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� Adolescent idiopathic scoliosis (AIS) shows altered electrocortical dynamics during balance control.
� Cortical dynamics assessment seems sensitive to detect sensorimotor dysfunction.
� Participants with AIS adapt their electrocortical dynamics to maintain balance control.

a b s t r a c t

Objective: This study aims at examining the cortical dynamics of sensorimotor information processing
related to balance control in participants with adolescent idiopathic scoliosis (AIS) and in age-matched
controls (CTL).
Methods: Cortical dynamics during standing balance control were assessed in 13 girls with AIS and 13
age-matched controls using electroencephalography. Time-frequency analysis were used to determine
frequency power during ankle proprioception alteration (ankle tendons co-vibration interval) or reinte-
gration of ankle proprioception (post-vibration interval) with or without vision.
Results: Balance control did not differ between groups. In the co-vibration interval, a significant suppres-
sion in alpha (8–12 Hz) and beta (13–30 Hz) band power and a significant increase in theta (4–7 Hz) band
power were found respectively in the vision and non-vision condition in the AIS group compared to the
CTL group. In the post-vibration interval, significant suppressions in beta (13–30 Hz) and gamma (30–
50 Hz) band power were observed in the AIS group in the non-vision condition.
Conclusion: Participants with AIS showed brain oscillations differences compared to CTL in the sensori-
motor cortex while controlling their balance in various sensory conditions.
Significance: Future study using evaluation of cortical dynamics could serve documenting whether reha-
bilitation programs have an effect on sensorimotor function in AIS.

� 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. All rights
reserved.
1. Introduction

Adolescent idiopathic scoliosis (AIS) is a multifactorial disorder
characterized by a three-dimensional (3D) deformity of the spine
affecting 2–3% of adolescents with girls more severely affected
(Weinstein et al., 2008). Progressive scoliosis affects self-image
and appearance (Donaldson et al., 2007; Sapountzi-Krepia et al.,
2001; Zabjek et al., 2008), activity performance and quality of life
(Danielsson et al., 2006; Mahaudens et al., 2010; Tones et al.,
2006). The etiopathogenesis of AIS still remains unclear with mul-
tifactorial hypotheses including genetic factors, central nervous
system (CNS) abnormalities and hormonal dysfunctions during
growth (Burwell et al., 2009; Domenech et al., 2010; Edery et al.,
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2011; Edery et al., 2013; Geissele et al., 1991; Herman et al., 1985;
Moreau et al., 2004). These factors are suggested to be associated
with initiation of idiopathic scoliosis (Veldhuizen et al., 2000). Sub-
sequently, biomechanical factors such as posture asymmetry and
muscle imbalance would also play a role in scoliosis progression
during the growth period (Reuber et al., 1983; Stokes, 2007). A cau-
sal gene of idiopathic scoliosis has recently been identified (Edery
et al., 2011; Fendri et al., 2013). The pathogenic nature of this gene
relates to its mutated protein found during the early development
in the hindbrain-midbrain boundary (Patten et al., 2015), a critical
region for brain structuration (Wurst and Bally-Cuif, 2001). This
brain region plays an important role in sensory processing and bal-
ance control (Boisgontier et al., 2017; Drijkoningen et al., 2015). In
addition, altered sensory cortical processing and abnormal connec-
tivity patterns in the motor cortex were found in participants with
AIS compared to age matched controls (Cheng et al., 1998; Lao
et al., 2008; Wang et al., 2013). Furthermore, outcomes of MRI
studies have revealed some structural abnormalities in partici-
pants with AIS compared to controls. For example, asymmetry in
the ventral pons of the medulla in the area of the corticospinal
tracts (Geissele et al., 1991), abnormal cortical thinning of the
paracentral region (right hemisphere), the superior frontal region
(left hemisphere) and of the precentral gyrus (right hemisphere)
(Wang et al., 2012) were observed while the authors of an fMRI
study reported abnormal patterns of brain activation in the supple-
mentary motor area during movement execution (Domenech et al.,
2011). Thus, these subcortical and cortical alterations could cause
sensorimotor control dysfunctions leading to asymmetrical back
muscle activity and timing (Cheung et al., 2004, 2005; Shimode
et al., 2003), poorer balance control, difficulty in reweighting sen-
sory information during or following a brief period of sensory
deprivation and altered cognitive integration of vestibular signals
(Haumont et al., 2011; Nault et al., 2002; Pialasse et al., 2015a,
2015b, 2013, 2016; Simoneau et al., 2009).

The results of these behavioral studies, while important on their
own, do not permit to assess if cortical brain oscillations, reflecting
sensorimotor integration, differ in participants with AIS compared
to controls. Recording electroencephalography (EEG) in the senso-
rimotor areas provides a window into the neural mechanisms
related to balance control (Jacobs and Horak, 2007; Varghese
et al., 2017). Recently, time-frequency decomposition of EEG sig-
nals showed an association between balance control performance
and cortical dynamics in different frequency bands at the frontal,
central and parietal regions of the cortex. An increase in theta band
power (4–7 Hz) and a reduction in alpha–beta band power (8–13 &
13–30 Hz, respectively) was observed in the sensorimotor cortex
during challenging standing or walking balance tasks
(Hulsdunker et al., 2015a; Peterson and Ferris, 2018; Sipp et al.,
2013; Slobounov et al., 2009). These findings suggest that theta
oscillations may be associated with sensorimotor processing for
detecting and preventing loss of balance. Further, evidences sug-
gest that the functional processing of somatosensory cues relates
to specific frequency band of neural oscillations at the cortical
level. For instance, alpha oscillations (�8–12 Hz) is a marker of
the excitability of the somatosensory cortex (Anderson and Ding,
2011; Pfurtscheller and Lopes da Silva, 1999). Compared to base-
line, a suppression of alpha band power represents larger excitabil-
ity thus a suppression of alpha band power indicates that
somatosensory cues are relevant to perform the task optimally
(Haegens et al., 2011). Further, power of beta oscillations (�13–
35 Hz) prevails during unaltered state but a suppression in beta
band power is usually observed prior and during movement in
the somatosensory cortex. Thus, beta desynchronization (i.e., sup-
pression of power) is thought to represent processing or
somatosensory signals (van Ede et al., 2011; van Ede et al., 2012).
Gamma oscillations also have been recorded in the sensorimotor
cortex during motor behaviors. As opposed to alpha and beta oscil-
lations, the power of gamma oscillations (30–50 Hz) increases dur-
ing sensorimotor tasks contributing to enhancement of
multimodal sensory integration (Aoki et al., 1999, 2001; Fries,
2015; Lebar et al., 2017; Salenius et al., 1996).

In other studies, comparing brain oscillations in athletes to non-
athlete young adults, the authors observed a link between power
suppression in the alpha band (reported as event-related desyn-
chronization – ERD) and balance control performance (Del Percio
et al., 2009, 2007). Results revealed that alpha band power sup-
pression increases in cortical regions involved in sensorimotor
integration in the more challenging task in both groups when
vision is available. However, compared to non-athletes, athletes
showed less alpha band power suppression associated with this
task, suggesting reduced cortical activity in athletes (Del Percio
et al., 2009). In another paradigm comparing standing balance con-
trol with and without vision, a significant correlation is reported in
karate athletes between right centro-parietal alpha ERD and per-
centage reduction of body sway area, the greater the alpha ERD,
the greater the improvement of balance control when vision is
available (Del Percio et al., 2007). According to Del Percio et al.
(2009), karate athletes maximize processing of visual information
for controlling standing balance. The authors concluded that the
sensory requirements of a sport activity and the equilibrium train-
ing will differently affect the cortical information processing asso-
ciated with balance control. Overall, these results suggest a link
between balance control performance and changes in brain
oscillations.

In the present study, we examined the cortical dynamics of
sensorimotor information processing related to balance control
in participants with AIS and age matched healthy adolescents
(CTL) by comparing time-frequency maps of brain sources located
in the sensorimotor cortex. Our objective was to investigate
whether we could identify specific cortical dynamics associated
with ankle proprioception alteration or reintegration while vision
was available or not. Since alpha band desynchronizations is a
marker of the excitability of the somatosensory cortex
(Anderson and Ding, 2011; Pfurtscheller and Lopes da Silva,
1999) and beta band desynchronization is thought to represent
processing of somatosensory signals (van Ede et al., 2011; 2012)
we hypothesized that compared to CTL participants, AIS partici-
pants should show less alpha and beta band power suppression
during sudden changes in ankle proprioception state. If this
hypothesis is confirmed, it would suggest less efficient sensori-
motor integration in AIS compared to CTL. This observation would
shed some light on the mechanisms underlying impaired balance
control in AIS participants compared to CTL during challenging
sensory conditions (Guo et al., 2006; Haumont et al., 2011;
Sahlstrand and Lidstrom, 1980; Simoneau et al., 2006b). It is also
possible that the neural mechanisms for detecting a loss of bal-
ance are less efficient in AIS participants. Because theta oscillation
synchronization is observed when participants lose their balance
(Peterson and Ferris, 2018; Sipp et al., 2013; Varghese et al.,
2014) and it is thought to be related to detection of balance
changes (Hulsdunker et al., 2015a; Slobounov et al., 2013), less
theta band synchronization in AIS participants would indicate
impairments in detecting a sudden change in balance state-
space. In addition, as synchronization in the gamma band in the
sensorimotor cortex increases with performance during challeng-
ing sensorimotor tasks (Aoki et al., 1999; Fries, 2015), poorer bal-
ance control in AIS participants should imply gamma band
desynchronization compared to controls. Finally, we expect that
removing visual information would exacerbate balance control
of AIS participants more than control participants thus the
absence of alpha and beta band desynchronization and gamma
band synchronization should be exacerbated.
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2. Materials and Methods

2.1. Participants

Twenty-six adolescent girls between 10 and 18 years of age par-
ticipated in the present study. They were separated into two
groups according to their clinical status, AIS or CTL group. The 13
adolescents with AIS were recruited from two orthopedic clinics
(CHU Sainte-Justine & Clinique orthopédie pédiatrique de Québec).
Inclusion criteria were: idiopathic scoliosis with a Cobb angle
between 15 and 45� and no previous spine surgery or other mus-
culoskeletal disorder. The 13 age-matched control girls were
recruited from surrounding schools as well as children of the staff
working in the hospitals. Participants in the CTL group had to be
exempt of spinal pathologies and of other neurologic or muscu-
loskeletal disorders. Participants answered a short clinical ques-
tionnaire to document their medical history, daily and physical
activities and symptoms history. This interview was followed by
anthropometric measurements. Pain level was determined using
the Numeric Pain Rating Scale (NPRS: 0–10) (Childs et al., 2005),
since pain is often present in adolescents with idiopathic scoliosis
(50–78%) (Landman et al., 2011; Sato et al., 2010; Smorgick et al.,
2013) and in healthy adolescents (28–48%) (Calvo-Munoz et al.,
2013; Jones et al., 2004; Kjaer et al., 2011) and may alter balance
control (Popa et al., 2007) and EEG activity (Jacobs et al., 2010).
Parents and participants gave written informed consent to partici-
pate and the project was approved by the ethics committees of the
two institutions.
2.2. Experimental procedure

Participants stood barefoot on the force platform with their feet
10 cm apart and arms along the body. They performed 50 trials in
the two experimental conditions: vision and non-vision, 25 trials
in each condition in alternating order. Participants were instructed
to close their eyes or to keep them open before the trial onset and
to adopt a relaxed standing posture. Each trial lasted 30 seconds
and was divided into three intervals: (1) pre-vibration (0–10 s),
(2) co-vibration (10–20 s) and (3) post-vibration (20–30 s). The
pre-vibration interval served to assess balance control perfor-
mance during normal upright standing posture. The co-vibration
interval allowed to investigate the effect of ankle proprioception
alteration on balance control. The post-vibration interval permit-
ted to determine the ability of the participant to reintegrate ankle
proprioception. Ankle proprioception was altered by means of co-
vibration over the tendons of the soleus/gastrocnemius and tibialis
anterior of both ankles. Applying vibration to a muscle tendon
specifically activates the muscle spindle primary endings (Burke
et al., 1976; Roll and Vedel, 1982). The vibrators were fixed by rub-
ber bands. The four vibrators consisted of unbalanced masses fixed
at both extremities of direct current motors rotating at 80 Hz; each
motor was inserted into a plastic cylinder and the amplitude of the
mechanical oscillation was between �0.5 and 1 mm.
2.2.1. Experimental settings
Balance control was assessed using a force platform (AMTI,

Optima model OP464508-200-STT and amplifier model OPT-SC;
AMTI, model OR6-7-1000 and amplifier model AMTI GEN-5D,
Watertown, MA, USA) using 16-bit A/D converter (both sites:
model NI PCIe-6531, National Instrument, Austin, TX, USA). Elec-
trocortical signals were collected using a 128-channel Hydrogel
Geodesic SensorNet (EGI, Eugene, OR, USA) with a Net Amps 300
amplifier or through a 64-channel Hydrogel Geodesic SensorNet
(Electrical Geodesics, Inc (EGI), Eugene, OR, USA) with a Net Amps
400 amplifier. EEG recording was sampled at 1000 Hz using Net-
station� 4.5 software (EGI, Eugene, OR, USA) and electrode impe-
dances were kept below 40 kX. Size of the SensorNet was chosen
to match the head size of each participant. To control vibration
onset/offset and synchronize EEG and behavioural data, we used
microcontrollers (Basic Stamp 2 SX, Parallax, Rocklin, CA, USA
and Arduino Mega 2560, Atmel Corporation, San Jose, CA, USA).

2.2.2. Behavioural data processing
Matlab 2018a (Mathworks, Inc., Natick, MA, USA) was used to

process platform data. All data were filtered using a zero-lag 4th
order low-pass Butterworth filter (cut-off frequency 10 Hz). Plat-
form data was used to calculate center of pressure (COP) and cen-
ter of gravity (COG). The position of the COG along the AP axis was
estimated throughout each trial using a zero-point-to-zero-point
double integration technique, also known as the gravity line pro-
jection technique (King and Zatsiorsky, 1997; Zatsiorsky and
King, 1998). The underlying assumption of this method is that
the COP coincides with the vertical line passing through the COM
(COG is the vertical projection of the COM) when the horizontal
ground reaction force is zero.

Balance control was assessed by calculating the scalar distance
between COP and the COG (Gage et al., 2004; Masani et al., 2007).
Root mean square value of the COP-COG scalar distance was calcu-
lated for an epoch of 8 s in the pre-vibration interval, for the first
2.5 s of the vibration interval, and for the first 2.5 s of the post-
vibration interval. Recent studies have reported that the time
course of body sway variability during a sudden change in sensory
state is approximately 2 s (Honeine et al., 2015; Sozzi et al., 2012).
Thus, to assess balance control performance at ankle tendons co-
vibration onset and offset, we calculated the root mean square
(RMS) value of the COP-COG scalar distance during the first 2.5 s
following a sudden change in sensory state.

2.2.3. EEG processing
EEG processing was performed using EEGlab13.6.5b (Swartz

Center for Computational Neuroscience, Institute for Neural Com-
putation, University of California San Diego, San Diego, CA, USA).
For the EEG preprocessing, EEG signals were first down sampled
to 250 Hz and then high-pass filtered using a basic FIR filter (cut-
off frequency of 1 Hz). This 1 Hz high-pass filter suppresses low-
frequency drifts that are spatiotemporally nonstationary and helps
ICA in producing a good decomposition (Frolich and Dowding,
2018). Line noise at 60 Hz and its harmonics were removed using
cleanline, an EEGlab plug-in that adaptively estimates and removes
sinusoidal artifacts using a frequency-domain regression technique
(Bokil et al., 2010). Thereafter, we used the plug-in clean_rawdata
to detect and subtract non-stationary high-amplitude artifacts that
most probably originated from eye blinks, muscle, and electrode
motion and to interpolate or reject periods in the EEG data that
exceeded the mean amplitude by 4 standard deviations of a clean
portion of the same data. Finally, we referenced the channels to an
average reference. Infomax independent component analysis was
performed on the cleaned dataset in order to transform the EEG
channel data into temporally independent component (IC) signals
(Bell and Sejnowski, 1995).

2.2.4. Estimating equivalent current dipoles for EEG sources
Once IC activities were obtained, the location and orientation of

a best-fitting equivalent current dipole was fit for each component
using the DIPFIT2 (Oostenveld and Oostendorp, 2002) plug-in for
EEGLAB. Since MRI structural head images of the participants were
not available, a boundary element model based on the Montreal
Neurological Institute’s (MNI) standard brain template was used
for estimation of dipole locations and orientations. The equivalent
dipoles were selected if they were in the sensorimotor cortex and
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had residual variance smaller than 15% from the spherical forward-
model scalp projection.

To select brain sources located in the sensorimotor cortex, inde-
pendent components were clustered according to their scalp map,
dipole location and power spectrum. Clustering was performed
within EEGlab using the K-means algorithm. This algorithm creates
clusters by minimizing variability within a cluster and maximizing
variability between clusters. Independent components with a dis-
tance larger than three standard deviations from the mean of the
cluster centroid were removed from the analysis. For each group
and condition, a total of 10 clusters were created. Thereafter, clus-
ters were inspected to assess the contribution of each participant
to the cluster. If one participant contributed to multiple ICs in
the sensorimotor cluster, the IC with the lowest residual variance
was selected. It might occur that the clustering algorithm failed
to identify one IC for a participant (Huster et al., 2015). In this case,
we selected the IC with the lowest residual variance that was
Fig. 1. Cortical dipole locations of the brain sources located in the sensorimotor
cortex for the control (panel A) and adolescent idiopathic scoliosis (panel B) groups
in the vision condition. Blue dots illustrate participant’s dipole with the smallest
residual variance and red dots denote cluster centroid. Bottom right panel depicts
average scalp topography of the cluster. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
located within or close to the sensorimotor cortex. Then, we care-
fully examined the IC activity and its power spectrum to ascertain
it contained activity believed to originate from synchronously
activity in one cortical patch. Such sources have power spectral
densities with inversely related frequency and power and show
increased power in frequency bands between 5 and 30 Hz (Onton
and Makeig, 2006). Overall, the clustering algorithm failed to
include the source of 5 participants (i.e., 2 adolescents with idio-
pathic scoliosis in vision condition and 3 control participants, 2
in no-vision and 1 in vision condition). For these participants, the
sources were identified according to the criteria enumerated
above. Both groups’ cortical dipoles in the sensorimotor cortex
and the average topography in condition vision are illustrated in
Fig. 1 (see Supplementary Fig. 1 for condition non-vision). In this
study, EEG data were acquired using 64- and 128-channel systems.
In an experiment assessing the neural substrates of sensorimotor
processing (Melnik et al., 2017), the authors assessed if the number
of channels in an EEG system influenced the number of sensorimo-
tor independent components. The authors concluded that the
number of channels did not influence the number of independent
components located in the sensorimotor cortex.

To perform time-frequency analysis, we adapted customized
Matlab scripts (Cohen, 2014). For each participant, we calculated
the time-frequency map of the IC located in the sensorimotor cor-
tex. To do so, single-trial data were first decomposed into their
time-frequency representation by multiplying the power spectrum
of the IC located in the sensorimotor cortex, obtained from the fast
Fourier transform, by the power spectrum of complex Morlet
wavelets ei2ptf e�t2=ð2r2Þ where t is time, f is frequency, which
increased from 1 to 50 Hz in 40 linearly spaced steps, and r defines
the width of each frequency band, set according to n=ð2pf Þwhere n
is the number of wavelet cycles and increased from 4 to 12 in log-
arithmic steps, and then taking the inverse fast Fourier transform
(i.e., frequency domain convolution). From the resulting complex
signal, an estimate of frequency band specific power at each time
point was defined as the squared magnitude of the result of the

convolution Z real zðtÞ½ �2 þ imag z tð Þ½ �2
� �

. Power was normalized

using a decibel (dB) transform (dB power = 10 � log10 [power/
baseline]), where the baseline activity was taken as the average
power at each frequency band, averaged across conditions, from
–0.5 to –0.2 s before ankle tendons vibration. Conversion to a dB
scale ensures that data across all frequencies, time points, elec-
trodes, conditions, and participants are in the same scale and thus
comparable.

2.3. Statistical analysis

The software Statistica (version 13, Tibco software Inc, Palo
Alto, CA, USA) was used to assess if body sway differed between
groups. The RMS value of the COP-COG scalar distance was submit-
ted to groups (2: AIS, CTL) by conditions (2: Vision, Non-vision) by
intervals (3: Pre-vibration, Vibration and Post-vibration) analysis
of variance (ANOVA) with repeated measures on the last two fac-
tors. Prerequisites for the ANOVA were verified. First, we tested
the homogeneity of the variance using the Box M test. The result
of the Box M test (Box M = 33.16, Chi-square = 23.96, p = 0.29)
was not significant indicating that the variances within each pop-
ulation was similar. To assess the sphericity, we used Mauchly’s
test. The results of this test have revealed that the sphericity was
neither violated for the conditions (i.e., vision and no-vision) nor
for the interaction interval (preVib, Vib, postVib) by condition
(vision, no-vision, p = 0.31). However, the sphericity was violated
for the intervals (p = 0.01). Thus, for this analysis, the Huynh-
Feldt correction was applied. Further, we calculated the
Kolmogorov-Smirnov test for each interval and group. None of



1756 C. Fortin et al. / Clinical Neurophysiology 130 (2019) 1752–1761
the tests were significant, confirming that the data were normally
distributed. Post-hoc tests were performed using Tukey test.
Anthropometric data of the two groups were compared using Wil-
coxon rank sum test. All statistical analyses were set with p � 0.05.

For the time-frequency analysis, statistical comparisons were
performed using t-tests, and multiple comparisons were corrected
using cluster-based permutation testing (Maris and Oostenveld,
2007; Nichols and Holmes, 2002), in which the assignment of con-
dition to each data point was randomly shuffled, and statistics
were recomputed. After thresholding each permutation map
(p < 0.05), the t-values were stored. This was repeated 3000 times,
creating a distribution of t-values under the null hypothesis. Any
pixels in the real data with a t-value at least larger than the 95%
of the distribution of null hypothesis were considered statistically
significant. This procedure was performed for the conditions vision
and non-vision immediately after ankle tendons vibration onset
(vibration interval) and immediately following ankle tendon offset
(post-vibration interval).
3. Results

3.1. Participants

Anthropometric characteristics of the two groups are presented
in Table 1. There were no significant differences in age, height,
Table 1
Anthropometric characteristic of participants: mean and standard deviation [SD]

AIS group
Mean [SD

Age (y) 12.9 [1.0]
Height (cm) 161.1 [7.6
Weight (kg) 50.2 [8.6]
Pain 0.8 [1.7]
Extra-curricular sports activities (hours/week) 3.3 [2.6]
Scoliosis: Cobb angle (�)

Thoracic/Thoraco-lumbar or lumbar
26 [9]/26

Fig. 2. Group means of the RMS value of the COP-COG scalar distance for the vision (left
during tendons vibration (Vib) and, following tendons vibration (postVib). On each pane
group means while light red boxes denote group standard error of the mean and blue line
figure legend, the reader is referred to the web version of this article.)
weight, pain status and number of hours per week of extra-
curricular sports activities. Ten participants out of 13 reported
doing extra-curricular sports activities in the AIS group compared
to 7 participants out of 13 in the CTL group. Sports activities were
similar in both groups, such as karate, soccer, volleyball, swimming
and hockey. In the AIS group, we also had three participants engag-
ing in dance activities.
3.2. Balance control

The ANOVA revealed that, for both groups, body sway was lar-
ger in non-vision compared to vision (main effect of condition: F
(1,46) = 14.21, p = 0.00047) (Fig. 2). In addition, the analysis
showed that body sway varied across intervals (main effect of
interval: F(1.6537.77) = 54.69; p < 0.00000001). Post-hoc tests con-
firmed that body sway was larger during vibration and post-
vibration intervals compared to the pre-vibration interval
(p < 0.001) and that body sway was alike between vibration and
post-vibration intervals (p > 0.05). Further, analysis revealed a sig-
nificant interaction of interval by condition (F(2,92) = 3.48,
p = 0.035). Decomposition of this interaction indicated that, for
both groups, the increase in body sway between the pre-
vibration and vibration interval was larger in both conditions
(p < 0.001). Amplitude of the body sway during the vibration inter-
val was similar for vision and non-vision (p > 0.05) and during the
]
CTL group
Mean [SD]

P value

13.0 [1.0] –
] 157.7 [7.5] 0.206

46.5 [9.4] 0.314
0.0 [0] 0.125
2.9 [2.7] 0.734

[9] – –

column) and no-vision conditions (right column) before tendons vibration (preVib),
l, gray dots depict mean results for each participant. Red horizontal lines illustrate
s depict one standard deviation. (For interpretation of the references to colour in this



Fig. 3. Time-frequency plots of oscillation power, following ankle tendons vibration onset, as a function of group, condition and group difference. First row depicts time-
frequency maps for vision condition whereas second row presents time-frequency maps for non-vision condition. Left column is for CTL group, middle column for AIS group
and right column for difference between AIS and CTL groups. Color scale: red colour indicates increase frequency power (ERS) while blue colour indicates decrease frequency
power (ERD) with respect to baseline. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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post-vibration interval (p > 0.05). All other main effects or interac-
tions were not significant.

3.3. Brain oscillations

For the vision condition, time-frequency analysis (Fig. 3 - upper
right panel) revealed a significant suppression in alpha (8–12 Hz)
and beta (13–30 Hz) band power for the AIS compared to the CTL
group between 0.8 and 1.5 s after ankle tendons vibration onset.
Fig. 4. Time-frequency plots of oscillation power, following ankle tendons vibration off
frequency maps for vision condition whereas second row presents time-frequency maps
and right column for difference between AIS and CTL groups. Color scale: red colour indic
power (ERD) with respect to baseline. (For interpretation of the references to colour in
In the non-vision condition, a significant increase in theta (4–
7 Hz) band power is observed immediately after ankle tendons
vibration onset for the AIS group compared to the CTL group
(Fig. 3 – lower right panel).

Time-frequency analysis following ankle tendons vibration off-
set showed significant suppressions of delta (1–3 Hz) and theta (4–
7 Hz) band power for the AIS compared to the CTL group in the
vision condition between �1.8 and 2.5 s (Fig. 4). In the non-
vision condition, significant suppressions in beta (13–30 Hz) and
set, as a function of group, condition and group difference. First row depicts time-
for non-vision condition. Left column is for CTL group, middle column for AIS group
ates increase frequency power (ERS) while blue colour indicates decrease frequency
this figure legend, the reader is referred to the web version of this article.)
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gamma (30–50 Hz) band power are observed for the AIS group
compared to the CTL group between 0.5 and 2.5 s post vibration
offset.
4. Discussion

The goal of this study was to assess electrocortical dynamics
and balance control in participants with AIS and healthy age-
matched controls following a sudden change in ankle propriocep-
tion state. Behavioral studies have revealed balance control impair-
ment in participants with AIS compared to CTL during sensory
transition but the neural mechanisms underlying this difference
is not well understood. In this study, by assessing electrocortical
oscillations during sensory transition, we wanted to compare the
sensorimotor mechanisms of AIS and control participants. We
hypothesized that compared to CTL, participants with AIS should
show less alpha and beta band power suppression during ankle
proprioception alteration (co-vibration) and less theta band power
synchronization. We also hypothesized that participants with AIS
should show less gamma band power synchronization. As visual
information improves balance control, we expected that these dif-
ferences would be exacerbated in absence of vision. Remarkably,
body sway amplitude did not differ between groups either during
or following alteration in ankle proprioception. Some studies have
demonstrated larger body sway in participants with AIS compared
to CTL during challenging sensory conditions (Haumont et al.,
2011; Pialasse et al., 2015a; Sahlstrand and Lidstrom, 1980;
Simoneau et al., 2006a; Simoneau et al., 2006b) while others
reported impaired balance control during upright standing or loco-
motion only in subgroups of participants with AIS (Gauchard et al.,
2001; Guo et al., 2006; Lao et al., 2008; Pialasse et al., 2017). This
result is important as one can hypothesize that spine deformation
causes a distortion of the body schema (Burwell et al., 2006).
Nonetheless, in absence of sudden alterations in sensory informa-
tion, distortion of the body schema does not necessarily lead to
balance control impairment in participants with AIS (Adler et al.,
1986; Byl and Gray, 1993; Byl et al., 1997; Herman et al., 1985).

Although the absence of behavioural group differences during
or after ankle proprioception alteration contrasted with our
hypothesis, overall these findings replicate previous results report-
ing that balance control impairments could involve only a sub-
group of participants with AIS. Another factor influencing balance
control performance is the level of physical activity (Baccouch
et al., 2015; Del Percio et al., 2009; Del Percio et al., 2007;
Gerbino et al., 2007; Perrin et al., 2002). According to Del Percio
et al. (2009), sports activities implicating balance training reduce
body sway and positively affect cortical information processing
associated with balance control. Even though no significant statis-
tical difference was found between groups for the number of hours
per week of extra-curricular sports activities, participants with AIS
were slightly more active compared to the CTL group. It is thus
possible that the balance control task used in this study was not
challenging enough for the AIS participants since 10 out of 13 were
doing sports activities such as karate and dancing which contribute
to decrease body sway in standing balance tasks (Baccouch et al.,
2015; Gerbino et al., 2007; Perrin et al., 2002).

Contrary to our hypotheses, compared to CTL, AIS participants
showed more alpha and beta band desynchronization when ankle
proprioception was altered. This group difference in the electrocor-
tical activity suggests that this adjustment in the functioning of the
sensorimotor integration mechanisms led to balance control com-
parable to control participants. This observation is in line with pre-
vious works reporting a suppression of alpha and beta band power
and an increase in theta band power in the somatosensory region
following a sudden change in sensory state (Hulsdunker et al.,
2015a; Sipp et al., 2013; Slobounov et al., 2013; Varghese et al.,
2014). Alpha oscillations reflect inhibition of task-irrelevant brain
regions suggesting that alpha desynchronization (i.e., power reduc-
tion compared to baseline) represents increased in information
processing due to inhibition reduction (Babiloni et al., 2014;
Klimesch, 2012; Pfurtscheller and Lopes da Silva, 1999). During
upright balance control, alpha band desynchronization reflects an
increase in processing sensory information relevant to balance
control (Del Percio et al., 2007; Hulsdunker et al., 2015b). Reduc-
tion in alpha power over the centro-parietal region with increasing
body sway has been reported (Hulsdunker et al., 2015b). Thus, the
larger alpha desynchronization observed in AIS compared to CTL
provides indication that participants with AIS needed more cortical
resources than CTL to process sensory information relevant to con-
trolling their body sway. This observation replicates previous
results showing that alpha and beta band suppression occurs dur-
ing challenging balance control tasks (Sipp et al., 2013; Wagner
et al., 2016). The authors suggested that beta band power decrease
could entail motor inhibition (Wagner et al., 2016). The larger sup-
pression in alpha and beta band power, following ankle tendons
vibration in presence of vision, suggests that participants with
AIS adapted their balance motor commands to prevent large body
sway.

For beta brain oscillations, there seems to be an inverse rela-
tionship with the processing of sensorimotor information. Beta
synchronization is important during isometric contraction while
it is attenuated during voluntary movements (Baker et al., 1997;
Kilner et al., 2000; Pfurtscheller, 1981; Sanes and Donoghue,
1993; Schoffelen et al., 2005). During isometric contraction (i.e.,
tonic muscle contraction), the increase in beta synchronization
(Pfurtscheller and Lopes da Silva, 1999; Salmelin and Hari, 1994)
has led to the hypothesis that beta synchronization is important
for stabilizing the motor commands and possibly preventing new
movements (Alegre et al., 2008; Androulidakis et al., 2007;
Swann et al., 2009). It may also reflect recalibration of feedback
and feedforward control (Kilner et al., 2000). For instance, correc-
tive postural responses to visual feedback are improved following
burst of beta activity in the corticospinal tract (Androulidakis
et al., 2006). Thus, during unaltered state, beta band oscillations
persist in the somatosensory cortex, however, before or during
movements desynchronization of beta band oscillations is thought
to represent processing of somatosensory information (van Ede
et al., 2011, 2012). Hence, beta band power suppression occurring
between 0.8 and 1.5 s after vibration onset likely indicates changes
in the balance motor commands and processing of sensory infor-
mation involved in controlling body sway. These changes in brain
oscillations may explain why participants with AIS maintained
their balance control to the same extent as controls.

When visual cues were unavailable, for both groups, an increase
in theta band power early after vibration onset was observed.
Increased theta power has been reported as a marker of instability
during more challenging balance control tasks (Peterson and Ferris,
2018; Sipp et al., 2013; Slobounov et al., 2009). As a result, theta
band power increase could indicate a sudden change in sensory
state has just occurred and triggers a default balance motor com-
mand. To our knowledge, it is unknown if this increase in theta
band power reflects changes in sensory state or in motor command
or both. Nonetheless, because the body sway amplitude of partici-
pants with AIS was comparable to the one in controls, the signifi-
cant increase in theta band power may indicate that their
sensitivity threshold during ankle proprioception alteration was
lower in absence of vision.

Contrary to alpha and beta oscillations, gamma oscillations (i.e.,
frequency > 30 Hz) increase in the visual and somatosensory
regions during visual or proprioceptive stimulation (Pfurtscheller
et al., 2003). Increase in gamma oscillations have been proposed
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to enforce connection between neuronal populations representing
different information and integrate them in a merged percept to
facilitate sensorimotor integration (Fries, 2015). In the AIS group,
decrease in low-gamma (30–50 Hz) band power was observed
when ankle proprioception returned to normal in absence of visual
cues. This decrease in low-gamma band power may entail sub-
optimal ability to combine various sensory information following
transient change in sensory state. This finding agrees with diffi-
culty in reweighting ankle proprioception following a brief period
of ankle proprioception alteration in adolescents with AIS
(Simoneau et al., 2006a). However, results related to the gamma
band should be interpreted with caution as these higher frequen-
cies are particularly susceptible to myogenic activity.

The main limitation of our study is the small number of partic-
ipants considering the diverse aetiology of AIS. We were still able,
however, to demonstrate significant electrocortical dynamics dif-
ferences between adolescents with and without idiopathic scolio-
sis. Our findings suggest that cortical dynamics assessment may
help to detect sensorimotor dysfunction in balance control tasks
in participants with AIS. For instance, it is expected that AIS partic-
ipants with balance control impairment should show alpha and
beta band synchronization during a sudden change in sensory
information. This synchronization in alpha and beta bands would
indicate less excitability of the somatosensory cortex and ineffi-
cient processing of somatosensory information relevant to control
body sway. It is worth repeating that AIS is a multifactorial disease.
Therefore, it is unlikely that the sensorimotor integration mecha-
nisms of all patients with AIS are impaired. Investigating brain
activity during tasks requiring sensorimotor integration with a lar-
ger cohort may help identify patients with AIS with sensorimotor
integration impairment as these patients are more likely to benefit
from personalized sensorimotor treatment (Pialasse et al., 2017).
Exercises favoring sensorimotor recalibration at an early stage
may induce brain reorganisation (Machado et al., 2010; Seidel
et al., 2017) and reduce the likelihood of scoliosis progression
(Monticone et al., 2014). Future study must verify this suggestion.
5. Conclusion

Participants with AIS showed different electrocortical brain
dynamics in the sensorimotor cortex to maintain their level of bal-
ance control like age-matched controls. Principal changes in elec-
trocortical dynamics were a significant increase in theta
frequency power and a larger suppression of alpha, beta and
gamma frequency power when proprioception was altered. These
results suggest that participants with AIS adapted their sensorimo-
tor integration mechanisms to prevent large body sway. Overall,
the present results suggest that assessing cortical dynamics may
be relevant to investigate sensorimotor integration function in
AIS. Further studies with larger cohorts are still needed to identify
more specifically patients with AIS with sensorimotor integration
impairment as well as to determine the contribution of motor con-
trol exercises on the cortical sensorimotor information processing.
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