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Abstract This study tested whether a compensatory
hypothesis exists on postural control during standing unsta-
ble balance tasks comparing blind soccer players (n=7) to
sighted soccer players (n=15) and sighted sedentary indi-
viduals (n=6). All subjects performed a pre-test, a training
of ten practice trials on a single day, and a post-test bal-
ance test. All tests were performed on an unstable surface
placed on a force platform and under closed-eyes condi-
tions, and a final test was performed with open eyes. Bal-
ance performance was assessed by resultant distance (RD)
and the magnitude of mean velocity (MV) of the centre of
pressure (CoP) displacement, and EMG signals from the
gastrocnemius lateralis, tibialis anterior, rectus femoris,
and peroneus longus were measured with surface electro-
myography. Principal component analysis (PCA) on EMG
muscular activation was used to assess EMG pattern differ-
ences during the balance tasks. All groups improved their
performance, obtaining low scores for the closed-eyes con-
dition balance task after the training period in RD, VM,
and aids received to keep balance in the novel task, and no
differences were found between groups or in interaction
effects. Sighted individuals and the control group showed
significantly lower RD and VM scores under open-eyes
conditions than blind participants. As regards neuromus-
cular behaviour, three principal patterns explained 84.15%
of the variability in the measured data. The theoretical
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improvement of the other senses caused by visual depri-
vation does not allow blind individuals to obtain better
balance than sighted individuals under closed-eyes con-
ditions, thereby reinforcing the prominent role of vision
in integrating and processing the other sensory inputs. In
addition, blind individuals seem to increase their muscular
co-activation as a safety strategy, but this behaviour is not
different to that shown by sighted people under closed-eyes
conditions.

Keywords Compensatory hypothesis - Balance - Brain
plasticity - Electromyography - Principal component
analysis

Introduction

Vision plays a paramount role in postural control (Choy
et al. 2003, Hsu et al. 2007; Piao et al. 2006; Schwesig
et al. 2010). In fact, some authors have suggested that the
visual system may be more suitable for obtaining infor-
mation about the body relative to the physical surround-
ings than the haptic and vestibular systems, allowing a
more effective regulation of the postural control during
upright stance (Riley et al. 1997). This idea is supported
by several studies conducted by non-visually impaired
people, showing that stability is reduced during single-
leg or double-leg quiet stance in the absence of vision
(Choy et al. 2003; Giagazoglou et al. 2009, Hsu et al.
2007; Schieppati et al. 1999; Schmid et al. 2007). Spe-
cifically, balance in upright stance appeared to be worse
in participants with visual impairment, because their loss
of vision affects the vestibular-labyrinthine system via
feedback from the visual system (Ray and Wolf 2008;
Tomomitsu et al. 2013). In addition, a visual impairment
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can have a major impact on motor development and skill
acquisition (Giagazoglou et al. 2009; Hallemans et al.
2010, 2011). For instance, Reimer et al. (2011) agreed
that the motor development of children with low vision is
lower than that of children with normal vision.

The role of visual information in postural control
seems to become more and more important with advanc-
ing age in normally sighted people and their balance
is based mostly on vision (Ivers et al. 2000; Lord and
Menz 2000). In contrast, people with visual impairments
depend more on somatosensory and vestibular inputs
than sighted people (Anand et al. 2003). The compen-
satory hypothesis suggests that blind people compared
with sighted people can improve the use of their remain-
ing senses (Goldreich and Kanics 2003; Gougoux et al.
2004; Pascual-Leone et al. 2005; Schwesig et al. 2010;
van Boven et al. 2000; Voss et al. 2004) by replacing the
lack of visual information with other sensory inputs. It
has been observed that visual information brain areas in
blind people are recruited in a compensatory cross-modal
manner (Bavelier and Neville 2002; Cohen et al. 1997,
Théoret et al. 2004). Some authors have found that blind
subjects exhibit superior auditory, tactile and kinaesthetic
acuity in various manual tasks than sighted individuals
wearing blindfolds (Goldreich and Kanics 2003; Roder
et al. 1999; Yoshimura et al. 2010), thereby supporting
the idea that a prolonged visual deprivation can contrib-
ute to brain reorganization and behavioural compensa-
tions (Théoret et al. 2004). Although blind people have
shown similar proprioception and vestibular reactions to
sighted ones (Juodzbaliené¢ and Muckus 2006), it is not
clear whether long-term plasticity can replace vision
in blind individuals allowing them to achieve as good
postural control as sighted individuals during balance
(Juodzbaliené and Muckus 2006; Schmid et al. 2007).

One possible reason for the controversy about the evi-
dence regarding cross-modal plasticity in relation to pos-
tural control in balance tasks could be lifestyle. Blind chil-
dren and adolescents have been reported to adopt a more
sedentary lifestyle and to have lower physical fitness than
their sighted counterparts (Houwen et al. 2008; Kozub
and Oh 2004; Lieberman and McHugh 2001; Lieberman
et al. 2006; Longrnuir and Bar-Or 2000). In blind adults,
visual field loss is also a risk factor for low physical activ-
ity levels because of the fear of falling. Fear of falling is
an important predictor of future falls (Black et al. 2008;
Shabana et al. 2005; Wood et al. 2011), and therefore, it
usually leads to a reduction in self-confidence and activities
and, consequently, a deterioration of physical abilities and
quality of life, especially in older individuals (Papadopou-
los et al. 2011; Soong et al. 2001; Wang et al. 2012). Thus,
cross-modal plasticity evidence during balance tasks could
be biased by the level of physical stimulation or impaired
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motor skills acquisition of visually impaired individuals
(Chen and Lin 2011; Ponchillia et al. 2005, 2002).

Due to the unclear results shown in the literature, the aim
of this study was to test whether a compensatory hypoth-
esis exists on postural control during standing balance tasks
comparing visually impaired but physically active individu-
als with their sighted and sedentary counterparts. Partici-
pants’ postural control in a non-common (novel) unstable
standing balance task was assessed before and after an
intra-session training under unstable and non-vision condi-
tions, using centre of pressure displacement and muscular
activation of the lower limb muscles. We hypothesized that:
(1) the absence of vision is compensated during balance
maintenance by visually impaired athletes; and (2) visu-
ally impaired athletes adapt better than sighted athletes and
a control group to an instability training using blindfolds.
Finally, considering that a novel balance task was used,
we performed within-session test—retest reliability analysis
to increase the generalisability and interpretability of the
result of this study.

Methods
Participants

Fifteen sighted soccer players (SSP) (age: 25.1 +6.2 years;
height: 1.76+0.05 m; mass: 73.6+6.0 kg), six sighted
sedentary individuals (control group, CG) (age: 28.0+5.2
years; height: 1.72+0.04 m; mass: 79.5+15.0 kg), and
seven blind soccer players (BSP) (age: 28.4+6.4 years;
height: 1.73+0.07 m; mass: 72.8+7.2 kg) took part in
this study. The sighted soccer players had 14.1 years of
practice with a workout frequency of two to three days
per week. The BSP players had 8.6 years of practice
with a workout frequency of two to three days per week.
Although the soccer players with visual impairment had a
shorter sport experience, five of them had played for their
national team, and two of them had taken part in the Lon-
don Paralympic Games, winning a bronze medal. All the
participants from this group were blind, and were in class
B1 according to IBSA classification rules, which define
B1 players as those that have a visual acuity poorer than
LongMAR 2.60 (De Salvia 2012). Ten sighted healthy
participants (age: 32.7+4.4 years; height: 1.71+0.08 m;
mass: 70.1+5.3 kg), who were not involved in the main
study, were recruited to participate in a reliability study.
None of the participants reported a recent history of lower
limb or back injuries, abdominal surgery, or inguinal her-
nia, and all the participants were free of neurological or
musculoskeletal disorders.

Written informed consent was obtained from each par-
ticipant prior to testing. The experimental procedures used
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in this study were in accordance with the Declaration of
Helsinki and were approved by the University Office for
Research Ethics.

Instrumentation and data collection
Centre of pressure (CoP) recording

To assess postural stability, this study used a force platform
(Kistler, Switzerland, Model 9287BA). Ground reaction
forces were recorded at 1000 samples and calibrated at the
beginning of each participant’s collection. CoP displace-
ment was calculated in millimetres (mm).

EMG recording

Surface electromyography was bilaterally recorded (Fig. 1)
from the gastrocnemius lateralis (GL) (electrodes placed
at 1/3 of the line between the head of the fibula and the
heel), tibialis anterior (TA) (electrodes placed at 1/3 on the
line between the tip of the fibula and the tip of the medial
malleolus), rectus femoris (RF) (electrodes placed at 50%
on the line from the anterior spina iliaca superior to the
superior part of the patella), and peroneus longus (PL)
(electrodes placed at 25% on the line between the tip of
the head of the fibula to the tip of the lateral malleolus).
The SENIAM guidelines (Hermens et al. 2000) for surface
EMG electrode placement were used to direct the colloca-
tion of the sensors. The area where the sensors were placed
was shaved with a disposable razor, and vigorously abraded
with an alcohol swab to remove dead skin cells and oils
from the surface of the skin. The EMG sensor was attached
with double-sided sticky tape (BSN Medical Strappal). The

|

Fig. 1 Surface electromyography collocation (RF rectus femoris, TA
tibialis anterior, GL gastrocnemius lateralis, PL peroneus longus)

precise electrode positions were drawn on the skin using
a surface marker. Pre-gelled disposable bipolar Ag—AgCl
disc surface electrodes (Blue Sensor, Ambu A/S, Denmark)
were positioned parallel to the muscle fibers at an inter-
electrode distance of 2.5 cm. The reference electrodes were
placed on bony landmarks.

A portable telemetry electromyography eight-channel
Muscle Tester Mega ME6000 (Mega Electronics LTD, Fin-
land) was used for collecting the EMG data, with the dedi-
cated software Megawin 2.5 on a personal computer. The
myoelectric signals were amplified (gain: X1000; bandpass
filter: 20-450 Hz; common mode rejection ratio: 95 dB),
using an A/D converter (16-bit resolution) at 1000 Hz.
EMG activity was recorded using bipolar surface electrodes
(Arbo 24 mm). A digital trigger was used to synchronise
EMG measurements and force plate. When the software of
both signals was ready, the trigger was activated by push-
ing the ‘enter’ key of the laptop keyboard, sending a digi-
tal signal (1 =activated/0 =non-activated) through the A/D
converter for the EMG, and to the trigger input for the force
platform.

Procedure

Participants performed a pre-test consist of a double-
limb stance on an unstable wooden platform affixed to
the flat surface of a polyester resin hemisphere for 1 min
(radius =25 cm, free to move on the antero-posterior (AP)
and mediolateral (ML) axes simultaneously and able to turn
around 360° on the horizontal plane) (Fig. 1). This task was
used to challenge the three groups of participants, allowing
us to maximise participants’ learning processes and com-
pare their ability to adapt to this situation. The sighted par-
ticipants were allowed to see the test room, and those with
visual impairment were also allowed to explore the proto-
col set by sequential haptic information to know the distri-
bution of the equipment before starting the data collection
(Ruggiero and Iachini 2010).

Participants were asked to “stand as still as possible”
(Cavanaugh et al. 2007; Duarte and Sternad 2008) using a
blindfold and with their hands resting on their hips. Each data
collection began when participants were relatively stable with
the help of one of the researchers. After that, to analyse the
effect of training, participants performed ten practice trials on
a single day. Each practice trial lasted 30 s, with a 1-min rest
period between trials. Then, they performed two post-tests
(1 min), the first one immediately after the end of the training
period and the second one after a 1-min rest, both in the same
conditions as the pre-test. Finally, participants performed the
same test without the blindfold and with open eyes (1 min).
Participants from the reliability study only performed pre-
and post-tests with closed eyes using a blindfold. All trials
were performed barefoot and the feet were positioned such
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that the line between their heels coincided with the mediolat-
eral axis of the platform. One of the researchers was placed in
front of the participant for safety. From the fourth trial of the
training period, all participants were able to maintain a stand-
ing posture without external aids. Participants were allowed
to take the blindfold off between trials.

To normalize the EMG signal, the participants performed
three maximal voluntary isometric contractions (MVCs)
from the eight recorded muscles based on the previous study
methodologies (Chen et al. 2015; Hsu et al. 2006; Rouffet
and Hautier 2008). The maximal exertions were performed
by reaching maximal force and maintaining it for 34 s. For
the TA, participants were placed in a sitting position and
performed a unilateral dorsiflexion at 90° of ankle position
against manual resistance. For the RF, a single-knee exten-
sion in a 90° knee flexion position was performed against
manual resistance. For the PL, an eversion of the foot with
plantarflexion at 90° of ankle position was performed against
manual resistance. Finally, for GL, a unilateral plantarflex-
ion at 90° of ankle position was performed. For this muscle,
participants were placed on an examination table to keep
the ankle position fixed during each isometric effort. The
examination table was equipped with padded cuffs attached
to chains to provide resistance. The length of the chains
was adjusted for each participant. Participants were verbally
encouraged during the execution and they rested for 2 min
after each maximal contraction to avoid fatigue.

Data analysis and reduction
Measures of stability

A custom software program in Labview (version 12.0f3,
National Instruments, Texas, USA) was used for data analy-
sis. Because there is a little physiological significance to COP
signal frequencies above 10 Hz (Borg and Laxaback 2010),
COP was first filtered using a low-pass filter (4th order, zero-
phase lag, Butterworth, 5-Hz cut-off frequency) according
to Lin et al. (2008), and second, COP time series were sub-
sampled at 20 Hz. The first 5 s of each trial were discarded
to avoid nonstationarity related to the start of the measure-
ment (van Dieén et al. 2010). Since the orientation of the par-
ticipant was only approximately aligned with the axes of the
force platform, the resultant distance (RD, Eq. 1) was used as
a global measure to quantify the performance during balance
trials (Prieto et al. 1996):

Py <(Apf‘ﬁ>2+<MLf‘m>2> (1)

N

RD =
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In addition, the magnitude of mean velocity (MV) of the
centre of pressure was calculated according to the follow-
ing equation:

MV = %z V(=) + (0= 1))
()

The RD and MV, in the pre-test, the averaged RD and
MV of trials five and six (training equator), and the aver-
aged RD and MV of the two post-tests were used for sub-
sequent statistical analyses. The averaged RD of trials five
and six was introduced in our statistical analysis, because
participants were only able to maintain the standing posture
without external aids from the fourth trial of the training
period.

Finally, to obtain a full and comprehensive knowledge of
learning effect, aids were also accounted.

Measures of EMG 3

As a pre-processing step, a 30-ms moving window root-
mean-square (RMS) envelope was applied on the normal-
ized EMG signal. (Barbado et al. 2012; Hatton et al. 2011).
We selected a 30-ms time frame, because short time win-
dows have been recommended for fast movements (Sinkjeer
and Arendt-Nielsen 1991), and here, the upright stance pos-
ture was controlled through intermittent stabilization bursts
(fast adjustments) to produce ballistic torque impulses
(Loram et al. 2005; Morasso and Sanguineti 2002). The
mean of the normalized EMG amplitude was calculated
across participants for each muscle and balance trial.

The amount of information from EMG data was reduced
using a principal component analysis (PCA) aimed at
achieving a global behaviour, reducing the time for pat-
tern recognition (Chu et al. 2006). This analysis enables the
identification of important underlying features and the rela-
tions between muscles, and also simplification of the sta-
tistical procedures (Butler et al. 2009). PCA was applied to
the normalized activation mean amplitudes from eight leg
muscle sites extracting the total generalized data variation
for each group and for each principal pattern to provide an
estimate of the relative importance of each principal com-
ponent (PC) to the measured variables (Butler et al. 2009).
A data matrix X [n_p] with p-variables (p =eight leg mus-
cle sites) and n-observations was constructed, and the order
of the leg muscle sites was fixed and created a unique pat-
tern: TAR, TAL, PLR, PLL, GLR, GLL, RFR, and RFL.
To aid in the interpretation of each principal pattern, an
example of activation amplitude patterns (see Fig. 2) cor-
responding to high and low scores for each PC factor was
presented (Butler et al. 2009). Finally, PC scores from the
pre-test, the averaged PC scores from trials five and six and
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Fig. 2 Example of the EMG profile of different participants who
showed higher and lower scores in principal component factors. GL
gastrocnemius lateralis, 7A tibialis anterior, RF rectus femoris, PL
peroneus longus (PL), R right, L left

the averaged PC scores from the two post-tests were used
for subsequent statistical analyses. The PCA is shown in
the “Results” section.

Statistical analysis

Descriptive statistics were calculated for RD and PC
scores. A mixed ANOVA was carried out for all variables
with training as a within-subject factor (pre-test, averaged
five and six—training equator—, averaged from both post-
tests) and with group as an inter-subject factor (sighted
soccer players, blind soccer players, and sedentary sighted
individuals). To test differences according to visual avail-
ability, a second mixed ANOVA was performed with vis-
ual condition as a within-subject factor (with and without
blindfold) and group as an inter-subject factor (SSP, BSP,
and CG). A Scheffé post-hoc analysis was used for multiple

comparisons. Two effect size indexes were used to assess
the practical signification within and between group dif-
ferences. On one hand, Partial eta-square ( npz) values were
calculated as a measure of effect size for mean differences
with the following interpretation: above 0.26, between
0.26 and 0.02, and lower than 0.02 were considered as
large, medium, and small, respectively (Pierce et al. 2004).
On the other hand, to calculate the effect size of post-
hoc within-groups differences, Hedges’ g index was used
(Hedges and Olkin 1985). This index is based on Cohen’s
d index (Cohen 1988), but it provides an effect size esti-
mation reducing the bias caused by small samples (n < 20).
Interpretation of Hedge’s g was: above 0.8, between 0.5
and 0.8, between 0.2 and 0.5, and lower than 0.2 were con-
sidered large, moderate, small, and trivial, respectively.

The intra-class correlation coefficient (ICC, ) and the
typical error (TE) were also calculated to assess test—retest
relative and absolute reliability, respectively (Hopkins
2000; Weir 2005). The ICC values were categorised as fol-
lows: excellent (0.90-1.00), high (0.70-0.89), moderate
(0.50-0.69), and low (<0.50) (Fleiss 1986). TE was cal-
culated as the standard deviation of the difference between
two scores divided by \/ 2. Thus, TE was also expressed
as a percentage (%) dividing its score by the mean. Con-
fidence interval limits for ICC and TE were calculated at
90%.

All analyses were performed using the SPSS package
(version 20, SPSS Inc., Chicago, IL, USA) with a signifi-
cance level chosen at p <0.05.

Results
Reliability analysis of centre of pressure parameters

As shown in Table 1, RD and MV parameters of the centre
of pressure showed a high-to-excellent absolute and rela-
tive reliability. MV reliability results were higher than RD
ones. In addition, no differences were found between pre-
test and post-test in RD and MV.

Balance performance

As can be seen in Fig. 3, overall, all groups improved their
performance, obtaining low scores for the closed-eyes
condition balance task after the training period in RD,
VM, and Aids (RD: F 5, = 9.286; p<0.001; np2 = 0.271,
large; VM: F, 5o = 4.006; p=0.024; np2 = (0.138, medium;
Aids: Fy 50 = 16.35; p<0.001; np2 = 0.397, large). In RD,
post-hoc comparisons between pre- and post-test showed
medium-to-high practical effects (d,) (SSP=0.88, large;
BSP=0.61, medium; CG=0.63, medium). Similar results
were obtained for the aids received by the three groups
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Table 1 Descriptive statistics and relative and absolute reliability of mean radial error showed during the different tasks of the sitting protocol

Trial 1 Trial 2 F p d

x=SD x=SD
RD (mm) 46.01+13.16 42.00+15.14 3.040 0.115 0.29
VM (mm/s) 133.23 £53.37 124.23 +£59.09 2.291 0.123 0.16

TE TE (%) LL UL ICC LL UL
RD (mm) 5.14 11.17 3.75 8.46 0.90 0.71 0.97
VM (mm/s) 11.83 8.88 8.63 19.47 0.97 0.89 0.99

Repeated-measures ANOVA

LL lower limit of the confidence limits (80%), UL upper limit of the confidence limits (80%), TE typical error, ICC intra-class correlation coef-

ficient, d effect size

across the training trials (SSP=0.56, medium; BSP=0.86,
large; CG=0.77, medium-to-large). However, the practi-
cal effects in the VM were small-to-medium (SSP=0.42;
BSP=0.45; CG=0.47). The ANOVA did not show differ-
ences between groups or in interaction effects. In addition,
sighted individuals and the control group showed lower
RD and VM scores in the balance task with open-eyes
than under closed-eyes conditions (dg = 1.75-3.54, large),
but no differences were observed in blind individuals
(dg = 0.12-0.54, small-to-medium) (see Online Appendix
II). Sighted individuals and the control group showed sig-
nificantly lower RD and VM scores under open-eyes condi-
tions than blind participants (RD: F, ,5 = 16.278; p <0.001;
np2 = 0.566, large; VM: F,,s = 46.398; p<0.001;
np2 = 0.788, large). The differences between open-eyes and
closed-eyes conditions regarding the aids were not calcu-
lated because of the lack of assistance during the open-eyes
condition for sighted individuals.

EMG analysis

Three principal patterns explained 84.15% of the variabil-
ity in the measured data. As shown in Table 2, the first PC
explained 53.96% of the total variance and represented the
magnitude and shapes of the activation amplitude patterns.
The second PC explained 17.41%, representing the rela-
tionship between flexor and extensor ankle muscles. The
third PC explained 12.77% of the total variance and rep-
resented the relationship between supine and prone ankle
muscles.

Regarding PC,, overall all groups reduced their magni-
tude of the activation amplitude in the closed-eyes condi-
tion balance task after the training period (F, 5o = 15.566;
p<0.001; nP2=0.384, large), but post-hoc compari-
sons showed that only sighted soccer players (d, = 0.72,
medium-to-large) and the control group (d, = 0.49,
medium) reduced their EMG activation significantly from
pre-test to post-test (Fig. 4) (see Online Appendix II).
Although, the ANOVA did not show differences between
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groups in PC, values (F, 5, = 2.785; p=0.081; np2=0.182,
small), and overall, SSP group had lower values of EMG
activation. Both SSP and CG groups showed lower PC,
than BSP group under open-eyes conditions (F, 55 = 3.756;
p=0.037; np2=0.231, small). In addition, sighted soccer
players (d, = 1.54, large) and the control group (d, = 1.04,
large) showed lower PC,; values in the balance task with
open-eyes than under closed-eyes conditions, but no dif-
ferences were observed in blind individuals (see Online
Appendix IV). No significant differences for PC, and PC,
were found due to the training or between groups (Fig. 4).
However, SSP and CG groups showed lower PC; val-
ues than the BSP group under the open-eyes conditions
(Fpp5=3.572; p=0.043; np2=0.221, medium).

Discussion

This study compared the postural control during unstable
standing balance tasks of high-level soccer players with
severe visual impairment to sighted counterparts and sed-
entary individuals. All subjects performed the pre-test,
training, and post-test trials under closed-eyes conditions,
but finally, all participants performed one trial with open
eyes. Considering that a novel protocol was chosen to max-
imise learning processes and facilitating the comparisons of
the adaptation ability, a reliability assessment was also con-
ducted. Our reliability results were better than those found
in the previous studies (Barbado et al. 2016; Caballero
et al. 2015) in both scattering and velocity variables, show-
ing high-to-excellent scores of the absolute (TE < 11%) and
relative (ICC > 0.90) reliability. These results facilitated the
comparability and interpretability of the between groups
differences analysis.

An important question planned in the literature is
whether the compensatory adaptations made by blind indi-
viduals allow them to fully replace vision during stand-
ing balance tasks. Our main outcome showed that visually
impaired individuals in the task with open eyes had worse
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Fig. 3 Mean values of the resultant distance (RD), mean velocity
(MV), and number of aids of the three groups (SSP sighted soccer
players, BSP blind soccer players, CG control group) in each assess-
ment (pre-test; 5-6 trials, the average score of trials five and six; post-
test, the average score from two post-tests; EO trial, trial with open
eyes)

balance performance than sighted individuals. Although,
in a previous study, it was found that blind individuals
had better balance control than their sighted counterparts,
especially when postural control was hampered by surface
perturbation (i.e., a foam rubber covered surface) (Pyykko
et al. 1991), our results support those previous findings
showing no evidence of compensatory brain adaptations

Table 2 Principal component factors (PC) obtained from the Princi-
pal Component Analysis of EMG signal during the pre-test

Components PC, PC, PC;

TAR 0.663 -0.518 0.330
TAL 0.720 —-0.449 0.459
PRR 0.722 -0.324 -0.600
PRL 0.751 -0.001 —-0.098
GSR 0.811 0.490 0.050
GSL 0.809 0.521 0.058
RFR 0.537 0.272 0.123
RFL 0.517 0.158 0.187

% of Variance 53.96 17.42 12.77

GL gastrocnemius lateralis, 7A tibialis anterior, RF rectus femoris, PL
peroneus longus, R right, L left

in blind individuals that allow them to replace the role of
vision in postural control during balance (JuodZbaliené and
Muckus 2006; Schmid et al. 2007). Differences between
studies could be related to the protocol used. While Pyykko
et al. (1991) assessed postural sway during bipedal stance
introducing a postural perturbation using vibrators placed
on calf muscles, other studies applied perturbation modi-
fying the tilt of the support surface (Ozdemir et al. 2013),
performing reaching voluntary movements (Juodzbaliené
and Muckus 2006) or moving a platform continuously in
the antero-posterior direction (Schmid et al. 2007). It has
been found that blind individuals exhibit better ankle pro-
prioception than sighted ones (Ozdemir et al. 2013) which
would help to overcome the calf perturbations applied on
the Pyykko et al.’s study (1991). However, this better ankle
proprioception would not be able to compensate visual dep-
rivation on more challenging balance tasks which require a
proper coordination of multiple joints. These findings rein-
force the belief that vision plays a mandatory role in bal-
ance, allowing a proper integration and processing of other
sensory inputs, and thus cannot be compensated for by the
other senses (Schmid et al. 2007). The contribution of this
study lies in the fact that the compensatory hypothesis has
been checked by analysing high-level blind athletes who
play soccer, a sport with high balance demands (Bressel
et al. 2007; Gerbino et al. 2007; Paillard et al. 2006; Stglen
et al. 2005). Therefore, vision does not seem to be replaced
due to brain cross-modal plasticity even in an environment
of high physical stimulation.

The second question was related to balance perfor-
mance under closed-eyes conditions. Based on blind
individuals hypothetically developing their other senses
to a greater extent than sighted individuals (Goldreich
and Kanics 2003; Roder et al. 1999; Yoshimura et al.
2010), it could be expected that they would show better
balance performance or faster training adaptation under
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open eyes; SSP sighted soccer players; CG, sighted sedentary indi-
viduals, BSP blind soccer players)

closed-eyes conditions. This might also be supported by
the fact that 87.5% of BSP participants are blind from
birth. However, some authors have stated that vision is
fundamental for the calibration of the other senses even
if vision is not available during a task performance (Pas-
cual-Leone et al. 2005; Rauschecker 1995). The gen-
eral-loss hypothesis suggests that prolonged deprivation
of vision is harmful to integration of the other sensory
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inputs (Pascual-Leone et al. 2005), and it could also be
expected that blind individuals would show worse bal-
ance performance than sighted individuals. However, no
differences between groups were found in balance perfor-
mance either before or after training, and the results of
this study cannot support either the compensatory or the
general-loss hypothesis. In spite of our interpretations,
it must be pointed out as a limitation that no differences
in balance performance were found between sighted soc-
cer players and sedentary individuals either, but soccer
expertise does not seem to improve balance performance
on an non-common balance task on an unstable surface.
Considering that our unstable balance task was quite dif-
ferent from the participants’ daily workout, our results
suggest that specific balance adaptation caused by sport
practice cannot easily be revealed by a non-specific bal-
ance test. Future studies should evaluate a compensatory
hypothesis in postural control using a balance test more
closely related to participants’ physical activity or daily
life activities.

In this study, we assessed EMG patterns using PCA
(Butler et al. 2009) to evaluate whether blind individu-
als develop different neuromuscular strategies to accom-
plish the required balance task. PCA showed three neuro-
muscular patterns reflecting the prominent features of the
EMG. Only PC, showed significant differences within and
between groups. PC, meant the general magnitude and
shapes of the activation amplitude patterns with higher
participation of ankle muscles than knee muscles. There-
fore, within-group changes mean a reduction of muscle
co-activation. These results confirmed the previous find-
ings that showed a reduction of muscle co-contraction
after training (Freyler et al. 2014). Regarding between
groups differences, blind individuals showed higher mus-
cular activation than sighted individuals under open-eyes
conditions. These results support the previous finding on
gait showing that blind individuals have higher muscular
co-activation than sighted ones, which has been related to
safety strategy to avoid falls (Carpenter et al. 1999). How-
ever, under the closed-eyes conditions, sedentary individu-
als had higher EMG amplitude than the other groups in the
pre-test. Higher EMG amplitude would be related to higher
energy expenditure and, therefore, less efficiency in accom-
plishing the given task. Sighted and blind soccer players
showed an earlier adaptation to a new balance task, but our
experimental design did not allow us to discriminate as to
whether this was caused by the prolonged deprivation of
visual input or by the sport (i.e., soccer) practice. In addi-
tion, it is important to point out that after the intra-session
instability, the sedentary group achieved similar muscular
activation. This quick adaptation after training in sighted
but sedentary individuals seems to support the view that
vision is so important for balance that even if vision is not
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available during a task performance, it will enable indi-
viduals to make faster improvement (Pascual-Leone et al.
2005; Rauschecker 1995).

In addition, we did not find differences between groups
in the flexor and extensor ankle muscles relationship (PC,)
and the supine and prone ankle muscles relationship (PC;)
either under closed- or open-eyes conditions. These results
suggest that ankle extensor/flexor or supinator/pronator
muscle predominance could be more closely related to
individual strategies to accomplish the task according to
the body position (higher weight over heels or over toes or
left or right) rather than balance performance (Carpenter
et al. 2001). However, under open-eyes conditions, sighted
individuals (SSG and CG) reduced their PC; scores com-
pared to closed-eyes conditions. That is, tibialis anterior
reduced their activation when visual feedback was avail-
able. Although it not clear that pronated or supinated foot
postures have an effect on balance control, a study by Cote
et al. (2005) demonstrated that individuals with supinated
foot posture have better static balance than those with pro-
nated foot posture. Under this perspective, supinator foot
behaviour under more challenging conditions as those used
in our study would relate to a more efficient foot behaviour
to keep the balance. These results would be in line with
those observed from walking, where an increased tibi-
alis anterior activation during one leg stance phase in indi-
viduals with ankle instability was found (Louwerens et al.
1995), which has been interpreted as a safety behaviour to
increase balance.

In conclusion, our findings may suggest that brain plas-
ticity is not able to fully compensate for balance deteriora-
tion caused by prolonged visual deprivation even in highly
experienced blind athletes who practice a sport with high
demands on balance control. In addition, the theoretical
improvement of the other senses caused by visual depriva-
tion does not enable blind individuals to obtain better bal-
ance than sighted individuals under closed-eyes conditions,
reinforcing the prominent role of vision in integrating and
processing the other sensory inputs. Finally, blind individu-
als seem to increase their muscular co-activation as a safety
strategy, but this behaviour is not different to that shown by
sighted people under closed-eyes conditions.
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