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ABSTRACT The pathophysiology of Adolescent Idiopathic Scoliosis (AIS) is not yet fully understood,
but multifactorial hypotheses have been proposed that include defective central nervous system (CNS)
control of posture, biomechanics, and body schema alterations. To deepen CNS control of posture in AIS,
electroencephalographic (EEG) activity during a simple balance task in adolescents with and without AIS
was parsed into EEG microstates. Microstates are quasi-stable spatial distributions of the electric potential of
the brain that last tens of milliseconds. The spatial distribution of the EEG characterised by the orientation
from left-frontal to right-posterior remains stable for a greater amount of time in AIS compared to controls.
This spatial distribution of EEG, commonly named in the literature as class B, has been found to be correlated
with the visual resting state network. Both vision and proprioception networks provide critical information
in mapping the extrapersonal environment. This neurophysiological marker probably unveils an alteration in
the postural control mechanism in AIS, suggesting a higher information processing load due to the increased
postural demands caused by scoliosis.

INDEX TERMS Adolescent idiopathic scoliosis, balance, microstates, proprioception, spine.

IMPACT STATEMENT Analysis of the spatial distribution of brain electric potential during a simple standing
task in adolescents with AIS revealed a stable and dominant topography, suggesting a higher information
processing load.

I. INTRODUCTION
Adolescent Idiopathic Scoliosis (AIS) is a three-dimensional
morphological spinal deformity, characterized by the devia-
tion of the spine in the frontal plane (>10 Cobb degrees), the
concurrent rotation of the affected vertebral bodies, and most
of the time, by the reduction of the physiological curves of the
rachis in the sagittal plane [1]. Epidemiological studies report
an estimated prevalence of 1–3% among adolescents (10–16
years), with girls being more severely affected [2].

The cause and pathophysiology of AIS is not yet fully un-
derstood, but multifactorial hypotheses have been proposed:
genetic predisposition, hormonal dysfunction [3] and defec-
tive postural control by the central nervous system (CNS) [4].
There is growing evidence of cortical involvement suggesting
that AIS could be the expression of a subclinical nervous

system disorder. Visuospatial perceptual impairments, alter-
ations in spatial orientation of the body, and sensory inte-
gration disorders have been described [5]. According to the
neurodevelopmental theories of AIS, a temporal imbalance
between musculoskeletal maturation and central sensorimotor
integration processes that occur in the posterior parietal cortex
would, in turn, result in an improper response of the trunk
muscles to compensate for the initiating process of scolio-
sis [5], [8].

Brain imaging studies suggest that anomalous sensorimotor
integration contributes to the cause of AIS, but there is uncer-
tainty about the level of the CNS that causes this dysfunction.
An important next step in moving this field forward is to
study strategies to reveal the pathogenic mechanism underly-
ing scoliosis. Neuroimaging studies revealed asymmetries in
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brain stem corticospinal bundles [6], volumetric differences in
brain regions functionally related to motor control and coor-
dination [7], abnormal patterns in the motor network during
movement execution [8].

Electroencephalography (EEG) allows us to study the elec-
trophysiology of the brain with a millisecond temporal res-
olution using small, painless sensors attached to the scalp.
The first EEG study to report a highly significant difference in
the occurrence of paroxysmal EEG activity in AIS compared
to controls dates back to the 1970s [9]. An increase in the
amplitude of the peak in the alpha rhythm ([7.5–12.5] Hz)
was found in the central, frontal, parietal and occipital regions
indicating the need for increased cortical processing to main-
tain balance control in normal upright standing in adolescents
with AIS compared to healthy controls [10]. The increase
in theta frequency power and suppression of alpha, beta and
gamma powers was also observed when proprioception was
altered [11]. Adolescents with AIS were significantly more
likely to fail complex sensory-challenged balance tasks when
the somatosensory system was stressed by an unstable posi-
tion of the feet, particularly when the eyes were closed [12].

To simultaneously consider signals recorded in all areas of
the cortex and assess whether there is a disruption of the large
brain network associated with AIS, we applied the microstates
analysis in a previous published dataset [13]. Microstate anal-
ysis is a data-driven approach considering multichannel EEG
recording as a series of quasi-stable spatial distributions that
are each characterized by a unique topography of electric
potentials over the entire channel array [14]. These unique
topographies last for tens of milliseconds and then abruptly
change in the following one. These different topographical
patterns termed microstates (MS) directly indicate changes
in the configuration of neuronal generators that represent el-
ementary short-lasting periods of coordinated synchronized
communication within large-scale brain networks [15]. Four
standard microstates, labeled A, B, C, and D, have been shown
to be consistent throughout age and account for 79% of the
variance on the average of the input EEG data of 496 sub-
jects [18]. These four standard microstates have been identi-
fied both at rest and during task performance [24]. Based on
the temporal sequence of the four standard microstate maps,
brain activity in wakefulness is described in terms of the du-
ration, the rate of occurrence, and the transition sequences of
each map [19]. A lot of studies reported that microstate param-
eters are affected by pathology, visual, and verbal tasks [26].

Most studies selected the four microstates based on the
existing literature [14]. Although the topographies of these
four microstates are fairly stable across studies, examples of
atypical maps are found in which classification into canonical
A-B-C-D classes and subsequent functional interpretations
may be too restrictive [17]. For this reason, in [17], the authors
estimated seven topographies of resting-state explaining 84%
of the global variance of the EEG data of 164 subjects with
k-means clustering.

In this work, we used a k-mean clustering method to esti-
mate the optimal set of microstates explaining the input EEG

FIGURE 1. The left panel (a) depicts a participant standing upright with
eyes closed and with arms raised laterally to 90◦ whilst wearing the EEG
cap. The right panel (b) displays the channel locations according to the
10-10 system.

signal from three groups (14 girls with AIS - 10 with a right
curve and 4 with a left curve - and 14 girls without AIS).
Clustering EEG data at Global Field Power (GFP) peaks to
maximize the signal-to-noise ratio and focus on moments of
high global neuronal synchronization [17], [18], [20] led to
six microstates that explained more than 80% of the global
variance of the input EEG signal. Then each time point of the
original EEG signal was exclusively assigned to one of these
six microstates. Duration (s in which the same microstate is
assigned to consecutively time points), Occurence (how many
times the same microstate appears every s) and Total Time
Coverage (TTC, the percentage of time points assigned to
the same microstates during the whole recording) let us iden-
tify one microstate characterizing the dynamics of the overall
brain activity of girls with AIS during the experimental task.

By analysing the topography recorded by multichannel
electrode arrays, rather than analysing the activity recorded by
each electrode independently, we aim to identify changes in
the global network of brain activity in AIS, particularly during
posture. The temporal sequence of microstates provides an
ideal macroscopic window to observe the temporal dynam-
ics of overall brain activity. Changes in topography indicate
changes in the global coordination of neuronal activity over
time [24].

II. RESULTS
A. PARTICIPANTS
Fourteen adolescent girls with a confirmed diagnosis of AIS
(10 with right (right AIS) main curve and 4 with left (left AIS)
main curve) and fourteen adolescent girls without AIS (age-
matched controls (CTRL)) stood upright with eyes closed and
with their arms raised laterally to 90◦ for 1 min Fig. 1(a). With
this task, we expect only in adolescents with AIS an asymmet-
rical activation of the sensorimotor brain areas [13] to coun-
teract the effect of the scoliotic curve (i.e, an asymmetrical
activation of the spinal muscles). EEG signals (32-channels

340 VOLUME 5, 2024



FIGURE 2. Microstates maps (MS). The first row report MS computed from
the data analyzed in this work. The second row report MS from [17].

system; BrainAmp 32MRplus, BrainProducts GmbH, Mu-
nich, Germany) were acquired using an analog anti-aliasing
band pass-filter at 0.1–1000 Hz and converted from analog to
digital using a sampling rate of 500 Hz. The reference was
between Fz/Cz and ground anterior to Fz (Fig. 1(b)).

For further details on the database, we refer the reader
to [13].

B. GRAND GRAND MEAN TEMPLATE
By investigating the EEG electric potential amplitude of all
channels as a topographic voltage map at each time point, we
segmented the EEG data, seen as a topographic flow, into a
series of meta-stable topographic configurations, each lasting
several tens of milliseconds. We chose to exploit 6 maps
(Fig. 2, upper panel). Six maps explained most of the data
(Fig. 5, left panel): 80% on average for the right AIS; 81% for
the left AIS and 84% for CTRL.

Get that there is not yet a gold-standard to choose the
appropriate number of maps, the main criteria adopted in this
work was: (i) the consistency of the maps between the three
groups [23]; (ii) the assignment of all maps to previously
identified microstate types [17]; (iii) the average amount of
variance explained in the data being at least 80%. Taking as
reference [17] (Fig. 2, lower panel) and ignoring polarity, the
microstates depicted in the first row of Fig. 2, might be labeled
– from left to right – as C, B, D, E, A and F. We found among
these 6 maps the four standard microstates (MS5 as map A,
MS2 as map B, MS1 as map C, MS3 as map D).

C. MICROSTATES DURATION
We quantified how many seconds each microstate lasts in the
topographical flow of each subject (Fig. 3). The duration of
MS2 characterized girls with right AIS. Indeed – as reported
in Fig. 3 – MS2 lasted a greater amount of ms in right AIS
(median = 65 ms, [56, 74] ms) compared to CTRL (median
= 59 ms, [49, 70] ms) and, on average, was the MS with
the longest duration in right AIS. These observations were
confirmed by Bayesian mixed effects regression models (see
the Statistical analysis section and Table 1). We identified a
significant MS:group interaction when comparing MS2 dura-
tion values between right AIS and CTRL, β = 0.100 [0.008,
0.191]. This difference did not generalize to patients with left
AIS, who showed duration values comparable to controls. The
analyses of TTC and occurrence values did not lead to any
meaningful findings.

FIGURE 3. Duration of microstates maps. On each box, the central line
indicates the median, and the bottom and top edge of the box indicate the
25th and 75th percentiles, respectively. The whiskers extend to the most
extreme data points not considered outliers, and the outliers are plotted
individually using the • symbol. Blue boxes refer to durations for CTRL,
orange ones for right AIS and yellow ones for left AIS. Y-axis reports
durations in s and X-axis the six microstates maps.

TABLE 1. Bayesian mixed effects model

III. DISCUSSION
This study reports for the first time microstates EEG results
derived from AIS subjects. Our results revealed a stable and
dominant topography (map B) in adolescents with right AIS
standing upright with eyes closed and arms raised. Map B
(MS2) lasts the greatest amount of time (i.e., MS2 has the
longest duration) compared to all the other maps of AIS and
controls. In [20], microstate map B matched with fMRI resting
state networks previously attributed to visual imagery. In [27],
a strong generator in the posterior brain cortex and an addi-
tional generator in right occipital brain areas was supposed
to produce microstate map B. Secondary visual processing
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FIGURE 4. Steps of microstate analysis. The EEG data recorded in the three
groups are seen as a topographic voltage map at each time point. The
topographies at each time point are clustered indipendently using a
k-means clustering approach. The number of cluster varies from 3 to 8.
Then, the optimal cluster of each subject are clustered together to find the
common template maps for each group (grand mean template). Then,
these maps are clustered togheter to find the common template for all
groups (grand grand mean template). The grand grand mean template is
fitted back to the original EEG of each subject obtaining a microstate
sequence for each subject. From these sequences, it is possible to
compute the microstate parameters and then compared them by proper
statistics methods.

was associated with the right-posterior parietal cortex [28].
Using fMRI data during tactile discrimination tasks, under
ambient light and in complete darkness, Brodoeh et al. demon-
strated that eye closure improved somatosensory perception
not merely due to the lack of visual signals. The act of closing
the eyes itself altered the processing mode in the brain, i.e.,
eye closure significantly increased occipital blood-oxygen-
level-dependent activity in the areas of somatosensory and
secondary visual processing [29].

Postural control depends on proper integration of propri-
oceptive, visual, and vestibular information at the central
level [16]. Human balance during an upright stance is more
unstable with eyes closed than with eyes open, proving the im-
portance of the visual network. Some studies [10], [11] have
reported similar balance control between AIS and controls,
and thus no indication of deficient balance in AIS, when the
somatosensory system was stable (i.e., during upright static
stance with eyes open or closed). This finding changes when
the balance control task is challenged (e.g., by an unstable
position of the feet or with arms up, particularly when the
eyes are closed). Removing visual information when standing
upright with arms raised would exacerbate balance control
of AIS participants more than the one of control partici-
pants, and this can be reflected by the longer duration of
map B.

We argue that girls with AIS need longer activation of
somatosensory and secondary visual processing areas than
CTRL during a static balance task with eyes closed. This
longer duration of map B probably represents the higher in-
formation processing load in girls with AIS. This finding
supports our previous results. We found in the same dataset an
increase in theta activity and alpha lateralization in girls with
AIS. We assumed that it may be a compensatory strategy to
overcome sensorimotor dysfunction mirrored by altered body
schema [13]. Moreover, a diffusion tensor imaging analysis
found a reduction of fractional anisotropy in fibers intercon-
necting the primary somatosensory cortex and visual cortex
in patients with AIS [32]. Xue et al. suggested that the above
microstructural changes might be related to the somatosen-
sory function impairment and visuo-oculomotor dysfunction
in AIS [32].

IV. CONCLUSION
Our study does not claim to distinguish between the cause and
the effect of scoliosis, but it does support research into the
involvement of the CNS in this condition. Indeed, the spatial
distribution of electrical potential during a simple standing
task in adolescents with AIS showed a stable and dominant
topography, suggesting a higher information processing load
due to increased postural demands in girls with scoliosis.
Duration of map B could be a valuable marker of information
processing in AIS. Future studies could monitor the dura-
tion of map B in the long term, and investigate a possible
correlation between this electrophysiological marker and the
progression of scoliosis.

V. MATERIALS AND METHODS
A. ETHICS CLEARANCE
Ethical approval has been obtained from the Ethics Committee
of the University Hospital of Padova (n. 5627/AO/22 AOP
2836) on 13 April 2023.

B. MICROSTATE ANALYSIS
Topographic EEG analysis was performed using the previ-
ously described microstate approach [25] and the EEGLAB
tool designed by Koenig [21]. This analysis is based on a
two-stage process to obtain the prototype topographies, which
best explain the signal variance. The computation of EEG
microstate topographies is performed conventionally on EEG
data band-pass filtered from 2 to 20 Hz [18]. EEG data were
band-pass filtered in [2–20] Hz by a windowed-sinc filter
(Hamming window) avoiding phase distortion.

First, for each subject, the time points of the maximum
Global Field Power (GFP), i.e.,

GFPc(t) =
√∑N

i=1 (ci(t) − c(t))2

N
(1)

where ci(t ) is the voltage potential at electrode i and c(t )
is the average voltage potential of all electrodes at the time
point t and N = 30 is the number of electrodes, were selected
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FIGURE 5. Data explained variance by microstates maps. The left panel
reports the mean (bold line) and the standard deviation (shadowed area)
of the data explained variance by the microstates maps reported in the
first row of Fig. 2 for each group (blue for controls, red for right AIS, yellow
for left AIS). The right panel reports the difference between the values
reported in the left panel to highlight that exploiting more than 6 maps
would add less than 1% of explained variance on average.

FIGURE 6. Model predictions. The duration of microstates maps were
estimated from the Bayesian mixed-effects model coefficients reported in
Table 1. Dots indicate the effect estimates and microstates map while error
bars represent 95% credible intervals of each estimate. Blue error bars
refer to durations for CTRL, orange ones for right AIS and yellow ones for
left AIS. Y-axis reports durations in s and X-axis the six microstates maps.

as the moments of high global neuronal synchronization. For
each subject, the topographies of these time points were then
clustered independently using a k-means clustering approach.
This step was repeated for a number of clusters from 3 to 8.

In a second step, the optimal clusters of each subject were
again clustered together to find the common template maps
for each of the three groups and the average topographical
map was then calculated for each cluster (obtaining the mi-
crostates maps for each group, i.e., the grand mean template).
We used the “elbow” or “knee of a curve” to select the num-
ber of clusters. This is a common heuristic in mathematical
optimization to choose the number of clusters so that adding
another cluster does not provide much better modeling of the
data. The right panel of Fig. 5 shows the elbow graph that
represents on the y-axis the differences in explained variance
as function of k (i.e., number of maps). For instance, the
values corresponding to the number of MS equal to 4 in

the right panel of Fig. 5 represents the difference between
the explained variance exploiting k = 4 MS and the explained
variance exploiting k = 3 MS. We picked the k-value where
the elbow was created.

This step was repeated to obtain the common template maps
for all subjects (considering all three groups), i.e., the grand
grand mean template.

Finally, these common templates were fitted back to the
original EEG, and each time point t was competitively labeled
with the cluster maps based on the Global Map Dissimilarity
(GMD) measure.

GMD(t ) =
√

1

N

∑N

i=1

(
ci(t ) − c̄(t )

GFPc(t )
− vi(t ) − v̄(t )

GFPv (t )

)2

(2)

where ci(t ) is the voltage potential at electrode i and c(t ) is the
average voltage potential of all electrodes at time t in the map
c while vi(t ) is the voltage potential at electrode i, v̂(t ) is the
average voltage potential of all electrodes at time t in the map
v and N = 30 is the number of electrodes. GMD is equiva-
lent to the spatial Pearson’s product-moment correlation co-
efficient between the potentials of the template map and the
instant topography. This resulted in the microstate sequence,
as a sequence of the cluster labels (Fig. 4). Extracting six
clusters resulted in highly comparable microstate maps among
the three groups, seven (or more) clusters yielded inconsistent
combinations of microstate maps among the three groups.

To compare the microstates sequences and dynamics
among the three groups, the following parameters were com-
puted: 1) the total time coverage (TTC) giving the percent of
total time in the EEG recording, covered by each microstate
class; 2) the duration for each microstate class; and 3) the
occurrence, i.e., occurrences/s describing the average number
of appearances for the same microstate per second. We did
not analysed the transition probabilities since they have been
shown to be much less reliable than duration, total time cov-
erage, and occurrence values [22], [23].

C. STATISTICAL ANALYSIS
Group-differences in microstates parameters were assessed
by Bayesian mixed-effects regression models. TTC, duration,
and occurrence were entered as dependent variables and were
regressed on MS and group:MS interaction. MS was modelled
as a categorical predictor. In addition, the slopes of MS were
allowed to vary across subjects, as a random effect. The model
intercept was fixed to 0 and the CTRL group was taken as
a reference. Duration was modelled via gamma probability
distributions and logarithmic link functions.

Therefore, the dependent variable is expressed as:

y ∼ N
(
β1(MS) + β2(MS : group) + γ1,subj(MS), σ 2) (3)

(Fig. 6) and the random effect is modelled as a zero-mean
normal distribution:

γ1,subj ∼ N
(
0, τ 2) (4)
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Only the analyses of duration values lead to the identifi-
cation of significant group differences and are included in
the present manuscript (the input of the Statistic analysis –
i.e., TTC, duration, occurrence for each subject and MS – is
reported in the Supplementary material as an .xls file). Re-
gression coefficients are here reported on the log-transformed
scale, followed by 95% credible intervals (CI) in square brack-
ets.
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