star
excursion balance test [7]), and reactive balance (e.g.,
reduced muscular onsets following an anterior directed
perturbation impulse [8]). It has also been shown that BT is
effective in preventing lower extremity injuries. Hiibscher
et al. [2] summarized data from seven randomized con-
trolled trials and reported that BT or the combination of BT
with plyometric, strengthening, sport-specific, and/or
stretching exercises is effective in preventing knee and
ankle injuries in young (12-24 years) basketball, handball,
soccer, volleyball, hockey, and floor ball players.

Even though we understand reasonably well how BT
produces its favorable effects on behavioral and neuro-
physiological outcomes, there is still a gap in our
knowledge concerning the optimal parameters of BT.
There is a need for the characterization of the evidence-
based dose-response relationships in BT because the
parameters (i.e., training period, frequency, intensity,
volume, type of BT exercises) that quantify BT are widely
heterogeneous [9]. In a narrative literature review,
DiStefano et al. [10] concluded that BT should be per-
formed for at least 4 weeks, 3 days per week, and 10 min
per day to improve measures of steady-state balance in
healthy individuals. However, this statement is based on a
descriptive analysis of the literature that lacks a statistical
quantification of the data. Given these shortcomings in the
literature and an explicit call for a systematic review [1],
the purpose of the present systematic review and meta-
analysis was to characterize and quantify the dose-
response relationship of BT parameters (i.e., training
period, frequency, volume) that could maximize
improvements in balance performance and neuromuscular
control of balance in healthy young adults.
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2 Methods
2.1 Literature Search

We performed a computerized systematic literature search
in PubMed, Web of Knowledge, and SPORTDiscus from
January 1984 up to May 2014. Because there is no con-
sistent term for balance exercises that aim at improving
postural stability, we had to search for different common
terms, frequently used in the literature [4]. In a review
article, Taube et al. [4] presented definitions of different
terms used for training that incorporate balance exercises.
In this context, proprioceptive training is described as a
training regimen that is limited to the perception of afferent
input and that does not take adaptations occurring on the
motor side into account. Further, neuromuscular and sen-
sorimotor training are wide-ranging terms that describe
multiple types of exercises in terms of a neuromuscular or
sensorimotor task [4]. More recently, instability and per-
turbation training were used in the literature to describe a
very specific mode of balance exercises. The term BT is of
rather general meaning without denoting any physiological
structures. In fact, it describes the progress in performing a
particular skill [4]. Therefore, this term appears to be most
appropriate, which is why we decided to use BT throughout
the manuscript. These considerations were included in our
final Boolean search strategy: ‘balance training’ OR ‘neu-
romuscular training’ OR ‘proprioceptive training’ OR
‘sensorimotor training’” OR ‘instability training’ OR ‘per-
turbation training’ NOT ‘old” OR ‘older’ OR ‘elderly’ OR
‘patient’” OR ‘disease’ OR ‘fall’ OR ‘children’. The search
was limited to English and German languages, human
species, and to full-text original articles reporting a ran-
domized controlled trial in an academic journal. We
scanned each article’s reference list in an effort to identify
additional suitable studies for inclusion in the database.

2.2 Selection Criteria

To be eligible for inclusion, studies had to meet the fol-
lowing criteria: (1) participants of the intervention/BT
group had to be healthy elite athletes, sub-elite athletes,
recreational athletes, or untrained subjects; (2) study sub-
jects were in an age range of 16—40 years; and (3) at least
one behavioral balance performance outcome had to be
tested in the study. Studies were excluded if (1) the study
did not meet a randomized controlled study design, and (2)
only one specific type of BT was conducted (e.g., slackline
training, balance-related exergames). Two independent
reviewers (ML, UG) screened the title and abstract of
potentially relevant papers based on inclusion and exclu-
sion criteria. When abstracts indicated potential inclusion,
the full text was reviewed for eligibility.

2.3 Coding of Studies

Each study was coded for the following variables: number,
sex, age, training status, and practiced sports of the par-
ticipants, as well as training parameters (i.e., training per-
iod, frequency, volume [number of training sessions,
duration of a single training session, number of exercises
per training session, number of sets per exercise, duration
of a single BT exercise, e.g., standing time]). Based on the
findings of a recent systematic review conducted by Farlie
et al. [11], no psychometrically sound measure is available
to describe balance exercise intensity. Therefore, this sys-
tematic review does not provide information regarding the
influence of training intensity. Our analyses focused on
balance outcomes that were divided into tests for the
assessment of static/dynamic steady-state, proactive, and
reactive balance [12]. Steady-state balance affords the
maintenance of a steady position in sitting, standing, and
walking; proactive balance refers to the anticipation of a
predicted balance perturbation; and reactive balance com-
prises the compensation of a perturbation during sitting,
standing, and walking. If exercise progression was realized
over the training period, the mean number of exercises per
training session, sets per exercise, and duration of balance
exercise was calculated. If the included studies did not
report results of pre- and post- testing, we contacted the
authors. In two of ten cases, authors responded and pro-
vided data for calculating Cohen’s d. If the authors did not
respond, the study was qualitatively described only. The
training status of the participants was classified as elite
athletes (national/international top-level athletes), sub-elite
athletes (competitive athletes, e.g., third division or uni-
versity team), recreational athletes, and untrained subjects
[13].

2.4 Assessment of Methodological Quality
and Statistical Analyses

The methodological quality of all eligible intervention
studies was assessed using the physiotherapy evidence
database (PEDro) scale. The PEDro scale rates internal
study validity and the presence of statistical replicable
information on a scale from 0 to 10 with >6 representing a
cut-off score for high-quality studies [14].

In addition to quality assessment, effect sizes (ES) of
study-specific outcome parameters were calculated as a
measure of the effectiveness of a treatment. Within-subject
ESqw (ESgw = £ [mean pre-value—mean post-value]/SD
pre-value) and between-subject ES4, (ES4, = & [mean
post-value intervention group—mean post-value control
group]/pooled variance) were computed according to
Cohen [15] (where SD is standard deviation). Depending
on the respective outcome parameter, ES can turn out to be
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either negative or positive. In general, and to improve
readability, balance improvements (ESq,,) or a superiority
of BT versus the control group (ESg4,) were always reported
with a positive ES. For studies with multiple steady-state or
proactive balance outcome measures, a mean ES was
computed. The calculation of ES enables us to conduct a
systematic and quantitative evaluation of the different BT
parameters, including a large number of studies, and it
helps to determine whether a difference is of practical
concern. According to Cohen [15], ES values of 0.00 <
0.49 indicate small, values of 0.50 < 0.79 indicate med-
ium, and values >0.80 indicate large effects.

3 Results
3.1 Study Characteristics

Figure 1 displays a flow chart summarizing our search,
which identified a total of 596 clinical trials. After removal
of duplicates and exclusion of ineligible articles, 16 studies
remained. We identified nine additional articles from the
reference lists of the included papers and from already

published review articles [1-3, 10, 16]. Therefore, 25
studies were included in the final analysis.

Table 1 displays the main characteristics of the included
studies. Three studies (five BT groups) examined the
effects of BT in elite athletes, four (five BT groups) in sub-
elite athletes, nine (11 BT groups) in recreational athletes,
and two (three BT groups) in untrained subjects. Seven
studies (eight BT groups) did not report the training status
of their participants. A total of 1,043 subjects participated
in the 25 trials; 526 of these received BT. The sample size
of the intervention groups ranged from 7 to 62 subjects
aged 16-40 years. The training period of BT interventions
ranged from 2 to 32 weeks, with most studies lasting
4-6 weeks. The literature search revealed a training fre-
quency ranging from two to seven sessions per week, with
a total of 8-114 training sessions. Unfortunately, a number
of studies did not report critical exercise training parame-
ters used in the BT protocols. For instance, information
was missing on number and type of exercise (n = 9), sets
per exercise (n = 8), and training duration (n = 3). The
remaining BT protocols consisted of one to ten exercises
per session, including one to seven sets per exercise, and
training lasting between 5 and 60 min. BT protocols

Results of literature search
Pubmed (2= 65), Web of Science (2= 416), SportDiscus (2= 115)
(N=596)

Identification

—)l Papers excluded on basis of title (2=452)

Potentially relevant papers remaining (2= 144) I

Screening

v

—)| Duplicate papers excluded (n =27)

Potentially relevant papers remaining (2= 117)

—)I Papers excluded on basis of abstract (n=82)

—)I Papers excluded on basis of eligibility criteria (n= 19)

v
g Papers retrieved for more detailed evaluation (2= 35)
=
1
—
=
Inclusion of relevant papers from reference
- lists (7=9)
3 :
= N
S Included papers (1= 25) |
=

Fig. 1 Flowchart illustrating the different phases of the search and study selection
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Table 2 continued

Point measures and  Score

measures of
variability

Statistical

Intention-
to-treat
method

Blinding of Dropout

all

Blinding
of all

Groups were
similar at
baseline

Subjects were Allocation
was

Eligibility

References

between-group
comparisons

<15 %

randomly allocated

to groups

criteria were
specified

therapists

subjects

concealed

+

George [7]

Rasool and
Taube

et al.[5]
Eisen et al.

[37]
Granacher

et al. [6]
Gioftsidou

J’_

et al. [22]

Romero-

Franco

et al. [25]

Oliveira

et al. [8]

‘+’ indicates a ‘yes’ score, ‘—’ indicates a ‘no’ score

comprised static/dynamic steady-state, proactive, and
reactive balance exercises during two- and/or one-legged
stance and/or landings on stable/unstable surfaces (e.g.,
BOSU ball, tilt board, trampoline, rocker board, DynaDisc,
wobble board, foam mat, balance platform) and balance
systems (e.g., biomechanical ankle platform system, kin-
esthetic ability trainer) with eyes opened or closed. Some
studies additionally included motor interference tasks like
catching or throwing a ball during the performance of
balance exercises. Only one study provided visual feedback
during BT [17]. Of 25 training protocols, 14 progressively
increased the difficulty level of BT exercises. Most studies
(n = 22) used static steady-state balance tests (e.g., single-
leg balance test) as an outcome parameter to assess training
effects [5, 6, 17-36], five studies used a proactive balance
test [7, 25, 30, 32, 37], and only two studies used a reactive
balance test [5, 8]. ESgy, and ES4, were computed in 21 and
19 of the 25 included studies, respectively.

3.2 Methodological Quality of the Included Trials

In general, the quality of the investigated studies can be
classified as weak, because 18 of 25 studies did not reach
the predetermined cut-off value of >6 on the PEDro scale
(Table 2). For all included studies, a mean PEDro score of
5 (range 3-7) was detected. Additionally, only a few
studies reported detailed information regarding the entire
BT protocol (i.e., training period, frequency, volume) as
well as results (mean + SD) of the pre- and post-balance
tests (Table 1).

3.3 Effectiveness of Balance Training (BT)

Figures 2 and 3 illustrate the effects of BT versus a
control group on measures of steady-state and proactive
balance, respectively. We were able to calculate ESy, in
19 of 25 studies included in the analysis. For mea-
sures of steady-state balance (16 studies; 21 BT groups),
mean ES4, amounted to 0.73 and for variables of pro-
active balance (five studies; six BT groups), mean
ES4, amounted to 0.92, suggesting medium to large
effects.

3.4 Training Status

Figure 4 shows the effectiveness of BT on measures of
steady-state balance according to subjects’ training status.
Mean ESg, were calculated from 12 studies, including 16
BT groups. Our findings revealed that BT is most effective
in enhancing measures of steady-state balance in elite
athletes (ESg, = 1.29) compared with sub-elite athletes
(ESgq, = 0.32), recreational athletes (ESg, = 0.68), and
untrained subjects (ESq, = 0.82).
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balance training

control group

author test mean SD N  mean SD ESa 95% CI
France et al. [17] BT bs, e. o. [psi] 0.6 04 16 10 03 12 111 (031;191) —]{1—
BT IL: b, e. o. [psi] 15 1.1 7 2.5 1.4 8 079  (-0.27;1.84)
BT I ms, 1, €. 0. [psi] 0.9 0.4 17 0.9 0.4 15 0.00  (-0.69;0.69)
BTIL ms, 1, €. 0. [psi] 07 0.5 7 1.9 0.4 5 259 (1.05;4.14) _—1T
BT L ms, |, e. o. [psi] 0.7 0.4 16 0.9 0.4 15 050  (-0.22;1.22)
BT II: ms, ], e. o. [psi] 1.9 12 6 2.6 0.8 5 0.67  (-0.55;1.89)
Sédermann et al. [27] d,e 0. [n a] 655.0 3060 62 7350 3300 78 025 (-0.08;0.59)
d, e. 0., knee flexed [n. a.] 642.0 2850 62 7230 3320 78 026  (-0.08;0.59)
nd, e. 0. [n. a.] 755.0 2800 62 7860 3120 78 010  (-0.23;0.44)
nd, e. 0., knee flexed [n. a.] 757.0 3320 62 7530 3270 78  -0.01 (-0.35;0.32)
Chong et al. [28] d, e c.[s] 2.8 0.9 10 2.7 0.6 10 -013  (-1.01;0.75)
Sforza et al. [29] bs, e. o. [rad/s] 0.11 0.01 7 0.13 0.01 6 225 (0.86; 3.64) _D—
Riemann et al. [30] ms, d, e. o. (ml) [N] 23 0.6 13 2 0.6 13 -0.50 (-1.28;0.29)
ms, d, e. 0. (ap) [N] 1.9 0.4 13 1.6 0.5 13 -0.66  (-1.45;0.13)
ms, d, e. c. (ml) [N] 8.4 4 13 8.8 6.0 13 008  (-0.69;0.85)
ms, d, e. ¢. (ap) [N] 5.6 32 13 7.6 6.1 13 041  (-0.37;1.19)
Kovacs et al. [32] ms, d, e. o. [cm] 59.2 7.7 22 64.2 145 23 043  (-0.16;1.02)
ms, d, e. ¢. [cm] 1189 276 22 1252 412 23 018  (-0.41;0.76)
Malliou et al. [24] ms, 1, €. 0. [°] 25 14 15 2.6 0.8 15 0.12 (-0.59; 0.84)
ms, 1, e. 0. [°] 2.0 0.7 15 2.4 1.9 15 031  (-0.41;1.03)
Malliou et al. [23] ms, d, e. c. [°] 5.1 1.9 50 7.8 3.2 50 1.03 (0.61; 1.44) _D_
Rothermel et al. [33] BTI mp, d, e. 0. [cm/s] 3 0.9 16 3.6 0.9 15 0.69 (-0.03; 1.42)
BT II: mp, d, e. o. [cm/s] 3.5 0.9 14 3.6 0.9 15 0.13  (-0.60; 0.86)
BT I mp, d, e. c. [cm/s] 83 1.5 16 9.2 1.5 15 055  (-0.17;1.27)
BT II: mp, d, e. c. [cm/s] 8.6 1.5 14 9.2 1.5 15 0.40  (-0.34;1.13)
Verhagen et al. [20] BT L ms, d, e. 0. (ml) [mm] 273 4.9 10 272 3.9 11 -0.02  (-0.88;0.83)
BT L ms, d, e. 0.(ap) [mm] 19.9 3.4 10 224 2.0 11 091  (0.01;1.81)
BT II: ms, d, e. 0. (ml) [mm] 27.4 77 8 27.2 3.9 11 -0.03  (-0.95;0.88)
BT II: ms, d, e. 0. (ap) [mm] 20.4 32 8 22.4 2.0 11 078  (-0.16;1.72) = 0}
BT ms, d, e. ¢. (ml) [mm] 434 7.5 10 47.3 9.1 11 0.47 (-0.40;1.33) |
BTI ms, d, e. c. (ap) [mm] 35.4 2.8 10 36.1 4.0 11 020  (-0.66;1.06)
BT II: ms, d, e. c. (ml) [mm] 46.1 57 8 47.3 9.1 11 0.15  (-0.76;1.06)
BT II: ms, d, e. ¢. (ap) [mm] 25.5 4.2 8 36.1 4.0 11 2.60 (1.37; 3.82)
BT L ms, nd, e. o. (ml) [mm] 273 4.8 10 29.0 11.8 11 0.19  (-0.67;1.04) 0 {1
BT I ms, nd, e. o. (ap) [mm] 184 24 10 24.1 8.8 11 0.86  (-0.03;1.76) D
BT II: ms, nd, e. o. (ml) [mm] 26.1 3.8 8 29.0 11.8 11 0.31 (-0.61; 1.23)
BT II: ms, nd, e. o. (ap) [mm] 19.8 2.6 8 24.1 8.8 11 0.62  (-0.31;1.55) —1 =
BT ms, nd. e. ¢. (ml) [mm] 422 77 10 43.7 12.1 11 0.15  (-0.71;1.00) ——1—
BT L ms, nd. e. c. (ap) [mm] 357 5.0 10 35.8 6.2 11 0.02  (-0.84;0.87) ]
BT II: ms, nd, e. ¢. (ml) [mm] 48.6 9.3 8 43.7 12.1 11 -044  (-1.37;0.48)
BT II: ms, nd, e. c. (ap) [mm] 35.4 33 8 35.8 62 11 0.08  (-0.83;0.99)
Gioftsidou et al. [21] BTIL ms,r,e 0. [° 0.5 02 13 7.4 22 13 117 (0.34; 2.00)
BTI ms,l,e. 0. [] 5.1 1.8 13 7.6 3.1 13 099  (0.17; 1.80)
BTIL ms, 1, €. 0. [°] 4.9 1.9 13 7.4 22 13 122 (0.38;2.05)
BT I ms, 1, e. 0. [°] 5.1 1.9 13 7.6 3.1 13 097  (0.16;1.79)
Yaggie & Campbell [36] ms, d, e. 0. [cm] 27.9 9.6 17 33.6 7.5 19 0.66  (-0.01;1.33)
ms, d, e. ¢. [cm] 3.7 1.9 17 3.1 1.27 19 038  (-0.28;1.04) —{—
Gruber et al. [18] ms, 1, e.0. [m] 1.11 0.77 11 1.53 0.88 9 0.51  (-0.39; 1.40) ——1—
Granacher et al. [6] ms, d, e. 0. (ml) [cm] 79 36 10 121 60 10 085  (-0.07.1.76) —] 1
ms, d, e. o. (ap) [em] 9.4 57 10 112 34 10 038  (-0.50;127) —_—{—
Gioftsidou et al. [22] BTIL ms,d, e 0.[] 6.1 0.8 13 8.7 1.5 12 2.19 (1.20; 3.18) _D—
BTILms, d, e. 0. [°] 7.6 1.6 13 8.7 1.5 12 071 (-0.10;1.52) —{1—
BT L ms, nd, e. 0. [°] 6.2 2.4 13 8.6 2.1 12 1.06  (0.22; 1.90)
BT II: ms, nd, e. o. [°] 6.6 2.0 13 8.6 2.1 12 098  (0.15;1.81)
BTI ms, d, e. 0. (ml) [?] 15.2 8.1 13 3.1 1.1 12 205  (1.08; 3.02) —{—
BTI ms, d, e. o. (ap) [°] 10.6 73 13 2.6 1.1 12 1.50  (0.61; 2.39)
BT II: ms, d, e. 0. (ml) [°] 17.1 12.1 13 3.1 1.1 12 1.60  (0.70; 2.50)
BT IL: ms, d, e. 0. (ap) [°] 9.6 3.1 13 26 11 12 296  (1.82;4.10) —{}—
BT ms, nd, e. o. (ml) [°] 17.8 7.8 13 33 12 12 255  (1.49;3.60) —1—
BT ms, nd, e. o. (ap) [°] 7.1 22 13 24 2.1 12 218 (1.19;3.17) —1—
BT II: ms, nd, e. o. (ml) [°] 19.3 14.2 13 33 1.2 12 1.55 (0.66; 2.45)
BT II: ms, nd, e. o. (ap) [°] 11.4 6.7 13 2.4 2.1 12 178 (0.85;2.71)
Romero-Franco et al. [25] ms, d, e. 0. [mm] 90.0 19.7 13 105.8 23.1 10 0.73 (0.03; 1.44) —D—
total mean overall ESy, of 342 323 0.74 ‘
15 studies (19 BT groups)
T T T T T 1
-2 -1 0 1 2 3 4
favours C favours BT

Fig. 2 Effects of balance training vs. control group on measures of
steady-state balance. ap anterior-posterior, bs bipedal stance, BT
balance training, C control group, CI confidence interval, d dominant

3.5 Dose-Response Relationships
Given that only a few studies examined the effects of BT on

measures of proactive (five studies) and reactive balance (two
studies), dose-response relationships were reported only for

@ Springer

leg, ES,;, between-subject effect size (i.e., BT vs. C), e.c. eyes closed,
e.o. eyes open, ml medio-lateral, ms monopedal stance, N number of
subjects, nd nondominant leg, SD standard deviation

variables of steady-state balance (16 studies). In addition,
because of the small number of studies for each category of
training status (elite athletes, sub-elite athletes, recreational
athletes, untrained subjects), a differentiated consideration of
dose-response relationships was not feasible.
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control group

N mean

balance training

N ESgs 95% CI

SD

SD

mean

test

_D_

¢

author

__D_
—_{—

e —

(-0.69; 0.91) —{(O—

(-0.20; 1.36)
(-0.35; 0.83)
0.22; 1.44)
(4.85; 2.50)
(-0.55; 1.05)
(-0.30; 1.08)

BTI: ms, d, e. o. [test scores]
BT II: ms, d, e. o. [test scores]

ms, d, e. o. [numbers]
ms, d, e. 0. [em]

ms, d, e. c. [em]

ms, d, e. 0. [em]

ms, d, e. 0. [%]

Riemann et al. [30]
Kovacs et al. [32]
Rasool & George [7]
Eisen etal. [37]
Romero-Franco et al. [25]

0.92

79

91

mean overall ESy;, of S studies

(6 BT groups)

total

favours BT

favours C

Fig. 3 Effects of balance training vs. control group on measures of proactive balance. BT balance training, C control group, CI confidence interval, d dominant leg, ES,;, between-

subject effect size (i.e., BT vs. C), e.c. eyes closed, e.o. eyes open, ms monopedal stance, N number of subjects, SD standard deviation

3.5.1 Training Period

The mean training period lasted eight weeks. In this regard,
mean ESy, was calculated from 16 studies, including 21 BT
groups. Figure 5 shows the dose-response relationship for the
training period. A BT period of 11-12 weeks seems to be the
most effective for improving measures of steady-state bal-
ance (ESy, = 1.09).

3.5.2 Training Frequency

The mean training frequency was three times per week in the
studies included in this analysis. Mean ESg, were calculated
from 14 studies, including 18 BT groups. Figure 6 illustrates
dose-response relationships regarding training frequency.
Based on the findings from one study only, a training fre-
quency of six sessions per week appears to be most effective
in enhancing measures of steady-state balance
(ESgp, = 1.84). The remaining studies revealed that a training
frequency of three times per week is superior (ESg, = 0.72)
to a training frequency of two or four times per week (Fig. 6).

3.5.3 Training Volume (Number of Training Sessions
During the Training Period)

The mean number of training sessions amounted to 24.
Mean ESg, were calculated from 15 studies, including 19
BT groups. Figure 7 shows dose-response relationships
regarding the number of training sessions. Our findings
revealed that 16-19 training sessions are most effective if
the goal is to improve measures of steady-state balance
(ES4p = 1.12). The time course of adaptation is unclear as
it is not possible to determine from the data how the bulk of
the adaptation occurs after a few sessions and what the rate
of adaptation is thereafter.

3.5.4 Training Volume (Duration of a Single Training
Session)

The mean duration of a single training session was 21 min.
Mean ESg, were calculated from 14 studies, including 18 BT
groups. Figure 8 shows dose-response relationships regard-
ing the duration of single training sessions. Our findings
revealed that a duration of 11-15 min appears to be most
effective to improve steady-state balance (ESq, = 1.11).

3.5.5 Training Volume (Number of Exercises Per Training
Session)

The mean number of exercises per training session
amounted to four. Mean ESg4, were calculated from 11

@ Springer
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Fig. 4 Effectiveness of balance 2,5 1
training with respect to the
training status of the <
participants. Each filled grey
diamond illustrates mean ESy, 2 1
per single study. Filled black <O
squares represent overall mean
ESgp of all studies. ES,
. N . . 15
between-subject effect size (i.e., &>
balance training vs. control n <
group)
3 &
W1
&3]
L}
0.5 - & % @
¢ <
<
0 T T T T |
<
elite sub-elite recreational untrained
0.3 - athletes athletes athletes subjects
Fig. 5 Dose-response 2.5 9
relationships of training period
on measures of steady-state
balance. Each filled grey 2 A
diamond illustrates mean ESy,
per single study. Filled black
squares represent overall mean 1,5 1
ESs of all studies. ES,, 8
between-subject effect size (i.e., 3
balance training vs. control % 14 ¢ 0%
group) <'>
g8 8 .
o ¢ o
0 T T T T T T 1
12 34 5-6 11-12 31-32
0,5 -

studies, including 16 BT groups. Figure 9 illustrates dose-
response relationships regarding the number of exercises
per training session. The statistical analysis indicated that
the inclusion of four balance exercises per training session
is most effective to improve measures of steady-state bal-
ance (ESgq, = 1.29).

3.5.6 Training Volume (Number of Sets Per Exercise)
The mean number of sets per exercise was three. In this
regard, mean ESy, were calculated from 11 studies,

including 15 BT groups. Figure 10 shows dose-response
relationships of the number of sets per exercise. Our

@ Springer

training period [weeks]

findings show that two sets per exercise are most effec-
tive to enhance variables of steady-state balance
(ESgp = 1.63).

3.5.7 Training Volume (Duration of Single BT Exercise)

The mean duration of single BT exercise amounted to 41 s
(e.g., one-legged standing time). Mean ESg4, were calcu-
lated from nine studies, including 12 BT groups. Figure 11
illustrates dose-response relationships for duration of single
BT exercises. Our results revealed that a duration of
21-40 s is most effective in improving steady-state balance
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Fig. 6 Dose-response
relationships of training
frequency on measures of
steady-state balance. Each filled
grey diamond illustrates mean
ESqp per single study. Filled
black squares represent overall
mean ESy, of all studies. ESy,
between-subject effect size (i.e.,
balance training vs. control

group)

Fig. 7 Dose-response
relationships of number of
training sessions on measures of
steady-state balance. Each filled
grey diamond illustrates mean
ESqp per single study. Filled
black squares represent overall
mean ESy, of all studies. ES,
between-subject effect size (i.e.,
balance training vs. control
group)

Fig. 8 Dose-response
relationships of a single training
session duration on measures of
steady-state balance. Each filled
grey diamond illustrates mean
ESqy, per single study. Filled
black squares represent overall
mean ESy, of all studies. ESy,
between-subject effect size (i.e.,
balance training vs. control

group)
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Fig. 9 Dose-response 27
relationships of training volume O
(number of exercises per
training session) on measures of 15 4
steady-state balance. Each filled ! O o
grey diamond illustrates mean n
ESyp, per single study. Filled <
black squares represent overall 14 .
mean ESy, of all studies. ES,, ]
between-subject effect size (i.e., % <
balance training vs. control 05 4 o § o [ O
group) . "
© o
0] T T T T T T T 1
© o
1 2 3 4 5 10
-0’5 - . « . .
number of exercises per training session
Fig. 10 Dose-response 21
relationships of training volume O
(number of sets per exercise) on
measures of steady-state [ ]
balance. Each filled grey 1,5
diamond illustrates mean ESy, o O
per single study. Filled black
squares represent overall mean O
ESy, of all studies. ES;, 1 -
between-subject effect size (i.e., 3
balance training vs. control n o
group) S o
0,5 % '
[ ]
o 8
0 T T L ] T T T T |
o O
1 2 3 4 5 6 7
-0,5 -

4 Discussion

This is the first systematic literature review and meta-analysis to
examine dose-response relationship in BT parameters leading
to balance improvements in young healthy adults with differing
training levels. This review article included 25 randomized
controlled trials. We were able to detect medium effects of BT
on measures of steady-state balance (ESg, = 0.73) and large
effects of BT on measures of proactive balance (ESy, = 0.92).
Due to a low number of studies, the effectiveness of BT on
measures of reactive balance could not be quantified.

4.1 Training Status

Our analysis suggests that training status (i.e., elite athlete,
sub-elite athlete, recreational athlete, untrained subject) is a

@ Springer

number of sets per exercise

key determinant of BT effectiveness. Notably, BT appears
to be most effective in increasing measures of steady-state
balance in elite athletes (Fig. 4). One reason for this finding
could be the accumulated lifetime hours of deliberate
practice in elite athletes (approximately 10,000 h) as
compared with sub-elite athletes, recreational athletes, or
untrained subjects [38]. This tremendous quantity of prior
deliberate practice from an early age may influence sports-
relevant neurophysiological properties [38, 39]. In fact, it
was argued that elite athletes compared with non-elite
athletes show superior motor performances at the level of
perception, anticipation, and decision making, which help
them acquire novel motor tasks more efficiently and with
greater precision [38].

Since it has been shown that balance regulation relies on
the ability of the central nervous system to select and
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Fig. 11 Dose-response 25 7
relationships of single balance
training exercise duration on <
measures of steady-state 2 4
balance. Each filled grey <
diamond illustrates mean ESgyy,
per single study. Filled black 15 - <
squares represent overall mean y
ESy, of all studies. ES,
between-subject effect size (i.e., 3 - ?
balance training vs. control % 11
group)
<
0,5 -
9
0 T T 1
<
<20 2140 41-60
-0,5 -

integrate rapid sensory inputs from somatosensory, visual,
and vestibular structures with the goal to generate appro-
priate motor outputs [40], the aforementioned difference
between elite and non-elite athletes could be caused by a
higher adaptive potential of the central nervous system in
elite athletes following BT. It is not possible to determine
based on data in this review whether a selection bias, in
addition to the number of accumulated practice hours,
would contribute to the high effectiveness of BT on elite
athletes.

4.2 Dose-Response Relationships

This systematic review and meta-analysis summarizes
results from 25 randomized controlled trials to describe the
dose-response relationship in BT parameters in healthy
young adults (Table 1).

4.2.1 Training Period, Frequency, and Volume (Number
of Training Sessions)

The studies included in the analysis used a broad range of
training periods (2-32 weeks), frequencies (2-6 times per
week), and number of training sessions (8—114 training
sessions) that have the potential to improve measures of
steady-state balance. In summary, a training period of
11-12 weeks (ESg, = 1.09), a frequency of three
(ESgp = 0.72) or six sessions (ESgq, = 1.84) per week as
well as 16-19 training sessions (ES4, = 1.12) are most
effective (Figs. 5, 6, 7) to improve steady-state balance.
However, due to the uneven distribution of ESy, calculated
for the respective training-related factors (i.e., training
period, frequency, volume [number of training sessions]),
this finding has to be interpreted with caution.

time to balance [seconds]

Our analysis shows that BT lasting 11-12 weeks is most
effective in enhancing measures of steady-state balance
(ESgp of 1.09). Shorter training periods resulted in lower
ES4, (Fig. 5). Two studies investigated a long-term BT
program (32 weeks) and observed lower ESy, as compared
with the 11-12 week BT [23, 27]. Therefore, an inverse
U-shaped relation between training effectiveness and
training period is proposed. However, due to the limited
number of studies available, particularly in the long-term
training range (>12 weeks), this result is preliminary and
has to be interpreted with caution. Nevertheless, we can
confirm the findings of Zech et al. [1], who stated that BT
programs should last at least 6 weeks and specified that
11-12 weeks of training are most effective.

In an intervention study, Gioftsidou et al. [22] examined
the effects of training period and frequency during BT in
young healthy males aged 23 years. The study design
included a BT group that exercised for 3 weeks, with six
sessions per week (n = 13), a second BT group that trained
for 6 weeks with three sessions per week (n = 13), and a
control group (n = 12). Both BT interventions improved
indices of steady-state balance similarly and significantly.
Gioftsidou et al. [22] concluded that the overall number of
training sessions is crucial for BT outcomes in healthy
young adults. Thus, depending on the available training
period, an appropriate BT protocol should at least contain
18 BT sessions. Our systematic review confirms the results
of Gioftsidou et al. [22] regarding the number of training
sessions. Figure 7 shows that an overall number of 16-19
training sessions maximize the BT effects on balance
outcomes. Unfortunately, no study examined a retention
phase (i.e., detraining) to elucidate persistence of the
respective BT effects. This issue needs further attention in
future research.
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4.2.2 Training Volume (Duration of a Single Training
Session, Number of Exercises Per Training Session,
Number of Sets Per Exercise, Duration of Single BT
Exercises)

The reviewed studies suggest that there is a broad range in
training volume, more specifically in duration of a single
training session (6-60 min), in number of exercises per
training session (1-10 exercises), in number of sets per
exercise (1-7 sets), and in duration of single BT exercises
(15-60 s) that produce improvements in steady-state bal-
ance following BT. Our findings revealed large training-
related effects if single training sessions lasted between 11
and 15 min (ESy, = 1.11), if four exercises (ESg, = 1.29)
with two sets per exercise (ESy, = 1.63) and a balance
exercise duration of 2140 s (ESy, = 1.06) were applied
(Figs. 8, 9, 10, 11).

Some authors suggested that, with respect to training
volume, it is sufficient if BT is combined with other
training regimens (e.g., resistance training, plyometrics) [2,
3]. The analysis shows that a BT session duration of
11-15 min is most effective. More than 15 min of BT
appears to have no additional effect (Fig. 8). Further, it is
of great interest to know whether BT is better conducted
before or after a sport-specific training session. For
example, if BT is performed after training, fatigue may
hinder additional BT-related effects. In this regard, Giof-
tsidou et al. [21] examined the effects of sequencing BT on
measures of steady-state balance in healthy soccer players
aged 16 years, randomly assigned to three experimental
groups. Group 1 conducted BT before soccer-specific
training sessions, group 2 performed BT after soccer-spe-
cific training sessions, and group 3 acted as a control, with
soccer training only. Following 12 weeks of BT with three
training sessions per week, BT conducted after regular
soccer training sessions resulted in significantly larger
balance improvements, especially in the non-dominant leg,
than BT performed before regular soccer training sessions
or soccer training only. The authors concluded that the
mechanisms mediating postural control may be more
adaptable to specific training if processes involved in BT
are functionally challenged before the sport-specific
activity. However, Malliou et al. [41] could not confirm
this result in young tennis players aged ~ 13.5 years who,
in a randomized controlled trial, performed BT either
before or after a tennis-specific training session. After
12 weeks of training with three training sessions per week,
the authors reported similar improvements in measures of
steady-state balance in the two experimental groups. These
inconclusive results [21] suggest that further research is
needed to examine the effects of BT sequencing on balance
and determining the association between the changes in
measures of balance, injury, and athletic performance.
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In terms of training volume, our analyses show an
advantage of four exercises per training session (Fig. 9)
with two sets per exercise (Fig. 10). However, more than
four exercises per training session also revealed large
training-related effects (Fig. 9). Based on this finding, we
conclude that it is more effective to design BT programs
with a large variety of exercises and a small number of sets
than vice versa. Several studies have shown that balance is
highly task specific because only weak to moderate asso-
ciations were found between variables of steady-state,
proactive, and reactive balance in healthy young and
middle-aged adults [42-44]. Consequently, BT should
include exercises, which promote static/dynamic steady-
state, proactive, and reactive balance, which should addi-
tionally be performed in a sport- or task-specific context
[21, 23, 45].

Exercise progression should also be included in the
training protocol to sufficiently and persistently challenge
postural control during the course of the training period. A
recent study examined the effects of exercise sequence on
progression in BT [46]. The authors investigated the impact
of a reduced base of support (i.e., bipedal, step, tandem,
one-legged stance) and limited sensory input (i.e., eyes
opened, closed; firm, foam ground) on balance perfor-
mance in healthy adults aged 22 years. The data suggest
that balance performance (i.e., centre of pressure dis-
placements) decreased in response to an increased level of
task difficulty introduced by narrowing the base of support
(i.e., from bipedal to step, to tandem, to one-legged stance)
and by limiting the use of sensory information (i.e., from
eyes opened to closed and from standing on firm ground to
standing on foam ground).

4.2.3 Training Intensity

This systematic review provides no information regarding
the influence of training intensity on the effectiveness of
BT. According to the principle of overload, to induce a
training effect, exercises must be performed at or near the
limits of an individual’s capacity [9]. To the authors’
knowledge, there is no methodological approach available
in the literature on how to properly assess intensity during
BT. Recently, Farlie et al. [11] conducted a systematic
review to examine how researchers reported balance
exercise intensity in their experimental protocols. BT
protocols usually refer to a taxonomy of balance task dif-
ficulty but not to the intensity of the balance exercise rel-
ative to the individual’s balance ability. Therefore, Farlie
et al. [11] concluded that more comprehensive work is
required to develop a psychometrically sound measure of
balance exercise intensity that goes beyond the mere
description of balance task difficulty (e.g., sway velocity or
muscle activation as percent of intensity).
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4.3 Limitations

A major limitation of this systematic review is the poor
methodological quality of the included studies. Only 7 of
25 studies were classified as high quality according to the
PEDro scale (score >6). Moreover, many studies failed to
report data necessary for computing ES. Thus, future
studies should report mean and standard deviations for all
investigated balance parameters. Additionally, the deter-
mination of a representative value for studies that reported
multiple results for a single outcome (e.g., eyes open and
closed, sway direction) appears to be problematic. Because
almost all of the studies included in the analysis used non-
active control groups, we cannot conclude whether the
effects of BT are protocol specific or whether other types of
neuromuscular training regimens (e.g., plyometric training)
may produce similar effects. Furthermore, there is no
conclusive information available regarding BT sequencing
(e.g., BT before or after a regular training session). Hence,
further research is needed to determine the effects of
sequencing BT in relation to the sport-specific training.
Moreover, the literature is unspecific as to whether and
how training-related balance improvements transfer to
sport- or task-specific skill enhancement. Future studies
should also develop a feasible method to determine and
prescribe training intensity during BT. Finally, given that it
is difficult to separate the impact of each training modality
from that of others, the present findings have to be inter-
preted with caution.

5 Conclusions

This systematic review shows that BT is an effective means
for improving steady-state and proactive balance in healthy
young adults (1640 years), and it reveals quantified dose-
response relationships that allow coaches and clinicians to
increase the efficacy of their BT protocols in clinical and
sports-related contexts. However, these findings cannot be
generalized or transferred to different age groups (e.g.,
children, old adults). Further research is necessary to
establish dose-response relationships in these age groups.
Notably, the review revealed that BT is most effective in
elite athletes (Fig. 4). The analyses suggest that a broad
range of BT modalities (e.g., training period, frequency,
volume) contributes to the improvements in measures of
steady-state and proactive balance. An effective BT pro-
tocol is characterized by a training period of 11-12 weeks,
a frequency of three (mean of 12 studies) or six (one study
only) training sessions per week, at least 16-19 training
sessions, single training session durations of 11-15 min,
four exercises per training session, two sets per exercise,
and a duration of 2140 s for a single BT exercise to

Table 3 Results of this study regarding dose-response relationships
in balance training in young healthy adults

Results/most effective
dose

Training modalities

11-12 weeks

3 or 6 times per week*

Training period

Training frequency

Number of training sessions 16-19 training sessions
11-15 min

4 exercises

Duration of a single training session
Number of exercises per training session
2 sets
21-40 s

Number of sets per exercise

Duration of a single balance training
exercise

* From a mean of 12 studies and one study, respectively

improve measures of steady-state balance (Table 3). With
respect to the contents of BT, it is recommended that BT
incorporates an individually tailored exercise progression.
Exercises for the promotion of steady-state, proactive, and
reactive balance should be included and adapted to sport-
or task-specific contexts.
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