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Objectives: We wanted to verify if the “learning to learn” effect observed in the learning of visuomotor
tasks is also present when learning a balance task, i.e., whether the learning rate of a balance task is
improved by prior practice of similar balance tasks.
Design: Single centre, parallel group, controlled training study.
Methods: 32 young healthy participants were divided into a control and a training group. The training
group’s practice consisted of 90 trials of three balance tasks. Forty-eight hours after the training, we
recorded performance during the acquisition (90 trials) of a novel balance task in both groups, and 24 h
thereafter we measured its retention (10 trials).
Results: Mixed models statistical analysis showed that the learning rate of both the acquisition and the
retention phase was not inﬂuenced by the 90 prior practice trials performed by the training group.
However, participants with high lower limb power had a higher balance performance than participants
with low power, which can be partly explained by the higher learning rate observed during the acquisition
phase for participants with high power.
Conclusions: Contrary to visuomotor or perceptual tasks, we did not ﬁnd a “learning to learn” effect for
balance tasks. The correlation between learning rate and lower limb power suggests that motor learning
of dynamic balance tasks may depend on the physical capability to execute the correct movement. Thus,
a prior strength and conditioning program with emphasis on lower limb power should be considered
when designing a balance training, especially in fall prevention.

1. Introduction
Short-term balance training induces task-speciﬁc performance
improvement,1–3 and consequently balance should be seen more
as a sum of task-speciﬁc skills than a general ability.2 Therefore,
in regard to fall prevention, which is a major health and resource
issue,4,5 patients should learn as many balance tasks as possible,
and as close as possible to real-life fall contexts.2 The implementation of this recommendation requires optimization of balance task
learning, especially in the setting of clinical rehabilitation where
there is limited time to practice. The learning rate of a novel motor
task can be improved with previous learning experience of relatively similar tasks.6 This phenomenon has been termed “learning
to learn”.7 One of the several possible mechanisms driving this
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effect is called structural learning, where invariants of several tasks
sharing the same structure are extracted and facilitate the learning
of a new task also sharing the same structure.8 The “learning to
learn” effect has been demonstrated for cognitive9–11 and visuomotor tasks,6,12 including a locomotion task relying on distorted
visual feedback.13 To our knowledge, this “learning to learn” effect
has never been speciﬁcally tested for complex full-body tasks such
as balance tasks. This learning facilitation would be of interest to
reduce the time to learn many different balance tasks. We hypothesized that prior practice of similar balance tasks improves the
learning rate of a novel balance task.
However, contrary to visuomotor or perceptual tasks, performance during balance tasks might not only depend on the
optimization of the motor command or strategy, but also on the
physical capacity to adequately perform the movement. In particular, some studies have reported an inﬂuence of lower limb
strength and power on balance performance, although this ﬁnding
is challenged by the results of other studies reporting no signiﬁcant
correlation.14,15 To shed light on this issue, we also measured lower
limb power and assessed its inﬂuence on the learning rate.

Konstanzer Online-Publikations-System (KOPS)
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1ief5xs8iumg0

102

2. Methods
32 young healthy adults (15 women, 17 men, age = 24 ± 3 years;
height = 172 ± 9 cm; weight = 68 ± 14 kg) participated in the study
after giving written informed consent. The experiment was in
accordance with the regulations of the ethics committee of the University of Konstanz as well as the Declaration of Helsinki. Subjects
were moderately active students that did not regularly engage in
balance training or related activities, were naive to the tested and
trained balance tasks, and free of lower limb injuries or impairments related to balance. Moreover, they were asked to perform
absolutely no balance training during the whole study duration and
no heavy leg training 48 h prior to any experimental sessions.
Subjects participated in 3 experimental sessions, the ﬁrst one
consisting of pre tests and prior practice for the training group, the
second consisting of the acquisition phase, and the third one of the
retention test. In the ﬁrst experimental session, subjects performed
3 maximal countermovement jumps with 1 min of rest in between
jumps, hands on the hips, on a force plate (Leonardo Mechanograph). Then, we measured their pre-training performance on the
tilt-board task (3 trials). There was no warm-up or familiarization with the device prior to the measurements. We matched
subjects in a control (N = 16, 9 women) and a training group
(N = 16, 6 women) according to their performance in the ﬁrst tiltboard task trial and their maximal power relative to body weight
(Pmax rel) exerted during the counter movement jumps (ﬁrst trial:
control = 0.42 ± 0.7 s, training = 0.43 ± 0.4 s, p-value = 0.97; Pmax rel:
control = 45 ± 9 W/kg, training = 45 ± 8 W/kg, p-value = 0.83, which
corresponded to a jump height of 38 ± 11 cm for control and
40 ± 8 cm for training, p = 0.61). To be more precise, the ﬁrsts 10
participants were randomly allocated to one of the groups, and the
following participants were assigned with the intention to match
group performance with respect to tilt-board performance and
Pmax rel. Ten minutes after this pre-test, subjects from the training group practiced 3 different balance tasks with 30 trials each.
Subjects assigned to the control group did not practice. Forty-eight
hours later, subjects from both groups came back to the laboratory
to perform the novel tilt-board task (90 trials, acquisition phase).
Twenty-four hours later, we measured again the performance of
subjects from both groups on the tilt-board task (10 trials, retention
phase).
For all balance tasks, an acoustic signal was given to indicate
when to get ready for the trial (3 s before), when to start and when
to ﬁnish the trial. Every trial lasted 10 s, and there was a break of
1 min every 10 trials. Before starting any of the four balance tasks,
the subject was instructed where to put the foot on the device.
During the practice, but also during the pre-training, acquisition
and retention phases, we gave the subject an estimated time in
equilibrium for every trial (estimation done with a stop watch).
The tilt-board task consisted of a one-leg stance (with the preferred leg) on a tilt-board with a medio-lateral axis of perturbation,
hands on the hips (see2 for details). The instruction was as follows:
(i) start with the preferred foot on the board, the other foot, i.e. the
foot of the free leg, on the ﬂoor, with the tilt-board side opposite
to the free leg on the ﬂoor in a stable position. (ii) Lift the free foot
from the ﬂoor and then bring the board into a horizontal position
for as long as possible. (iii) If you lose equilibrium or touch the ﬂoor
with the free leg while the trial is not over yet, restart from the
initial position. We ﬁxed a motion capture marker on the big toe’s
nail of the free leg to be able to exclude phases with foot support
during the ofﬂine analyses.
The 3 practice tasks were all one-leg stance tasks done with
the same leg and the same procedure as the tilt-board task. The 3
tasks consisted of balancing on a slack line (5 m long, 3 cm wide,
Slackline Tools, medio-lateral axis of perturbation), a BOSU ball
(BOSU balance trainer, perturbation in all directions) and a differ-

ent tilt-board (Sensoboard, Sensosports GmbH; perturbations in all
directions; the longer side of the board in the antero-posterior axis
of the subject).
The prior practice was done serially on the slack line, BOSU ball
and Sensoboard (i.e. one trial on the slack line, then one trial on
the BOSU ball, on trial on the Sensoboard, and so on). The order
of the tasks was counter-balanced between subjects. The practice
consisted of a total of 90 trials (30 trials for each task).
Pmax rel was deﬁned as the highest value among the three
countermovement jumps performed. Power was calculated as the
product of force and velocity (derived from changes in force) with
the Leonardo GRFP 4.3 software.
We measured the tilt-board task performance with motioncapture (Vicon Nexus, 12 T40s cameras, 200 Hz). In brief,
performance corresponded to the time (in s) where the platform
of the tilt-board was in equilibrium, i.e. positioned parallel to the
ﬂoor (with a margin of ±5◦ ). Phases where the free foot touched the
ground were subtracted from the time at equilibrium. In addition,
any time at equilibrium achieved by getting into equilibrium via
the free foot on the ground was neglected.
Statistics were done with R (R 3.4.2, the R foundation for statistical computing) and JASP (JASP 0.8.6, University of Amsterdam). We
used linear mixed effects models (lme4 R package16 ) and the Satterthwaite’s method to approximate degrees of freedom and obtain
p-values (lmerTest R package17 ). To test the effect of a group factor
(e.g. training vs. control groups) on the learning rate of the balance task, we needed to test the effect of each group on the slope of
performance across trials. Therefore, in a model with random intercepts for subjects, we have tested the interaction between groups
and number of trials. A t-test was used to compare height, weight
and power between men and women. We performed Pearson correlations between Pmax rel and the ﬁrst trial of the pre and retention
phases, height and weight. Additionally, we tested whether there
was a difference in the ﬁrst trial of each phase between groups (low
Pmax Rel and high Pmax Rel) with a repeated measures ANOVA. When
sphericity was violated, we used a Greenhouse–Geisser correction.
We performed Bonferroni corrected t-tests between groups at each
phase level as post-hoc tests.

3. Results
Mixed models analyses revealed no signiﬁcant differences
between the training and control groups’ estimates of the mean
performance and the slope of performance progress across trials (Table 1). This indicates that there was no difference between
groups in the overall balance performance and learning rate (see
Fig. 1A).
Lower limb power (Pmax rel) correlated with the performance of
the ﬁrst trial in the retention test (r = 0.60, p < 0.001) and the average of performance in the retention test (0.651, p < 0.001) but not
with the performance of the ﬁrst trial of the pre phase (r = 0.186,
p = 0.308), indicating a possible effect of power on the learning
rate. To look into this correlation in more detail, we divided the
subjects into two groups according to their Pmax rel, one group
with Pmax rel higher than the median (High Pmax rel) and the other
group lower (Low Pmax rel) than the median (median = 44.8 W/kg,
see Fig. 1B; for individual examples of the two groups, see Fig. 1C
and D, respectively). Mixed model analysis revealed that averaged
balance performance in the pre trials was not signiﬁcantly different between high and low power groups. In the acquisition and
retention phase, the estimate of the mean of balance performance
was twice as high in the high power group than in the low power
group (Table 1). This higher mean performance might be related
to a higher balance performance in the ﬁrst trial of each phase.
An ANOVA performed on the ﬁrst trial of each phase showed a
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Table 1
Mixed effects models results for training groups and power groups. Estimates of the slopes of balance performance across trials (in s) and estimates of the balance performance
mean (in s) of each group in the 3 phases of the study (pre, acquisition and retention). SE corresponds to standard error. High P and low P represent groups with high and
low Pmax rel respectively. Control group, training group, high P and low P estimates represent the mean performance per group. The interaction estimates represent the slope
of performance across trials. Control group: trial, control group, high P: trial, and high P estimates are tested against zero. Training group: trial, training group, low P: trial,
and low P estimates and are tested against the estimate of the other group. *, **, and *** indicate a p-Value inferior to 0.05, 0.01 and 0.001 respectively.
DV

Phase

Fixed effect

Estimate (SE)

t-Value (df)

p-Value

Performance

Pre

Control group: trial
Training group: trial
Control group
Training group
Control group: trial
Training group: trial
Control group
Training group
Control group: trial
Training group: trial
Control group
Training group
High P: trial
Low P: trial
High P
Low P
High P: trial
Low P: trial
High P
Low P
High P: trial
Low P: trial
High P
Low P

0.16 (0.08)
0.15 (0.11)
0.31 (0.21)
0.29 (0.3)
0.018 (0.0013)
0.017 (0.0018)
1.57 (0.27)
1.36 (0.39)
0.14 (0.04)
0.13 (0.06)
2.39 (0.41)
2.15 (0.58)
0.15 (0.07)
0.16 (0.1)
0.55 (0.2)
0.05 (0.28)
0.022 (0.001)
0.014 (0.002)
1.94 (0.21)
1 (0.31)
0.17 (0.04)
0.12 (0.06)
3.02 (0.34)
1.51 (0.48)

2.06 (62)
−0.05 (62)
1.48 (84.3)
−0.08 (84.3)
13.5 (2846)
−0.24 (2846)
5.7 (33)
−0.53 (33)
3.5 (286)
0.17 (286)
5.8 (47)
−0.42 (47)
1.95 (62)
0.08 (62)
2.72 (88.6)
−1.74 (88.6)
16.5 (2846)
−4.39 (2846)
8.8 (34.8)
−3 (34.8)
4.24 (286)
−0.88 (286)
8.73 (58.2)
−3.1 (58.2)

0.044*
0.96
0.142
0.93
2e-16***
0.59
2.3e-06***
0.59
5e-03***
0.87
5.37e-07***
0.67
0.054
0.93
0.007**
0.08
2e-16***
1.16e-05***
1.9e-10***
0.004**
2.9e-05***
0.37
3.5e-12***
0.003**

Acquisition

Retention

Pre

Acquisition

Retention

phase effect (F (2,60) = 20.6, p = 0.002), a group effect (F (1,30) = 17.4,
p < 0.001), and a group × phase interaction (F (2,60) = 4.9, p = 0.016).
Post-hoc corrected t-tests indicated that performance was indeed
higher for the group with high Pmax rel in the retention phase
(High Pmax rel = 2.23 ± 1.2 s, Low Pmax rel = 0.84 ± 0.8 s, t (30) = 3.8,
p < 0.001) but not in the pre phase (High Pmax rel = 0.62 ± 0.68 s, Low
Pmax rel = 0.23 ± 0.28 s, t (30) = 2.09, p = 0.13) or acquisition phase
(High Pmax rel = 0.89 ± 0.48 s, Low Pmax rel = 0.47 ± 0.83 s, t (30) = 1.7,
p = 0.27). The higher mean performance seen with the mixed model
analysis is also explained by the two times faster learning rate
observed during the acquisition phase for the group with high
power (Table 1).
4. Discussion
The results of the present study show that one practice session
consisting of several balance tasks had no inﬂuence on the performance and learning rate of a novel balance task. However, lower
limb power was a predictor of learning rate and balance performance during the acquisition phase and of the balance performance
measured during the retention of the novel balance task.
One could argue that the fact that we found no evidence of the
learning to learn effect was simply due to methodological issues.
However, we took great care to design our experiment with the aim
to facilitate the “learning to learn” effect. For this purpose, we had a
similar experimental structure as previously used,6 the prior practice was done with various tasks as it should facilitate “learning to
learn” effect,12 and we used practice and testing tasks sharing the
same structure (very similar body position, shared axis of perturbation, same movement sequence order for all tasks) as it should
facilitate structural learning.8,9,12 Despite these experimental precautions, we could not detect any facilitation effect of the previous
balance practice session on the learning rate of the tested task. It
could be argued that the practice volume, although similar to the
one used in a previous study,6 was not large enough to facilitate following learning. However, we have seen in the present study that
90 speciﬁc trials increased the learning rate tenfold on the following
day (see Table 1, acquisition vs. retention). Thus, if 90 non-speciﬁc

trials are not enough to induce a noticeable effect on the learning rate, the “learning to learn” effect for dynamic balance tasks
is, if existent, quite weak and probably not relevant in a clinical
context. This lends further support to the task speciﬁcity principle
of balance training that has been observed in recent studies.2,3,18
It is still possible that a very large prior training volume could
induce a learning to learn effect, as documented for example by
the inﬂuence of expertise level of video game players on the learning rate of new video games.10 Thus, a “learning to learn” effect
in expert balance tasks practitioners (e.g. professional slack liners)
could possibly exist and be important for athletic performance in
new situations. We speculate that the diverging results concerning
the “learning to learn” effect for arm movements traditionally used
in motor learning studies and our tested balance task stems at least
partly from the different movement complexity and the different
neural substrates controlling both types of movement.
We observed that lower limb power was a good predictor of the
performance during the retention test. The higher performance can
be explained by a slightly higher performance at the beginning of
the acquisition phase, and by the much faster learning rate associated with higher lower limb power. If this is truly a causative
relation, it is possible that the higher power allows more successful attempts, a movement execution closer to the one planned, and
more accurate online corrections, which probably positively affect
the learning rate by small but cumulative increments throughout
the learning trials.
It is known that muscle function, i.e. strength and power production capacity, is a determinant factor of postural control and
balance performance especially in populations with reduced muscle function.19,20 However, in healthy populations, this relation is
less clear. For example, in healthy adults of all ages no relationship could be found between balance performance and muscle
function,21–23 and strength training seems to have no effect on postural control.24 On the other hand, in other studies, a power training
intervention increased balance performance in healthy old adults
and in adolescents.25,26 It has been proposed that once a certain
strength or power threshold is reached, the additional strength or
power is not beneﬁcial to the balance performance anymore.15 Our
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Fig. 1. Learning rate of the tilt-board task. A and B. Averaged performance (in s) of the tilt-board task during the pre-training (Pre, 3 trials), acquisition (90 trials) and retention
(10 trials) phases. (A) Performance of the training (red) and control (blue) group. (B) Performance of the group with higher Pmax rel (orange, High Pmax rel) than the median
Pmax rel and of the group with a lower Pmax rel (purple, Low Pmax rel) than the median Pmax rel. Error bars correspond to standard deviation. C and D. Performance (in s) during
each trial for a representative individual from the high (C) a low (D) Pmax rel groups. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

results suggest that this proposition describes only partially the
relationship between power and balance performance. Our subjects were most probably above the power threshold suggested by
Paillard.15 In line with Paillard’s threshold proposition, we have
seen no correlation between power and the performance during the
ﬁrst trial, but performance difference could be seen when grouping participants in a high and low power group. We can conclude
that when power is above a certain threshold, it may have a limited effect on the balance performance of the ﬁrst, or ﬁrst few, trials
of a new balance task. However, contrary to Paillard’s proposition,
power was an important predictor of the balance task’s learning

rate during the acquisition and correlated well with the retention.
The moderate effect of power on the ﬁrst trial and the strong inﬂuence of power on the learning rate may explain the literature’s
discrepancies. Indeed, depending on the number of trials realized
during the tests of balance performance, power may or may not
inﬂuence the average of performance among trials. This effect most
probably interacts more or less depending on how close the tested
population muscle function is to the impairment threshold and how
much the tested balance task relies on strength or power.15 Similarly, the strong effect of power on the learning rate could confound
a transfer or a “learning to learn” effect that can be seen after bal-
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ance training, especially in population with low pre-training power
capacity. Therefore, as suggested by Kattner et al. for perceptual
tasks,9 the effect of a balance training should not be interpreted
solely with the average of few trials performance. A transfer effect
should be interpreted only with the ﬁrst or ﬁrst few trials comparison, and the effect of an intervention on balance performance
should be assessed by taking the learning curve into account. Moreover, in any balance training studies, lower limb power assessments
should be included, as its possible increase by the training could
explain the increase in balance performance as much as the balance
training itself.
It should be noted though that the relation between the performance and the lower limb power is not necessarily a causative one.
A training study observing the effects of an increase in lower limb
power on the learning rate is necessary to answer this question. It
is possible that the relationship we observed between lower limb
power and learning rate is spurious and that the real predictor of
the learning rate is not Pmax rel but for instance the rate of force
development of the lower limb muscles, or other biomechanical or
anthropometric parameters. For example, it has been shown that
rate of force development can be used to distinguish elderly fallers
and non-fallers,27 and balance training has been shown to increase
rate of force development.28 Nevertheless, it seems reasonable to
state that the physical capability to perform the correct movement
– whether this is best characterized by lower limb power or other
correlated variables – plays an important role in the acquisition
and retention of a dynamic balance task. Whether this effect is
as pronounced in more static balance tasks requiring less power
than dynamic balance tasks is an interesting question that warrants
further investigation.
5. Conclusion
We observed no “learning to learn” effect for balance task learning. Thus, prior short-term practice of a variety of balance tasks did
not facilitate the learning of a new balance task, underpinning the
speciﬁcity of balance training effects and the lack of transfer from
one balance task to another. The relation between lower limb power
and the learning rate suggests that the motor learning of dynamic
balance tasks seems to depend on the physical capability to execute the correct movement. Thus, a prior strength and conditioning
program with emphasis on lower limb power should be considered
when designing a balance training, especially in fall prevention.
Practical implications
• Practicing several balance tasks before learning a novel dynamic
balance task does not seem to improve the learning of that task.
• Participants with high leg power learned the novel balance task
faster than those with lower leg power.
• Completing a prior strength and power conditioning program
might be beneﬁcial for balance training effects.
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