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Abstract

There is increasing evidence demonstrating the role of the cerebral cortex in human postural control.
Modulation of EEG both in voltage and frequency domains has been observed preceding and
following self-paced postural movements and those induced by external perturbations. The current
study set out to provide additional evidence regarding the role of cerebral cortex in human postural
control by specifically examining modulation of EEG as a function of postural sway direction.
Twelve neurologically normal subjects were instructed to produce self-paced voluntary postural
sways in the anterior-posterior (AP) and medial-lateral (ML) directions. The center of pressure
dynamics and EEG both in voltage and frequency domains were extracted by averaging and Morlet
wavelet techniques, respectively. The amplitude of movement-related cortical potentials (MRCP)
was significantly higher preceding ML sways. Also, time-frequency wavelet coefficients (TF)
indicated differential modulation of EEG within alpha, beta and gamma bands as a function of
voluntary postural sway direction. Thus, ML sway appear to be more difficult and energy demanding
tasks than the AP sway as reflected in differential modulation of EEG. These results are discussed
within the conceptual framework of differential patterns of brain activation as a result of postural
task complexity.
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Traditionally, subcortical pathways, brainstem and spinal cord have been postulated as the core
structures involved in human postural control [see 13 for review]. However, more recent studies
suggest that cortical processing can also be involved in the initiation and regulation of postural
responses. Several brain imaging studies have provided important insights into the cortical
neurophysiology related to postural stability. For example, the presence of movement-related
cortical potentials (MRCP) in the motor cortex preceding the onset of self-paced postural
movement was observed in EEG studies by Saitou [21] and more recently by Slobounov
[25]. Specifically, self-paced initiation of postural sway in the sagittal plane was preceded by
slow negative DC shift, similar to MRCP accompanying voluntary limb movement. Also, a
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burst of 40 Hz gamma activity at frontal central areas preceded the initiation of compensatory
postural adjustment when balance was challenged [25].

As an alternative strategy, a postural perturbation design has been implemented to induce EEG
changes after perturbation (i.e., perturbation-evoked potentials [5,1,6,14], and prior to
perturbation [10]. It has been suggested that early (i.e. N1) perturbation-evoked brain responses
(PER) may be due to somatosensory afferent input [5,14] or may represent both somatosensory
and vestibular information related to the perturbation [26]. Whereas, the later components of
PER may be associated with sensorimotor processing related to the control of balance responses
[14] or could possibly relate to specific cognitive events such as the allocation of attention
towards novel stimuli or tasks demands. Although the details of this ongoing debate is beyond
the scope of our current report, the growing line of recent research may provide an insight into
how the human central nervous system (CNS) may process and integrate various sources of
information to generate precise motor adjustments to control upright posture.

Several studies have examined the relative contribution of anterior-posterior (AP) versus
medial-lateral (ML) postural sway in the regulation of quiet standing both in young adults,
elderly and pathological subjects. Overall, AP sway has a higher magnitude than ML sway
during spontaneous upright stance in normal young adults [4,19]. Usually, AP sway has about
twice the amplitude of ML sway [7]. This may be due to the fact that ML sway is controlled
at the hip by a bigger group of muscles that produce stronger responses [15], whereas AP sway
exerted by the smaller group of ankle muscles [4]. It was also reported that the disturbance
torque in the ML direction is lower than in the AP direction and the amount of movement at
the subtalar joint is restricted when compared with the talucrural joint mechanics that allow
the movement in the AP direction [4].

Increased ML sway associated with high risk of falling was observed in young adults during
standing on unstable base of support [19], in elderly subjects [18] and in children with cerebral
palsy with postural stability deficits [4]. Moreover, patients with cerebellar deficits experienced
greater ML sway when either proprioceptive or visual information was distorted [8]. More
recently, medial-lateral postural sway has been shown to be larger in subjects suffering from
acute lateral ankle sprains [16]. These findings support the notion that CNS may use different
postural strategies to control the AP versus ML components of postural stability [28]. However,
direct examination of this notion and the neural bases underlying control of voluntary postural
sways in the AP versus ML directions has not been reported. Provided that: (a) there are
modulations of EEG activity prior to initiation of postural movement similar to those
accompanying voluntary limb movement [21,25]; and (b) there is sensitivity of EEG potentials
both in voltage and frequency domains towards directional properties of voluntary limb
movement [17,23,20], it is feasible to hypothesize that there is differential modulation of
cortical activity as a result of voluntary postural sway direction. This study was set-up to
address this hypothesis.

Twelve normal volunteers participated in this study (8 males, 4 females aged 21 — 25 years
old). Subjects stood upright on the force plate (AMTI, model SGA6-4 amplifier, 6 Channels)
with their arms crossed on the chest. Subjects were instructed to have their feet placed apart
comfortably on the force plate and produce three self-paced whole-body discrete postural tasks:
(a) anterior-posterior (AP) sway; (b) medial-lateral sway to the right (ML-R); (c) medial-lateral
sway to the left (ML-L). Subjects were instructed to sway as far as they could to the limits of
their respective stability boundary at comfortable speed without moving their feet. Subjects
were instructed to produce postural sways approximately once every 10 s. Subjects performed
60 postural sways in every direction per one session. There were 2 test sessions with a break
of 10 min to ensure that at least 60 EEG artifact-free trials were acquired for extracting
movement-related cortical potentials. Prior to data collection, subjects were provided with

Neurosci Lett. Author manuscript; available in PMC 2009 September 19.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Slobounov et al.

Page 3

visual feedback of the Center of Pressure (COP) displacement while performing postural sways
with special emphasis to produce the same amount of sway, predominantly at the ankle joint,
regardless of its direction. No visual feedback was provided during actual experimental
sessions. The force platform signals were used to compute the coordinates of the center of
pressure (COP) trajectory in AP and ML directions. It should be noted that the peaks of posterior
sway could not be analyzed because they were too small and inconsistent, both within and
between subjects, relative to the other directions under study (forward, ML_L and ML_L).
Therefore, in the following analysis only peaks of the anterior sway were considered.
Nevertheless, due to the fact that the subjects were instructed to sway forward and back to the
initial quiet stance, this action was refereed to as an anterior-posterior (AP) postural task.

The EEG was recorded with Ag/Ag electrodes using a Quik-Cap Electrode Helmet at 19
electrode sites: FP1, FP2, Fz, F3, F4, FCz, FC3, FC4, Cz, C3, C4, CP3, CP4, Pz, P3, P4, O1
and 02 according to international 10-20 system [12]. Linked earlobes served as reference and
electrode impedances were kept below 5 KOhm. The signals were measured using a DC
coupled SynAmps amplifier (NeuroScan Inc., El Paso, TX). The EEG signals were amplified
(gain 1000, recording range set for +/— 55 mV) and band pass filtered in the DC to 100 Hz
frequency range. The EEG data were sampled at 500Hz using separate 16-bit analog-to-digital
converters for each channel.

EEG electrode DC shift was compensated for off-line by a fourth-order trend correction of
each channel over the entire recording epoch (linear detrend option of NeuroScan’s 4.1.
software). The baseline was derived from the average of the segment from 1500 to 1200 ms
before the trigger point derived from the force plate, as sway initiated, for each channel. Each
epoch was visually inspected and those containing artifacts were removed. At least 60 trials
were averaged for each postural sway condition. The amplitude of motor-related cortical
potentials (MRCP) was measured according to Jahanshahi and Hallett [11] at all of the above
mentioned electrode sites representing the frontal, central and parietal cortical areas. For the
time-frequency analysis of EEG, the Morlet wavelet was used as implemented via the Matlab
wavelet toolbox. Specifically, continuous wavelet transform (CWT) was performed to track
the dynamics of EEG power alterations within different frequency clusters approximated with
the initiation of postural sway. The CWT is able to resolve both time and scale (frequency)
events better than the short Fourier transform (STFT). In mathematics and signal processing,
the continuous wavelet transform (CWT) of a function f is defined by:

yrs)=['" (r)—w( ©)as

(1)

Where 1 represents translation, s represents scale which is related to frequency and v is the
mother wavelet. Zis the complex conjugate of z. In this paper the mother wavelet is complex
Morlet wavelet, as it has both good time and frequency accuracy. The time-frequency (TF)
energy of EEG trials was averaged and the mean time-varying energy of sway induced EEG
waveforms in 8-12, 14-24 and 30-50 Hz frequency bands across trials was computed. The
absolute values of the wavelet coefficients (C) were plotted, and the clusters of dominant energy
distribution within these frequency bands were noted. The scale space of the wavelet transform
was windowed separately to cover various frequency bands, to increase the resolution and to
stress between-sway direction differences. The major dependent variable for postural data
(COP maximum displacement as a function of sway direction AP, ML-L, ML-R) and EEG
data (in voltage, MRCP amplitude) and frequency, TF wavelet coefficients as a function of
sway direction) were analyzed using within-subject repeated measures ANOVA with direction
of sway (n=3) and electrode sites (n=19) as factors. To examine dynamics of EEG wavelet
coefficients as a functions of postural task, we have conducted a 3-way ANOVA with direction

Neurosci Lett. Author manuscript; available in PMC 2009 September 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Slobounov et al.

Page 4

of postural sway (AP, ML-R and ML_L), electrode sites combining 19 EEG channels into 4
regions of interest: frontal (FP1, FP2, Fz, F3, F4), frontal-central (FCz, FC3, FC4), central (C3,
Cz. C4) and central-parietal-occipital (CP3, CP4, Pz, P4, P3, O1, O2) areas, and time relative
to phases of sway (3 levels) as factors. The wavelet alpha and beta coefficients were grand
averaged within 3 time windows [i.e. —1900 to—2100 ms; —900 to —1100 ms); —100 to +100
ms] and subjected to ANOVA. Whereas the dynamics of EEG wavelet coefficients within
gamma frequency clusters was examined relative to peaks of the postural sway. The wavelet
gamma coefficients were grand averaged within 3 time windows [i.e., =100 to +100 ms; —900
to —1100 ms; +900 to +1100 ms] and subjected to ANOVA.

The ANOVA revealed that the main effect of COP displacement normalized among subjects
and postural sway conditions (AP, ML-L and ML-R) was not significant, F (11, 22) = 2.345,
p>.05. This indicates that subjects, indeed, did follow the instruction to produce postural sways
with the same magnitude regardless of its direction. See Fig. 1c for details. Also, as can be
seen from Fig 1.a & b, there were no differences between postural tasks in terms of duration
of the sway (total sway time), F (11, 22) = 3.234, p > 05. Overall, as instructed, no discernable
behavioral differences were observed, both in terms of time and magnitude, during the AP and
ML voluntary postural sways.

The major EEG finding from this study is that there was a differential modulation of cortical
activity as a function of voluntary postural sway direction. First, in terms of EEG voltage, a
well-pronounced DC negative shift approximately 1200+/—50 ms prior to initiation of intended
postural sway was observed regardless of sway direction. However, peak amplitude of MRCP
at initiation of intended sway was significantly higher prior to ML (15+/-4 pV ) than prior to
AP (9+/-3 puV ) direction, F (11, 22) = 9.321, p< 001. Post-hoc Turkey test revealed no
significant differences between ML-L and ML —R conditions (see also Fig.2). Moreover, there
was a main effect of electrode site, F (2, 36) = 11.566, p <.001, suggesting that the most
prominent differences were observed at frontal-central electrode sites with maximum values
at Cz.

In terms of EEG in time-frequency domain, visually there was a well pronounced drop in power
of alpha (8-12 Hz) and beta (14-25 Hz) activity just prior to initiation of sway. The alpha and
beta power was localized centrally approximately 200 ms prior to its significant drop at sway
initiation. Interestingly, there was a burst of 35 > Hz gamma activity localized centrally at the
point of maximum deflection of the CP and initiation of sway back to initial position. In terms
of alpha power, ANOVA revealed that the main effects of sway direction [F (2,286) = 3.36
p=0.036), electrode site, ROI [F (2,286) = 183.6, p<.0001] and time relative to phase of the
sway [F (2,268) = 106.22, p< .0001) were significant as evidenced by TF wavelet coefficients.
There was also a significant interaction, between RO1 and time relative to phase of the sway,
F (4,286) = 44.4, p< .0001, and between direction of sway and ROI, F(4, 286)=10.83,p< .0001,
overall suggesting that the amount of alpha power drop was significantly larger prior to ML
sway predominantly at central electrode sites.

Similar significant effects were revealed by ANOVA considering the TF wavelet coefficients
within beta power (p<.001), overall suggesting that the amount of beta power drop was
significantly larger prior to initiation of ML sway at central electrode sites. Specifically, the
main effects of sway direction [F (2,286) = 4.56 p<.001), electrode site, ROI [F (2,286) = 140.3,
p<.001] and time relative to phase of the sway [F (2,268) = 86.22, p< .001) were significant.
There was also a significant effect of interaction, between RO1 and time relative to phase of
the sway, F (4,286) = 33.53, p< .001, and between direction of sway and ROI, F (4, 286) =
8.46, p< .001,
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Similarly, 35> Hz gamma power burst was larger at maximum deflection of CP during ML
conditions, as evidenced by significant main effect of direction of sway, F (2,286) = 7.58 p<.
001, and effect of interaction between the direction of sway and time relative to phase of the
sway, F (4, 286)= 46,34, p<.001. Moreover, the main effect of electrode site (ROI) was
significant, F (2, 286) = 11.34, p>.001, as well as effect of interaction between RO1 and time
relative to phase of the sway, F (4,286) = 21.77, p< .001, suggesting that the most pronounced
changes in EEG power within gamma frequency band were observed at central electrode sites
(C3, Cz, C4). An example of EEG wavelet maps associated with AP sway is shown in Fig.3.

There is an indication in the literature regarding independent control of ML versus AP
components of postural sway during quiet upright standing [28]. A number of recent studies
have also reported that increased ML but not AP component of spontaneous postural sway may
cause postural instability in young adults performing more challenging tasks [19] as well as in
a neurologically abnormal subjects [8,4]. Considering these findings collectively, it is feasible
to propose that increased “energetic demands” [3,9] and/or “neural working load” [2] may be
necessary to preserve balance in presence of enhanced magnitude of ML component of postural
sway.

Clearly, modulation of EEG activity both in voltage (amplitude of MRCP) and time-frequency
(power of wavelet TF coefficients within alpha, beta and gamma frequency bands) was more
pronounced during ML than those preceding AP voluntary postural sway. Previous EEG
research has documented increased MRCP as a function of motor tasks difficulty [17,24]. Also,
alpha power reduction (event-related desynchronization, ERD, reflecting energetic
processes in the brain [9,3] primarily at frontal-central areas due to increasing task complexity
has been reported in a number of previous studies [3,27]. In addition, the functional correlates
of EEG gamma enhancement, initially defined as a sign of focused cortical arousal [22] and
later on as an index of “neural working load” [2] which accompany challenging cognitive and
motor tasks are now widely recognized. Thus, it is feasible to suggest that ML components of
postural sway are more complex in terms of control as reflected in increased energetic
demands [9] reflected in modulation of EEG patterns. Therefore, due to complexity of control,
it is not surprising an increased ML sway associated with high risk of falling in young adults
during standing on unstable base of support [19], in elderly subjects [18], in children with
cerebral palsy with postural stability deficits [4], an in patients with cerebellar deficits [8].

To conclude, contrasting features of EEG patterns accompanying postural movement suggests
that modulation of cortical activity during postural tasks is sway direction-dependent
phenomenon. Further, modulation of EEG patterns in voltage (MRCP potentials) and time-
frequency (wavelet time-frequency decomposition within alpha, beta and gamma bands) may
serve as a neural basis underlying independent control of ML versus AP components of postural
sway [28]. Our future research will focus on examining contrasting features of EEG patterns
accompanying the AP and ML components of spontaneous versus voluntary postural sways.
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Fig. 1.

Typical subject’s performance of the anterior-posterior (AP) and medial-lateral (ML) voluntary
sways to the left and right directions (a & b). Both panels show the trajectories of COP along
a time-normalized cycle. The position of the subject’s feet was measured accurately to define
the dimensions of the base of support. The magnitude of the COP displacement was normalized
with regard to dimensions of the base of support. For COP (AP), the peak was normalized by
the largest length of the feet obtained by a straight line between the heel and the second toe.
For COP (ML), the peak was normalized by the distance between the lateral boundaries of the
feet. The maximal displacement (peak trajectory) of the COP with respect to the dimensions
of base of support during AP and ML sways is shown in Fig.1c.
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(Top) Grand averaged DC slow wave evolution at Cz electrode site preceding the onset of self-
paced voluntary AP and ML sways. At least 60 trials were averaged to extract MRCP. Notice,
the larger MRCP preceding the ML sways. (Bottom) Typical COP trajectories during AP and

ML sways.
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Fig. 3.
Typical examples of EEG wavelet map at C3, Cz and C4 electrode sites within alpha (8-12
Hz), beta (14-25) and gamma (35> Hz) prior to initiation of AP sway.
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