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Abstract

The aim of the study was to investigate the effect of different support surfaces on feedforward and
feedback components of postural control. Nine healthy subjects were exposed to external
perturbations applied to their shoulders while standing on a rigid platform, foam, and wobble
board with eyes open or closed.

Electrical activity of nine trunk and leg muscles and displacements of the center of pressure were
recorded and analyzed during the time frames typical of feedforward and feedback postural
adjustments. Feedforward control of posture was characterized by earlier activation of anterior
muscles when the subjects stood on foam compared to a wobble board or a firm surface. In
addition, the magnitude of feedforward muscle activity was the largest when the foam was used.
During the feedback control, anterior muscles were activated prior to posterior muscles
irrespective of the nature of surface. Moreover, the largest muscle activity was seen when the
supporting surface was foam. Maximum CoP displacement occurred when subjects were standing
on a rigid surface.

Altering support surface affects both feedforward and feedback components of postural control.
This information should be taken into consideration in planning rehabilitation interventions geared
towards improvement of balance.
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Introduction

Control of upright posture requires a unique integration of inputs from the three major
sensory systems of the body: visual, vestibular, and somatosensory (Manchester et al., 1989,
Nashner and Berthoz, 1978). It is believed that important afferent information that is
necessary to maintain posture, comes from the two types of specialized mechanoreceptors
located on the sole of the feet (Magnusson et al., 1990). Slowly adapting mechanoreceptors
provide spatial information about the pressure distribution between the feet and the ground
whereas rapidly adapting mechanoreceptors provide information about the amplitude and
changes in the pressure distribution (Kavounoudias et al., 1999). Also, it is important to note
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that such mechanoreceptors not only supply information about surface contact pressure
(Vallbo and Johansson, 1984), but they also help sense small continuous changes of posture.

Individuals with diabetic neuropathy, elderly individuals with peripheral neuropathy, or
individuals with traumatic injury that involves one of the nerves of the lower extremity,
commonly have diminished ability to utilize somatosensory information (Greene DA, 1990,
van Deursen and Simoneau, 1999). Balance assessment techniques frequently involve
standing on a rigid surface or foam, a more compliant supporting surface positioned on the
top of the force platform (Allum et al., 2002, NeuroCom, 2010). It is also reported that
wobble boards could be used in balance retraining (Burton, 1986).

Both foam and wobble board distort the normal proprioceptive inputs from the lower
extremity. Standing on a compliant surface such as foam induces body instability in both the
sagittal and frontal planes and also alters inputs to both joint receptors and cutaneous
mechanoreceptors in the sole. However, the stimulation of stretched muscle is not affected
while standing on foam (Chiang and Wu, 1997). Past studies have shown that standing on
foam results in a significant challenge to postural control (Patel et al., 2011) (Blackburn et
al., 2003, Jeka et al., 2004, Vrancken et al., 2005). Moreover, standing on foam is
considered to be an even more complex balance task than pitch controlled ankle-sway
referencing (Allum, Zamani, 2002).

Standing on wobble board induces body instability in one plane. Furthermore, due to the
differences in the physical properties of the surface in contact with the sole (firm or soft),
somatosensory inputs from the foot are different between standing on a wobble board versus
standing on foam (Roll et al., 2002). Standing on a wobble board stimulates activity of lower
limb musculatures as well as lumbar erector spinae (Burton, 1986).

Maintenance of vertical posture is regulated by feedforward and feedback components of
postural control. Feedforward control involves activation of leg and trunk muscles prior to
an expected body perturbation also known as anticipatory postural adjustments (APA)
(Belen’kii et al., 1967, Massion, 1992). Feedback control is initiated by the sensory
feedback signals after the perturbation onset and is known as compensatory postural
adjustments (CPA) (Alexandrov et al., 2005, Horak et al., 1996, Park et al., 2004). There are
differences in the function between the two: APAs serve to minimize the displacement of
the body’s Center of Mass (CoM) prior to a perturbation (Aruin and Latash, 1995, Bouisset
and Zattara, 1987) while CPAs serve as a mechanism of restoration of the position of CoM
after a perturbation has already occurred (Macpherson et al., 1989, Maki et al., 1996).

Changes in the stability of the supporting surface and associated changes in the available
somatosensory information could affect both of the components of postural control. Thus,
APAs are reduced when body posture is unstable (Nouillot et al., 1992) or very stable
(Nardone and Schieppati, 1988). In addition, APAs were also reduced when subjects
performed backward bending while standing on a narrow support (Pedotti et al., 1989).
Moreover, earlier and smaller APAs were observed in experiments involving fast arm
movements while standing on a wobble board as compared to standing on a stationary
surface (Gantchev and Dimitrova, 1996). Instability of the supporting surface also affects
the feedback component of postural control. Thus, standing on a narrow beam (Gatev et al.,
1999, Horak and Nashner, 1986) or on one leg (Tropp and Odenrick, 1988) results in
subjects utilizing primarily the hip strategy when recovering from a perturbation induced by
a moving support. Moreover, an increase in the amplitude of compensatory EMG activity of
the leg and trunk muscles was observed while subjects wore unstable foot wear (Sousa et al.,
2010), while standing on foam (Fransson et al., 2007) or while standing on a wobble board
(Burton, 1986).
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While the effect of standing on foam or a wobble board was investigated individually, to the
best of our knowledge there are no studies that evaluate the effect of both of these supports
in the control of vertical posture in the presence of an external perturbation.

Thus, the current experiment was designed to study the role of different support surfaces
upon APAs and CPAs. The subjects were exposed to similar perturbations induced at the
shoulder level while standing either on stable or unstable surfaces (foam, wobble board). We
hypothesized that: a) APAs will be reduced in conditions with diminished stability induced
by foam (that causes instability in both sagittal and frontal planes) or wobble board (that
induces instability in sagittal plane), and b) CPAs will be different between the two unstable
conditions with greater EMG activity in the foam condition, which is the most unstable.

Materials and methods

Participants

Procedure

Nine healthy participants (4 males and 5 females) with no history of lower extremity injury,
chronic ankle instability or clinically diagnosed balance disorders within last 6 month
participated in the study. Mean age, height and weight of the participants were 23+0.5 years,
1.7+0.02 m and 67+5.8 kg respectively. The right side was the dominant side for all
subjects. The protocol was approved by the University’s Institutional Review Board prior to
participant recruitment, and all participants provided written informed consent before taking
part in the experimental procedures.

The subjects were instructed to stand on the different surfaces and maintain standing balance
while being subjected to external perturbations at the shoulder level induced by an
aluminum pendulum attached to the ceiling. An additional load (mass = 5% of subject’s
body weight) was fixed to the pendulum at its lower end. The width of the padded hitting
surface of the pendulum was adjusted to match the subject’s shoulder width. The pendulum
was positioned at an initial angle of 30 degrees to the vertical (distance of 0.6 m from the
body) and released by an experimenter. Perturbations consisted of unidirectional forces
applied by the pendulum on the shoulders of the subjects. The subjects were instructed to
look straight towards a target attached to the pendulum at eye level and maintain their
balance after the perturbation (Mohapatra et al., 2011, 2012). The supporting surface was
either stationary (RIGID) as the subjects stood on the force platform or unstable. Instability
was induced by a piece of foam, 12.7cm thickness (FOAM) or a wooden wobble board, 7.6
cm in height, (WOBBLE) positioned on the top of the force platform. The subjects stood
barefoot on these surfaces while keeping eyes open or closed. Thus the eyes open conditions
were REO (Rigid-Eyes Open), FEO (Foam-Eyes Open) and WEO (Wobble- Eyes Open),
and the eyes closed conditions were REC (Rigid-Eyes Closed), FEC Foam-Eyes Closed) and
WEC (Wobble- Closed). Accordingly, when their eyes were open, the subjects were able to
see the upcoming pendulum and generate an anticipatory postural adjustment, while in the
conditions with their eyes closed only compensatory adjustments were generated (Santos et
al., 2010a). The experimenter made sure that the feet position in relation to the center of the
force platform was the same across all the conditions.

The subjects wore wireless headphones playing music throughout all of the conditions to
mask any kind of auditory information. For safety, the participants remained in a harness
with two straps attached to the ceiling and wore protective glasses during the experiment.
The subjects performed two to three practice trials in each experimental condition prior to
the start of data collection. Five trials, each of 5s in duration, were collected in each
experimental condition and the order of the conditions was randomized across subjects.
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Instrumentation and Data processing

Ground reaction forces and moments were recorded using a force platform (Model OR-5,
AMTI, USA). An accelerometer (Model 208C0O3, PCB Piezotronics Inc., USA) was
attached to the subject’s proximal clavicle to record the moment of pendulum impact
(defined as Ty). Electrical activity of muscles (EMGs) was recorded unilaterally (right side)
from the following muscles: tibialis anterior (TA, at one-third on the line between the tip of
the fibula and the tip of the medial malleolus), lateral gastrocnemius (GL, at one third line
from lateral side of the popliteus cavity to the lateral side of the Achilles tendon insertion),
rectus femoris (RF, at 50% on the line from the anterior superior iliac spine (ASIS) to the
superior part of the patella), vastus lateralis (VL, lower 25% between ASIS and Gerdy
prominence), vastus medialis (VM, lower 25% between ASIS and knee joint space), biceps
femoris (BF, half way between the ischial tuberosity and the lateral epicondyle of the tibia),
semitendinosus (ST, 5¢cm above the posterior knee joint medially), rectus abdominis (RA, 3
cm lateral to the umbilicus), and erector spinae lumborum (ESL, 3 cm lateral to the first
lumbar vertebra) by disposable surface electrodes (Red Dot 3M). These specific leg and
trunk muscles were selected because of their involvement in control of vertical posture while
dealing with symmetrical perturbations induced in the sagittal plane and because these
muscles were previously used to study anticipatory and compensatory control of posture
(Aruin and Latash, 1995, Latash et al., 1995, Santos, Kanekar, 2010a). The placement of
electrodes for recording EMG activity was based on recommendations reported in the
literature (Basmajian, 1980). The electrodes were positioned in pairs with the center-to-
center distance of 25 mm; the ground electrode was positioned on the bony anterior border
of tibia. The skin was prepared by cleaning with alcohol swabs. The EMG signals were
collected, filtered, and amplified (10-500 Hz, gain 2000) with a EMG system (Myopac,
RUN Technologies, USA). The forces, moments of forces, EMG, and accelerometer signals
were digitized with a 16-bit resolution at 1,000 Hz by means of customized LabVIEW 8.6.1
software (National Instruments, Austin TX, USA). Further processing included obtaining the
muscle latencies, calculation and normalization of the integrals of EMG (IEMGynorm) and
obtaining CoP displacements (Mohapatra, Krishnan, 2011). The analysis was conducted
using customized MATLAB program (Math Works, Natick, MA, USA). Four epochs were
selected (each 150 ms in duration) in relation to Tq: (1) from —250 to —100 ms (anticipatory,
APAL), (2) from —100 to +50 ms (anticipatory, APA2), (3) from +50 to 200 ms
(compensatory, CPAL) and (4) from 200 to 350 ms (compensatory, CPA2) (Santos,
Kanekar, 2010a, Santos et al., 2010b).

Muscle latency for a specific muscle was defined as the instant lasting for at least 50 ms
when its EMG amplitude was greater (activation) or smaller (inhibition) than the mean + 2
SD of the baseline. In addition, an exploratory data analysis was performed using Principal
Component Analysis (PCA). Thus, PCA was applied to the correlation matrices of muscles
latencies data of all the subjects. The PCs were further subjected to Oblimin with Kaiser
Normalization rotation with factor extraction. CoP displacements in the anterior—posterior
direction were calculated. The CoP signals were corrected by its respective baseline, and the
CoP data windows were shifted 50 ms forward to account for the electro-mechanical delay
(Cavanagh and Komi, 1979, Howatson et al., 2009). Peak magnitude of the CoP and the
magnitude of CoP at the moment of perturbation (Tq) were calculated.

Statistical analysis

Two separate multiple repeated-measures ANOVAs were performed for the IEMGyormS-
First analysis was focused on the feedforward postural control, which included two within
subject factors: conditions (REO, FEO and WEQ) and epochs (APAL and APA2). Second
analysis was focused on the feedback postural control that included two within subject
factors: conditions (REC, FEC and WEC) and epochs (CPAL and CPA?2). The averaged data
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from the series of 5 trials for each of the condition was used in the analysis. A post hoc
analysis (pairwise t-test) with Bonferroni correction was performed to compare between
conditions and epochs. Other variables such as latency of trunk and leg muscles, magnitude
of CoP at the moment of perturbation (Tg) and peak magnitude of the CoP are also reported.
For all the tests, statistical significance was set at p < 0.05. Statistical analysis was
performed in SPSS 17 for Windows 7 (SPSS Inc., Chicago, USA). Reliability analysis
assessing internal consistency was performed using Cronbach’s alpha. Additional post hoc
power analysis was performed using SPSS program for each studied variable. The results of
power analysis suggested that enrolling nine subjects would provide 88% power for the
EMG integrals, and 86% and 92% for the CoP displacements and EMG latency respectively.

Reliability analysis

The calculated Cronbach’s alpha values were as follows: for CoP (at TO = 0.905, at Peak=
0.938), for EMG Latencies (TA =0.831, GL =0.723, RF =0.902, VL =0.878, VM =0.915,
BF =0.825, ST =0.814, RA =0.764 and ESL =0.849,) and for EMG Integrals (TA =0.979,
GL=0.957, RF =0.965, VVL=0.972, VM =0.965, BF=0.899, ST =0.895, RA=0.979 and
ESL=0.929). Since the analysis shows that all the values are in fact > 0.7, the reliability is
met.

Feedforward control

EMG patterns—Anticipatory postural adjustments were seen in all conditions with full
vision: the majority of muscles showed activity prior to the perturbation (T) (Fig 1). The
first muscle to show activity in FOAM or WOBBLE conditions was RF (115+26 ms before
Tg for FOAM and 62+37 ms before T for WOBBLE). Overall all the anterior muscles
showed earlier activity in FOAM than WOBBLE. GL was the only muscle to show activity
after perturbation in all surface conditions even when eyes were open.

Principal Component Analysis—PCA validity was confirmed by visual inspections of
the scree plots. On an average, two principal components (PCs) (Table 1) accounted for the
75% total variance in the muscle activation space in the REO, 72 % in FEO, and 76 % of the
total variance in the WEQ conditions. The first PC in the REO showed high loading values
(>0.6) for RF, VL, VM, BF and ST. In FEO however, the loading patterns for the first PC
were significantly higher for RF, VL, VM and ST. Furthermore, when the subjects stood on
the wobble board (WEO), the muscles which showed highest loading in the PC1 were TA,
RF, VL, VM and ESL. The second PC in the REO showed high loading values for TA, GL
and RA. In FEO however, the loading patterns for the second PC were significantly higher
for GL, BF and ESL. Furthermore, when the subjects stood on the wobble board (WEQ), the
muscles which showed highest loading in the PC2 were GL, BF and ST.

It is important to note that the PC1 revealed a co-contraction of the thigh muscles and PC2
component depicted a co-contraction for both the trunk and leg muscles in the FEO and
REO conditions (Table 1). A co-contraction is defined as a pattern with significant loading
coefficients on the same PC with the same sign (positive or negative) for two muscles with
opposing actions at a particular joint (ankle, knee or hip) (Krishnan et al., 2012).

EMG integrals—Anticipatory integrals of EMG (iIEMGs) are shown in Fig 2. The only
muscle to show a significant main effect of the surfaces was TA (Fp 16=4.95, p=0.021)
(Table 2). In general, six out of the nine muscles TA, GL, RF, VL, VM and ESL showed the
highest anticipatory activity especially in the APA2 epoch in the FOAM condition.
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Furthermore five of these six muscles (GL, RF, VL, VM and ESL) showed the least
muscular activity especially in the APA2 epoch for the WOBBLE condition.

Four muscles (RF, VL, VM and RA) showed a significant main effect of the two APA
epochs (Table 2). When the APA1 and APA2 epochs were compared across conditions,
iIEMGs were larger during the APA2 epoch as compared to the APAL in all the muscles. The
difference was statistically significant in TA (p=0.05), RF (p=0.001), VL (p=0.005), VM
(p=0.002) and RA (p=0.001) muscles.

COP Displacements—In EO conditions the subjects demonstrated almost equal CoP T
displacements (0.014+0.002 m) in the backward direction in all of the different surface
conditions. The peak displacements of CoP in experiments with eyes open (EO) were
0.02840.003 m in FOAM followed by WOBBLE (0.030+0.006 m) and 0.033+0.004 m in
RIGID conditions.

Feedback control

EMG patterns—There was no anticipatory activity in any muscle in conditions with eyes
closed (EC), instead all the muscles became active only after the perturbation onset (Ty) (Fig
3). A group of muscles (TA, VL, BF and ST) showed the earliest activity in the WOBBLE
condition followed by FOAM and RIGID conditions. Another group of muscles (GL and
VM) showed a different pattern with the earliest activation seen in the FOAM condition
followed by WOBBLE and RIGID conditions. It is interesting to note that irrespective of the
supporting surface the pattern of activation of muscles was similar based on their location on
the body (anterior or posterior). Thus, the anterior muscles were the first to show activity in
response to a perturbation followed by the posterior muscles.

Principal Component Analysis—On an average, two principal components (PCs)
accounted for the 74% total variance in the muscle activation space in the REC, 73 % in
FEC, and 70 % of the total variance in the WEC conditions (Table 3). The first PC in the
REC showed high loading values for TA, RF, VL, VM and ST. In FEC however, the loading
patterns for the first PC were higher (>0.6) for TA, RF, VL, VM and ESL. Furthermore,
when the subjects stood on the wobble board (WEC) the muscles which showed highest
loading in the PC1 were GL, RF, BF, ST and RA. The second PC in the REC showed high
loading values for GL, BF and ESL. In FEC however, the loading patterns for the second PC
were significantly higher for BF and ST. Furthermore, when the subjects stood on the
wobble board (WEC) the muscles which showed highest loading in the PC2 were TA, VL
and VM.

Significant loading coefficients for the PC1 and PC2 seen in the thigh muscles with
opposing actions reveal a co-contraction in the WEC condition. Similarly, significant
loading coefficients for PC1 depict a co-contraction in the leg muscles in the FEC
conditions.

EMG integrals—Anticipatory integral of EMG (iIEMGs) of TA, GL and RF, calculated for
all the conditions when the subject stood with eyes closed are shown in Fig. 4. There was no
statistically significant difference between different support surface conditions.

Compensatory integrals of EMG (iIEMGs) of TA, GL and RF, calculated for all the
conditions are shown in Fig 5. There was a significant main effect of the support surface in
TA, GL, RF, VL and VM (Table 4). Thus, compensatory iEMGs were significantly larger in
TA (p<0.0001) and GL (p<0.0001) for FOAM when compared with the condition when the
subject stood on the force-platform (RIGID). Additionally, compensatory iEMGs were
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significantly larger in TA (p=0.031), RF (p=0.022), VL (p=0.05) and VM (p=0.05) while
standing on FOAM when compared to WOBBLE. The comparison of the epochs revealed
that CPA1 was significantly larger than CPA2 for all the muscles (p<0.01).

COP Displacements—When subjects stood with eyes closed, there was negligible
anticipatory CoP displacement (0.003+0.001m for RIGID, 0.007+0.002m for WOBBLE and
0.006+0.001m for FOAM); the maximum CoP displacement after the perturbation was
0.05540.003 m, 0.053+0.004 m and 0.052+0.004 m for RIGID, WOBBLE, and FOAM
surface respectively.

Discussion

The ability of an individual to maintain posture is influenced by the quality of the sensory
information about the characteristics of the body perturbation and support surface. In the
current experiment the subjects stood on different support surfaces allowing us to examine
the relationships between the feedforward and feedback components of postural control
(used to maintain upright stance) and somatosensory information. Since the magnitudes of
external perturbations were kept constant throughout all experimental conditions, the study
outcome presents information on the sole effect of different support surfaces in control of
vertical stance. Particularly, the results provide evidence on the role of body instability and
deficient proprioceptive and somatosensory inputs on the generation of APAs and CPAs.
Specially, the study revealed that both APAs and CPAs were larger in conditions with
increased body instability. In addition, standing on foam (that created instability in both the
sagittal and frontal planes as well as reduced somatosensory inputs), was associated with
greater APAs as well as CPAs compared to the wobble board condition (that induces body
instability in the sagittal plane with no major reduction in the somatosensory inputs). Hence
our first hypothesis that there would be a reduction in APAs with increase in body instability
was not supported but the second hypothesis was supported.

Role of support instability on feedforward postural control

Standing on foam (that is a compliant surface) induces instability in both the sagittal and
frontal planes and also distorts somatosensory inputs from the sole of the feet. In the current
study, standing on foam was associated with an overall increase of the activity of the
postural muscles during the anticipatory epochs. The observed increase of the anticipatory
activation of muscles contrasts previous literature reporting decreased APASs in experiments
involving unstable posture (Aruin, Forrest, 1998). A possible explanation to this finding
relates to the differences in the induced instability. Standing on boards with long and narrow
support beams induces body instability while standing on foam induces body instability but
also diminishes somatosensory input from the surface. It is known that the insufficient
afferent information from the environment could be a reason for co-contraction of muscles
during maintenance of vertical posture (Kennedy et al., 2012). Anticipatory co-contraction
of muscles was reported in individuals with neurological disorders (Aruin and Almeida,
1997, Garland et al., 1997) and the elderly (Bleuse et al., 2006) who deliberately use muscle
co-contraction trading efficacy for safety. A co-contraction of leg and trunk muscles was
also described in healthy individuals positioned on an unstable surface (Behm and Colado,
2012, Lee et al., 2006). A PC analysis utilized in the current study also revealed the
existence of co-contraction in a number of muscles. Thus, similar (positive) signs of the PC1
loadings seen in the FEO conditions for the anterior (RF, VL and VM) and posterior (ST)
knee muscles confirm the existence of co-contraction of the thigh muscles. However, in the
WEO condition PCA loadings in both the PC components reveal that co-contractions at both
the ankle and knee joints were not present. At the same time, when the subjects stood on the
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rigid (REO) support the PC1 loadings revealed co-contraction at the knee joint and the PC2
loadings uncovered co-contraction at the ankle joint.

The observed muscle co-contraction could be considered as an indication of the increased
stiffness of the joints that the CNS implemented to stabilize the COP displacement when
dealing with the instability. This suggestion is in line with the outcome of a previous study
that has reported the implementation of the stiffness strategy in conditions with the increased
postural threat (Carpenter et al., 2001). Indeed, the use of co-contraction of muscles was
reported while dealing with challenging postural conditions (Asaka et al., 2008,
Krishnamoorthy et al., 2004) and pre-programmed reactions in young subjects (Robert and
Latash, 2008) and in the elderly (Wolfson, 1997).

The outcome of the present study demonstrates that the level of co-contraction varies
depending on the stability of the supporting surfaces. These results taken together with the
literature suggest that increasing muscle co-contraction is a general strategy that the CNS
uses to provide additional stability in conditions of increased muscle weakness and a
slowing of sensory motor processing as it happens in case of advanced age or neurological
disease or when standing on an unstable surface i.e. foam. This suggestion is in line with
prior literature indicating that co-contraction can be used to augment trunk stiffness thereby
increase body stability (Lee, Rogers, 2006). It is important to note that co-contraction was
observed between the front and back muscles on the right side of the body. We believe that a
similar co-contraction was present on the left side of the body. A co-contraction of
analogous muscles on both the sides of the body could also be a part of a strategy focused on
increasing the body stability in conditions of standing on foam (that is associated with the
combination of the increased instability in both, the sagittal and frontal planes and the
distorted somatosensory inputs from the sole of the feet). On the other hand, increased co-
contraction of muscles could contribute to fatigue and consequentially impair postural
control. These assumptions however, could not be supported with the experimental data
since the EMGs were recorded unilaterally. As such, future studies involving EMG
recording from the muscles on both sides of the body are needed to provide information
needed to either support or reject the proposed suggestions.

Standing on the wobble board creates instability in the sagittal plan. At the same time there
is no difference in the physical properties of the surface in contact with the feet compared to
the standing on the force platform (in the RIGID condition). This resulted in the decreased
anticipatory activation of muscles in the WOBBLE condition as compared to RIGID
condition. Thus, this result is in agreement with the previous literature (Aruin, Forrest, 1998,
Pedotti, Crenna, 1989) describing a decrease in anticipatory activation of muscles in
experiments with body instability. It was also reported that when the support surface is
unstable in the sagittal plane, the anticipatory EMG activity in BF and SOL (soleus) muscles
is seen earlier compared to the standing on a stable surface (Gantchev and Dimitrova, 1996).
In the current study such a finding was not observed for BF. The differences in the study
outcomes could be due to the dissimilarity between the self-initiated perturbations
(Gantchev and Dimitrova, 1996) and the external perturbation used in the current study.
Moreover, the differences in the perturbation magnitudes could be another reason as it was
reported that body perturbations induced by a support surface translation were more
destabilizing than those applied to the body at the waist level (Mansfield and Maki, 2009).

It is interesting to note that although the anticipatory activity varied between different
surface conditions, almost similar anticipatory CoP displacements were seen in the
experimental conditions of standing on different supporting surfaces. We can speculate that
the support-related changes in the EMG activity were not realized in significant changes in
the body position as the CNS modulated anticipatory activity of the trunk and leg muscles to
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maintain the CoP relatively motionless. This could be a result of the implementation of two
strategies. First, smaller APAs were generated to avoid additional destabilization of the body
equilibrium in the condition of instability as it was in WOBBLE conditions. A possibility
this to happen was described in the previous literature. For example, in a study involving
self-initiated releases of a load from extended arms while standing on an unstable board, a
clear attenuation of the CoP displacements was reported in conditions with induced body
instability (Aruin, Forrest, 1998). Second, there was a simultaneous anticipatory activation
in the ventral and dorsal muscles; such a co-contraction might lead to a cancellation of the
effect of muscle activation on the CoP displacement and as a result increased body stability.
Indeed, similar anticipatory co-contraction of muscles was described in the literature as an
attempt to deal with the increased fear of falling (Adkin et al., 2000, Okada et al., 2001).

Role of support instability on feedback postural control

No anticipatory postural adjustments were generated when standing with eyes closed as the
subjects did not know the moment of the pendulum release. As such, only compensatory
postural adjustments were used to restore body position after the perturbation.

Alterations in somatosensation from the legs or trunk have been shown to modulate postural
responses to unexpected surface translations. Thus, it was demonstrated that individuals with
peripheral neuropathy exhibit delays of the muscle activation while being perturbed (Inglis
et al., 1994). While in the current study muscles were activated 11% and 19% later in the
FOAM and WOBBLE conditions than in RIGID conditions, respectively, these delays were
not statistically significant. It is important to mention that the subjects in the current study
were healthy young volunteers while the participants in the former study had impaired
proprioception.

The observed differences in the compensatory integrals of EMG between the experimental
conditions with standing on foam and wobble board (Fig. 4) provide support for the second
hypothesis. Indeed, all the studied muscles except RF showed highest activity during the
compensatory phase of postural control while standing on foam (that induces instability in
the sagittal and frontal planes) compared to standing on wobble board (that induces
instability in the sagittal plane only) or a rigid surface. Four muscles (TA, GL, BF and ESL)
showed smallest CPA magnitudes for the most stable condition (RIGID).

In the current study, regardless of the nature of instability of the supporting surface, all
anterior muscles were activated first after the perturbation followed by the activation of
posterior muscles. An activation of muscles around the hip was reported in subjects standing
on a narrow beam (Gatev, Thomas, 1999, Horak and Nashner, 1986) or on one leg (Tropp
and Odenrick, 1988) while recovering from a perturbation induced by a moving support.
The differences in the patterns of activation of muscles in the current study and the former
ones could be explained by a different type of perturbation and its point of application.
While past studies mainly used a support surface translation movements, our study utilized
perturbations delivered to the shoulders.

There are certain limitations in this study that we would like to mention. While unilateral
EMG recording was shown to be informative while studying postural control of standing on
a rigid surface and being exposed to symmetrical perturbations (Girolami et al., 2010,
Shiratori and Aruin, 2007), bilateral EMGs should be recorded to fully investigate postural
control while standing on a compliant surface such as foam. However, due to a limitation in
the number of channels we were unable to record bilateral EMGs. Future studies need to be
based on either using the EMG systems with larger number of channels or reducing the
number of studied muscles so EMGs from the left and right side muscles are recorded.
Second, we used 12.7cm thickness foam and a wooden wobble board which was positioned
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in such a way that it induced instability only in the sagittal plane. Future studies are needed
to investigate the role of different thickness of foam as well as the effect of the wobble board
inducing instability in the frontal plane.

Conclusion

The outcome of the study revealed that the altering support surface affects both feedforward
and feedback components of postural control. This information should be taken into
consideration in planning rehabilitation interventions geared towards improvement of
balance.
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Muscle latencies (anterior vs. posterior groups) are shown for the three experimental
conditions while subjects stood on RIGID (REO), FOAM (FEO) or WOBBLE (WEO)

surface with eyes open.
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APAl APA2

Fig. 2.

Mean normalized EMG integrals (in arbitrary units) of TA (tibialis anterior), RF (rectus
femoris), VL (vastus lateralis), VM (vastus medialis) and RA (rectus abdominis) for the
three surface support conditions for all subjects for the APA epochs (eyes open). Each
column represents the IEMGpormS for 150 ms of the APA1 and APA2 epochs with its
standard error bars. * signifies statistical significant differences (p<0.05) between FEO and
WEDO.
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Fig. 3.

Muscle latencies (anterior vs. posterior groups) with their standard error bars for the three
eyes closed experimental conditions while subjects stood on RIGID (REC), FOAM (FEC) or
WOBBLE (WEC) surface. Note that anterior muscles are first to activate/inhibit but only
after T,
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0.6

Mean normalized EMG integrals (in arbitrary units) of TA (tibialis anterior), GL (lateral
gastrocnemius), and RF (rectus femoris) during the three surface support conditions for all
subjects for the APA epochs (eyes closed). Each column represents the IEMGyormS for 150
ms of the APA1 and APA2 epochs with its standard error bars.
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Fig. 5.

Mean normalized EMG integrals (in arbitrary units) of TA (tibialis anterior), GL (lateral
gastrocnemius) and RF (rectus femoris), during the three surface support conditions for all
subjects for the CPA epochs (eyes closed). Each column represents the IEMGnorms for 150
ms of the CPA1 and CPA2 epochs with its standard error bars. * signifies statistical
significant differences (p<0.05) between FEC and WEC and # denotes statistically
significant differences (p<0.05) between FEC and REC.
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