
Gait & Posture 38 (2013) 894–899
Unilateral balance training enhances neuromuscular reactions to
perturbations in the trained and contralateral limb
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A B S T R A C T

The aim of this study was to investigate the effect of unilateral balance training on the reactive recovery

of balance for both trained and untrained limbs. Twenty-three subjects were randomly assigned to either

a control group (CG) or a training group (TG). The latter performed six weeks of balance training for the

right leg. The pre- and post-training measurements were based on single leg standing posture on a

moveable force platform which moved 6 cm anteriorly. TG subjects were tested on the trained (TR) and

untrained leg (UTR), whereas CG subjects were tested on the right leg (CTR). The center of pressure

trajectory length (CPLEN) and average speed (CPSPD) as well as onsets of muscular activation and time to

peak (EMGTP) from lower limb muscles were calculated and compared by a 2-way ANOVA (three

legs � two training status). Muscular onsets were reduced after training for TR (�19 ms, p < 0.05) and

UTR (�17 ms, p < 0.05) with no significant changes for CTR. No effects of training for CPLEN and medial–

lateral CPSPD were found. Furthermore, the EMGTP of UTR was predominantly greater before training

(�17 ms, p < 0.05). However, after training the EMGTP was similar among limbs. These results suggest

that concomitant with improved balance recovery and neuromuscular reactions in TR, there is also a

cross-education effect in UTR, which might be predominantly related to supraspinal adaptations shared

between interconnected structures in the brain.

� 2013 Elsevier B.V. All rights reserved.

Contents lists available at SciVerse ScienceDirect

Gait & Posture

jo u rn al h om ep age: ww w.els evier .c o m/lo c ate /g ai tp os t
1. Introduction

The ability of reacting to unexpected perturbations to balance
relies on the interaction between reflexes (modulated by spinal
and supraspinal pathways), automatic responses and voluntary
responses [1,2]. These mechanisms have essential implications for
avoiding falls and assuring safe locomotion during daily life.
Inefficient balance recovery strategies after perturbations during
standing/walking are directly related to fall incidence [3].
Therefore, the use of perturbations in order to challenge balance
skills and train postural control has been proposed [4–6]. Balance
training (also called neuromuscular training) has been proven to
reduce lower limb injury incidence and falls incidence. The use of
simple devices such as wobble boards (also called ankle discs) for
training purposes may reduce the injury incidence in athletes by
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over 50% [7–9]. Balance training has been effective in altering
muscular reaction time (or muscle/electromyographic (EMG)
onsets) to perturbations [8,10–13], improved joint positioning
sense, hamstring/quadriceps ratio and joint stiffness [10,11], as
well as postural sway while standing on a force platform [8,14]. In
addition, recent investigations have shown that short-term
balance training is effective in enhancing neuromuscular coordi-
nation of postural muscles, as well as neural adaptations on spinal
and cortical levels [6].

Despite the fact that balance can be trained for both lower
extremities, it remains to be shown whether adaptations to
unilateral balance training can be transferred to the untrained limb
by a cross-education effect [15]. This phenomenon has been
extensively described in the literature concerning strength and
resistance training [16,17], in which the untrained limb also shows
positive gains in strength elicited by training stimuli. Possible
explanations to the cross-education effect range from peripheral to
supraspinal levels (see Carrol et al. [15] for a detailed review).
Recent investigations suggested that supraspinal commands play
an important role for adaptations to balance training [18,19],
therefore, neural adaptations from unilateral balance training may

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gaitpost.2013.04.015&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gaitpost.2013.04.015&domain=pdf
http://dx.doi.org/10.1016/j.gaitpost.2013.04.015
mailto:uwek@hst.aau.dk
http://www.sciencedirect.com/science/journal/09666362
http://dx.doi.org/10.1016/j.gaitpost.2013.04.015
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be transferred to the untrained limb via superior levels of the CNS.
However cross-education after balance training has been poorly
addressed in the literature [8].

Understanding cross-education from balance training may have
significant implications in neurophysiology and sports medicine.
Therefore, the aim of the present study was to verify whether six
weeks of unilateral balance training could enhance reactive
recovery of balance during single-leg stance perturbations for
the trained leg and also for the untrained leg. To achieve this aim,
surface EMG and ground reaction forces were measured to
determine muscle onsets and center of pressure (CoP) displace-
ment during single leg standing perturbations. The main hypothe-
sis was that balance training could enhance balance recovery from
unexpected perturbations for the trained leg and also for the
untrained leg. The optimized balance control provided by balance
training could improve neuromuscular properties (muscle onsets,
burst durations and magnitudes) and also be reflected in altered
reactive CoP displacements, reducing its length and average speed.

2. Methods

2.1. Subjects

Twenty-three healthy men volunteered for the experiment. These subjects were

randomly assigned to a training group (TG, n = 13, age, 28 � 4 years; body mass,

69 � 8 kg; body height, 173 � 5 cm) or a control group (CG, n = 10, age, 25 � 3 years;

body mass, 72 � 8 kg; body height, 172 � 3 cm). All subjects were right-dominant as

determined by a kicking test. Exclusion criteria included history of knee or ankle

ligament injury, current lower-extremity injury, recent (within six months) low back

injury, or vestibular dysfunction. All subjects provided written informed consent

before participation and the procedures were approved by the ethical committee of

Northern Jutland (N-20100042).

2.2. Experimental setup

Pre-training and post-training measurements consisted of single-leg stance

perturbations to balance. Both left and right limbs were tested in a random order in

TG, in one single session while for CG only the right limb was tested (Fig. 1).

The subjects were asked to stand still on a moveable force platform with their

knee slightly flexed while looking straight forward at a fixed target located on a wall

4 m away. The free leg had to be elevated at least 5 cm above the platform while the

hands were kept akimbo. The platform delivered forward and backward sudden

perturbations to balance (6 cm length, 80 ms duration, average speed 75 cm/s). The

target perturbation was the forward displacement, however, perturbations

backward were included to assure unpredictability but were not analyzed. Lower

limb and trunk muscle EMG and CoP displacement were recorded from 500 ms

before the perturbation onset until 1 s after. A few practice trials were allowed for
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Fig. 1. Illustrative experimental design. (A) Subjects from the training group were tested

group were tested only in the dominant leg. The test consisted in perturbations to balanc

Surface electromyography was recorded from the perturbations and the perturbation on

after balance training (black).
each direction before measurements. After habituation, 12 perturbations forward

and 12 perturbations backwards were delivered in random order, with a rest

interval of 10–15 s between them. A longer rest interval (2 min) was provided after

12 perturbations to avoid fatigue effects.

The training protocol consisted of six weeks of balance exercises for the right

limb. There were four sessions/week (24 sessions of training of 25 min duration

each). The exercises were based on single leg stance performed initially on the floor

and progressively increasing difficulty for balance maintenance by using foam pads,

dyna discs and wobble boards (see Table 1 for exercise progression). No training

stimuli were allowed for the left leg during the whole training period. Subjects of

the control group were asked to maintain normal daily life activities during the 6-

week training program in between the two measurements.

2.3. Kinetics

A three-dimensional force platform (AMTI, OR6-5, Watertown, MA) mounted to

a hydraulic system [20] provided perturbation stimuli and simultaneous measures

of vertical (Fz), anterior–posterior (Fy) and medial–lateral (Fx) ground reaction

forces and moments (Mx, My and Mz). Custom-made software (MrKick II, Aalborg

University, Aalborg, Denmark) was used for force recordings (1024 Hz). Using an

electronic feedback circuit, the software triggered force plate movements. Ground

reaction forces and moments were recorded and sampled by a kinematic tracking

system (Qualisys Track Manager, Qualisys, Gothenburg, Sweden) at 256 Hz. Signals

were digitally low-pass filtered with a 4th order zero-lag Butterworth filter (8 Hz

cut-off). Displacement of the center of pressure (CoP) was calculated as

(x,y) = (x0 + My/Fz, y0 + Mx/Fz), where (x0, y0) was the geometrical center of the

force plate. The effects of platform movements during perturbations on the forces

and moments were taken into account. A series of identical platform movements

(the same delivered during the experiment) were recorded with no loads over it, in

order to determine the forces and moments generated only by moving the device.

Subsequently, these inertial forces and moments were subtracted from the real

forces and moments used to determine the CoP.

2.4. Electromyography

Surface EMG signals were recorded in bipolar configuration with pairs of Ag/AgCl

electrodes (Ambu Neuroline 720 01-K/12; Ambu, Ballerup, Denmark) with 22 mm

of center-to-center spacing. The EMG signals were amplified with a gain of 2000

(EMG-USB, LISiN; OT Bioelettronica, Turin, Italy), A/D converted (12 bit), sampled at

2048 Hz and band-pass filtered (second-order Butterworth, 10–500 Hz). A

reference electrode was placed at the right wrist. The EMG signals of the right

limb were recorded from tibialis anterior (TA), rectus femoris (RF), vastus lateralis

(VL) and biceps femoris (BF) according to Hermens et al. [21]. EMG signals were

synchronized to the ground reaction force by the trigger signal to the perturbation

onset.

2.5. CoP analysis

CoP data were analyzed for each trial from the perturbation onset to 1000 ms

after it, a period in which it is possible to regain stability after a similar perturbation
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Table 1
Balance training protocol and progression.

Week 1 – normal floor Week 2–3 foam and dyna-discs Week 4–6 wobble board

Quiet single leg stance Quiet single leg stance Quiet single leg stance

3 � 1 min (EO) 3 � 1 min (EO) 3 � 1 min (EO)

3 � 1 min (EC) 3 � 1 min (EC) 3 � 1 min (EC)

Single leg stance (3 � 1 min) Single leg stance (3 � 1 min) Single leg stance (3 � 1 min)

Moving head and trunk (EO) Moving head and trunk (EO) Moving head and trunk (EO)

Moving head and trunk (EC) Moving head and trunk (EC) Ankle movements (AP and ML)

Single squats Single squats Single squats

Eyes open (2 � 10 reps) EO (3 � 10 reps) EO (3 � 10 reps)

Eyes closed (2 � 10 reps) EC (3 � 10 reps) Moving head (3 � 10 reps)

Catching a ball while standing Catching a ball while standing Catching a ball while standing

Low difficulty (2 � 90 s) Low difficulty (3 � 90 s) Low difficulty (3 � 90 s)

High difficulty (2 � 60 s) High difficulty (3 � 60 s) High difficulty (3 � 60 s)

EO: eyes open; EC: eyes closed; reps: repetition; low difficulty: the ball was catch only in front of the subject; high difficulty: the ball was catch closely or far away from the

trunk, on the sides, below the knee height or above the head height.

A.S. Oliveira et al. / Gait & Posture 38 (2013) 894–899896
according to Hirata et al. [22]. The following variables were analyzed to evaluate

postural balance: CoP maximal excursion length (CPLEN) defined as the distance

covered within 1000 ms. CoP speed (CPSPD) defined as the average speed of the CP

during the recovery period. CPLEN and CPSPD were calculated for both AP and ML

directions.

2.6. EMG analysis

EMG signals were band-pass filtered (2nd order, zero-phase-lag Butterworth,

20–500 Hz), full-wave rectified, and smoothed (15 Hz low-pass, 4th order, zero-

phase-lag Butterworth). EMG envelopes were normalized to baseline EMG defined

from a 200 ms interval preceding the perturbation for each individual trial.

Temporal aspects of EMG responses to the postural perturbation were assessed

by the EMG onset (EMGON), burst duration (EMGDUR), burst magnitude (EMGMAG)

and time to peak EMG (EMGTP). The EMGON for each muscle was determined as the

instant in time where the amplitude surpassed two standard deviations from

baseline [23]. EMGDUR was defined as the time where EMG activity remained above

the onset level within the first second after perturbations. EMGMA was determined

as the integrated activity during the burst divided by the burst duration, normalized

by the integral from the baseline interval. EMGTP was defined as the time from the

EMGON to the EMG maximum level of activation. In addition, EMG approximate

entropy (EMGENT) was calculated. Approximate entropy measures the (logarithmic)

likelihood that runs of patterns that are close and remain close for subsequent

incremental comparisons [24], therefore EMGENT may be used to quantify the

complexity or regularity of the EMG temporal series. The complexity extracted from
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EMG signals is used in order to better understand neural strategies to recover

balance, since highly complex EMG may suggest healthier system and/or more

adaptable to environmental changes [25,26], favoring performance. In this current

investigation, EMGENT was calculated from the perturbation onset to 1000 ms after

it for each muscle separately.

2.7. Statistical analysis

A 2-way repeated measures analysis of variance (RM-ANOVA) was used to

analyze all CoP and EMG parameters. The first factor was the tested leg with three

levels (TG right leg [trained leg, TR], TG left leg [untrained leg, UTR] and CG right leg

[control leg, CTR]). The second factor was time with two levels (pre-training and

post-training). The Tukey LSD test was used for post hoc analysis when necessary.

The data are presented as mean and standard deviation (SD). The significance level

was set to p < 0.05.

3. Results

3.1. Center of pressure

No legs � time interaction was observed for any CoP measure-
ments (p > 0.05). In addition, no training effects for CPLEN on both
anterior–posterior and medial–lateral components were found as
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well as the medial–lateral CPSPD for TR, UTR and CTR legs (Fig. 2).
On the other hand, anterior–posterior CPSPD was reduced after
training for TR (�35%, training effect p < 0.01), whereas for UTR
and CTR the percental changes were �6% and �8%, respectively.

3.2. Electromyography

No main interactions (legs � time) were observed for any of the
EMG variables (p > 0.05), except for EMGTP and EMGENT (p < 0.05).
However, activity onsets (Fig. 3, left side) were also reduced after
training for all muscles in TR (�19 ms or 16%, p < 0.05) and UTR
(�17 ms or 14%, p < 0.05) with no significant changes for CTR
(percental change �3%). EMGDUR (Fig. 3, right side) was increased
for all muscles in TR (�15%, p < 0.05) with no changes in UTR and
CTR (percental change �4%).
Fig. 3. Mean (SD) EMG onsets and EMG burst magnitude for tibialis anterior (TA), 

measurements were conducted for the trained leg (TR) and untrained leg (UTR) for the tr

training (pre) and after training (post). * denotes a significant difference in relation to p

control legs (p < 0.05).
Burst magnitude was increased for TA and reduced for BF after
training only for TR (p < 0.05, Table 2), with no changes for UTR and
CTR legs. Time to peak activity demonstrated specific changes
depending on the muscle with TA and BF showing reductions
(�17 ms, p < 0.01), and RF showing an increase (�16%, p < 0.05). In
addition, TA, RF and BF muscles had a reduced EMGTP before training
for the UTR (p < 0.05). After training, EMGTP was similar among
limbs (Table 2) and EMGENT showed no training effects for TR, UTR
and CTR. Opposedly, UTR showed higher EMGENT in comparison to
TR and CTR before and after training (p < 0.05, Table 2).

4. Discussion

This study aimed at verifying whether unilateral balance training
would improve balance recovery after forward perturbations in the
rectus femoris (RF), vastus lateralis (VL) and biceps femoris (BF) muscles. EMG

ained subjects, whereas the control group was tested only the right leg (CTR) before

ost-training (p < 0.05). y denotes significant difference in relation to untrained and



Table 2
Mean (SD) burst magnitude, EMG time to peak and approximate entropy extracted from tibialis anterior (TA), rectus femoris (RF), vastus lateralis (VL) and biceps femoris (BF)

muscles.

Magnitude (% baseline) Time to peak (ms) Entropy (a.u.)

TR UTR CTR TR UTR CTR TR UTR CTR

TA-pre 993 � 443 879.4 � 446 831.4 � 352 88.5 � 16 120.3 � 33y 101.9 � 20 0.54 � 13 0.78 � 28y 0.61 � 12

TA-post 1421.5 � 404* 1002.8 � 320 822 � 255 88.7 � 16 79.8 � 17* 89.5 � 18 0.54 � 10 0.86 � 22y 0.59 � 10

RF-pre 349 � 128 367 � 125 349.3 � 135 129.8 � 42 143.1 � 50y 127.6 � 38 0.58 � 0.05 0.93 � 0.3y 0.57 � 0.07

RF-post 310.3 � 72 359.1 � 97 324.7 � 79 154.7 � 46 109.5 � 64* 118 � 32 0.64 � 0.03 0.94 � 0.3y 0.59 � 0.07

VL-pre 280.6 � 95 328.363 320.3 � 73 94.7 � 33 94.8 � 26 103.6 � 23 0.6 � 0.1 0.93 � 0.2y 0.55 � 0.1

VL-post 305.3 � 76 312.7 � 117 302.8 � 61 113.1 � 47 100.1 � 26 99.2 � 25 0.55 � 0.05 0.90 � 0.2y 0.55 � 0.06

BF-pre 761.9 � 415* 783.3 � 447 569.7 � 328 104.2 � 28 114.3 � 55y 110.1 � 41 0.55 � 0.1 0.77 � 0.2y 0.56 � 0.1

BF-post 607.3 � 401 509.9 � 182 469.5 � 169 91.9 � 34 89.3 � 40* 96.1 � 36 0.57 � 0.2 0.66 � 0.1y 0.6 � 0.1

EMG measurements were conducted for the trained leg (TR) and untrained leg (UTR) for the trained subjects, whereas the control group was tested only the right leg (CTR)

before training (pre) and after training (post).
* Denotes significant difference in relation to post-training (p < 0.05).
y Denotes significant difference in relation to untrained and control legs (p < 0.05).
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trained limb (TR), and also on the contralateral side (UTR). Our main
findings were that neuromuscular responses to perturbations were
enhanced after training for both legs, while the most pronounced
changes were found for TR. The UTR showed faster EMGON for all
muscles and significantly reduced EMGTP for TA and BF compared to
CTR. Therefore, unilateral balance training improved postural
control for TR and improved initial neuromuscular responses to
perturbations. These results have practical implications by demon-
strating that unilateral balance training enhances recovery of
balance. Moreover, these balance skills might be stimulated by a
cross-education effect, leading to reduced balance loss in cases of
unilateral lower limb injury. Although no interaction effects were
found in the statistical analysis in some cases the relative change
achieved by the training program evidently indicates adaptations for
both TR and UTR legs.

Changes in CoPLEN have been related to better postural control
after balance training [10,14], but no changes in this parameter
were verified in the present results. However, we proposed a
perturbation protocol in which the perturbation and recovery
times summed were about 1 s, much shorter than the standing task
proposed in these previous studies (30 s). Moreover, the proposed
balance training protocol induced reduction in the CoPSPD in the
anterior–posterior direction, which indicates an enhanced ability
to recover balance. These improvements on CoP variables may be
related to the specific constraints imposed by different surfaces
(foam, dyna discs and wobble boards). The sway patterns became
less complex over time, possibly improving the efficiency of
postural corrections [14].

Shorter muscular onsets and longer burst duration for TR may
be interpreted as positive adaptations in terms of balance recovery
allowing for rapid and prolonged muscular actions to counteract
balance loss. Balance training has previously been shown to be
successful in enhancing muscular onsets [6,8,12], which may be
related to the selection of appropriate postural reflexes, initiated
by ankle proprioceptors [27]. An evident involvement of suprasp-
inal pathways on postural responses has been demonstrated
previously [18,19,27], which were reflected in increased corti-
cospinal excitability and EEG-EMG coherence [28], and increased
muscular cortical representation areas [29]. Moreover, stance
stability following balance training was well correlated to reduced
cortical stability, but not with spinal excitability, suggesting that
the most relevant adaptations to balance training are achieved at
supraspinal levels [30]. In addition, strengthening of muscles,
tendons, ligaments and other connective tissues are also possible
[31]. Our results for TR may be the result of the sum of all these
adaptations, however literature is scarce on the effect of balance
training. Therefore, further investigations are needed in order to
explain neurophysiologic mechanisms of adaptation following
balance training.
Reduced EMG magnitude is generally found after balance
training [4,6], which might be related to the simplification of the
motor task by learning it [6]. In the present investigation we found
reduced EMG magnitude for BF muscle, but increased EMG for TA
muscle in TR. BF may act knee flexor and hip extensor, this muscle
is essential for hip stability, therefore a reduced BF EMG might
indicate adaptations in the agonist/antagonist relationship, since
there was also reduced RF EMG (not significant). The reduced EMG
in these muscles would be expected, since it indicates optimized
muscle recruitment by a learning effect [32]. Furthermore, the
magnitude enhancement may also reflect the shorter duration of
the muscle burst for TR. In the case of TA, most likely the increased
EMG magnitude suggests increased responsiveness in the ankle
receptors which potentialized reflex activity elicited by training.
Improved initial ankle position and higher preactivation may both
enhance TA responses to perturbation [33].

We have hypothesized that the positive adaptations from
training could be also identified by an increased complexity in the
EMG signals, measured by EMGENT. However, there were no effects
of balance training on EMGENT. It has been suggested that balance
training elicits neuromuscular adaptations predominantly during
early and late automatic responses (from 0 ms to 350 ms) [5]. In
order to calculate approximate entropy, the time-series must have
a minimum sample size, and in this experiment the sample size
was defined as 2048 (1 s from the perturbation onset). This time-
window included reflexes, automatic responses and also voluntary
responses to recover balance. Therefore, the lack of adaptations in
the later responses might have contributed to the lack of changes
in EMGENT, further suggesting that EMGENT might not be a good
parameter to understand training adaptations in short-length time
series.

Cross-education effects have been extensively studied in
strength/resistance training protocols. Despite marginal contribu-
tions from peripheral/physiologic adaptation, strength training
shows cross-effects by increased neural drive to the muscles,
altered participation of commissural interneurons on the spinal
cord, which act on the excitation/inhibition of contralateral
motorneurons [15–17]. In addition, cortical adaptations mediated
by interhemispheric connections via the corpus callosum might
induce contralateral adaptation [15]. It is not possible to directly
extrapolate adaptations from resistance training to balance
training, even though, supraspinal adaptations to balance training
have been reported in the literature [5,28,30]. In fact, a reduction in
corticospinal excitability might be the main adaptation to balance
training, rather than spinal adaptations, which are accompanied by
improved motor performance during perturbations to balance
[6,30]. Since interhemispheric connections might induce contra-
lateral adaptations [15], we may suggest that supraspinal
adaptation could be the primary mechanism to elicit
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cross-education following balance training. Other adaptations
such as improved attention and confidence due to training might
also elicit adaptations to UTR, therefore further studies must be
conducted in order to clarify the underlying mechanisms related to
cross-education on balance training.

In the present investigation, cross-education effects were
predominantly limited to neuromuscular properties (muscular
onsets, magnitudes). The slight trends to reduced CoPLEN and
CoPSPD may indicate limited enhancement on performance for the
untrained leg. Therefore, cross-education effects occur predomi-
nantly at a neural level without requiring the execution of exercise
by the limb itself for its achievement. In practical terms, the results
of the present investigation suggest that neuromuscular properties
of postural responses can be enhanced by a cross-education
mechanism. It is not possible yet to determine whether injured
patients can benefit from this cross-education effect, which could
be confirmed by further studies involving injured patients.

In summary, unilateral balance training over six weeks was
effective in improving neuromuscular reactions to perturbations
during single-leg stance for the trained leg and to a lesser extent for
the untrained leg. This suggests that balance training facilitates
postural reactions when perturbations occur. The main adapta-
tions from the trained limb about muscular onsets were also
observed in the untrained limb, accompanied by reduced EMGTP,
which may have been acquired most likely by cortical inter-
connections that transfer adaptations between limbs.
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