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Abstract The aetiology of idiopathic scoliosis (IS)
remains unknown, but there is growing support for the
possibility of an underlying neurological disorder. Func-
tional magnetic resonance imaging (fMRI) can characterize
the abnormal activation of the sensorimotor brain network
in movement disorders and could provide further insights
into the neuropathogenesis of IS. Twenty subjects were
included in the study; 10 adolescents with IS (mean age of
15.2, 8 girls and 2 boys) and 10 age-matched healthy
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controls. The average Cobb angle of the primary curve in
the IS patients was 35° (range 27°-55°). All participants
underwent a block-design fMRI experiment in a 1.5-Tesla
MRI scanner to explore cortical activation following a
simple motor task. Rest periods alternated with activation
periods during which participants were required to open
and close their hand at an internally paced rate of
approximately 1 Hz. Data were analyzed with Statistical
Parametric Mapping (SPMS5) including age, sex and later-
ality as nuisance variables to minimise the presence of bias
in the results. Compared to controls, IS patients showed
significant increases in blood oxygenation level dependent
(BOLD) activity in contralateral supplementary motor area
when performing the motor task with either hand. No
significant differences were observed when testing between
groups in the functional activation in the primary motor
cortex, premotor cortex and somatosensory cortex. Addi-
tionally, the IS group showed a greater interhemispheric
asymmetry index than the control group (0.30 vs. 0.13,
p < 0.001). This study demonstrates an abnormal pattern
of brain activation in secondary motor areas during
movement execution in patients with IS. These findings
support the hypothesis that a sensorimotor integration
disorder underlies the pathogenesis of IS.

Keywords Idiopathic scoliosis - Functional magnetic
resonance imaging - Aetiology - Sensorimotor cortex
Introduction

The cause and pathophysiology of adolescent Idiopathic
scoliosis (IS) is not well understood despite decades of

intensive research. A subclinical central nervous system
alteration has been proposed as a causative factor given the
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fact that IS patients show abnormalities in equilibrium
[1-4], asymmetries in the ability to reproduce articular
angles [5, 6] and proprioception [7-9]. As compared to
control subjects, patients with IS show abnormal static and
dynamic balance control [10-14].

Although an increasing number of studies suggest that
an anomalous sensorimotor integration critically contrib-
utes to the cause of IS, there is uncertainty about the level
of the central nervous system accounting for the dysfunc-
tion. Postural tone, equilibrium and proprioception are
mediated by the posterior columns, vestibular nuclei and
visual afferences, and ultimately require a correct integra-
tion at subcortical and cortical level. Some studies have
failed to find alteration in somatosensory evoked potentials
(SSEP), which assess posterior column function [15, 16].
However, others did find SSEP anomalies in a variable
percentage of IS patients [11, 17, 18]. Alterations of the
postural and ocular motor control found in IS have been
suggested to support abnormal processing of sensory
afferences at cerebral cortex, rather than being due to
conduction disturbances [3, 16, 17, 19]. Early in the 1980s,
Herman [3] proposed that scoliosis may represent a specific
impairment of higher cortical function. Moreover, the
presence of electroencephalographic disturbances [20-22],
cognitive vestibular integration impairment [23], and
dichotic listening asymmetries support the notion of higher
cortical processing alteration in IS patients [24]. Machida
[17] found that the latency of cortical potential N37 after
stimulation of tibial nerve was longer in IS patients than
in controls, suggesting a dysfunction at cortical level.
A recent study that explored the facilitatory and excitatory
intracortical motor circuits using paired pulse transcranial
magnetic stimulation, found an abnormally increased
motor cortical excitability in IS as compared to healthy
controls and patients with congenital scoliosis [25].

In the present study, we used functional magnetic reso-
nance imaging (fMRI) to further evaluate cortical and
subcortical function in patients with IS. Functional MRI
has been widely employed to study the hemodynamic
changes of the human cortex during physiological activa-
tion, including motor, somatosensory, visual and verbal
tasks. This technique permits to detect brain activation
based on blood oxygenation level dependent (BOLD)
effects, which depend upon the increased paramagnetic
properties of deoxyhemoglobin compared with oxyhemo-
globin [26]. Neural activity is linearly correlated with an
increase in regional cerebral blood flow and neural oxygen
intake. During neural activation there is an increase in
oxygen consumption but there is also a greater increase in
regional blood flow, consequently the relative concentra-
tion of capillary and venous deoxyhemoglobin in activated
brain areas is reduced [26, 27]. Thus, changes in oxygen
consumption and regional cerebral blood flow lead to an
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increase in fMRI BOLD signals, providing an indirect
measure of neuronal activity. Functional MRI is a very
powerful method to map brain functions with relatively
high spatial and temporal resolution and has contributed
significantly to the noninvasive elucidation of physiologi-
cal mechanism associated with human motor control.
Motor control depends on multiple cortical brain regions
that are interconnected to provide adequate sensorimotor
integration and coordination in a networked or cooperative
manner. Some studies using fMRI have found abnormal
activation of the motor cortical network in some forms of
idiopathic dystonia [28-30], where a defective sensorimotor
integration has been related to its pathogenesis [31-33].

Therefore, we hypothesized that an abnormal sensori-
motor integration disorder at cortical level may underlie in
the pathogenesis of IS, and that fMRI might be able to
provide critical support for such a notion, as in the case in
idiopathic dystonia. To our knowledge this issue has not
been previously investigated using such a neuroimaging
approach. The objective of the present study was to eval-
uate the pattern of brain motor activation in patients with
IS, as shown by fMRI, and contrast the findings with those
in age-matched healthy controls.

Methods
Subjects

Twenty subjects were included in the study: 10 adolescents
with IS and 10 healthy age-matched controls. The IS Group
comprised 8 girls and 2 boys with a mean age of 15.2 years
(14-16). In all of them the neurological examination was
normal. The age of detection of the spinal deformity was
11 years or later. None of the patients had been operated on
and all of them wore orthopaedic corsets. The level of
spinal deformity was right thoracic in six subjects, right
thoracolumbar in two, left thoracic in one, and lumbar in
one. The average deformity was 35° Cobb (27°-55°). As
part of the standard clinical management, spine MRI exams
were done in the subject with left thoracic curve and in
three subjects with rapid progression. The spine MRIs
failed to reveal any further pathologies in all four instances.

Healthy teenage volunteers were recruited from several
educational centres as healthy controls. In the control group
there were 7 girls and 3 boys with a mean age of 14.7 years
(14-16). Prior to inclusion in the study, an orthopaedic
exam failed to detect any spine deformities in any of these
adolescents. Medical and neurological exams were simi-
larly unremarkable and none had a history of significant
illnesses or previous neurological disease. All had a neg-
ative family history for neurological disorders, particularly
dystonia.
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None of the participants in either groups, IS patients and
controls, were taking any chronic or neuroactive medica-
tions. Handedness was assessed with the Oldfield Ques-
tionnaire [34]. Of the subjects in the IS group, eight were
right-handed and two left-handed; while in the control
group one subject was left handed. Prior to the inclusion in
the study, the participants and their parents gave written
informed consent to the study, which had been approved by
the local Ethics Committee.

Activation paradigm

Previous to the exam, the participants were instructed to
open and close one fist for 60 s approximately at a rate of 1
time per second (1 Hz), while the other hand remained at
rest. Participants practiced this movement condition once
with each of their hands before the experiment started.
During the experiment the participants lay supine and were
requested to stay at rest (rest blocks) or to perform the
motor task (movement blocks) at an internally self-paced
rate, without any external pacing or visual trigger. Their
head was accommodated in a soft-padded frame to mini-
mize head movements. Movement blocks with the right or
left hand were performed in random order. The protocol
consisted in eight blocks of 60 s alternating rest with
movement blocks, thus each participant completed four
movement blocks with each hand intercalated with four
rest blocks. An independent examiner observed the par-
ticipant during the entire procedure to ascertain a proper
execution of motor task and rest periods. The radiology
team was blinded to the allocation group of each
participant.

Functional MRI

All the experiments were performed on a 1.5-Tesla MRI
scanner (Philips Intera, Best, The Netherlands) equipped
with a circularly polarized volume head coil. At the begin-
ning of each fMRI session a high-resolution T1-weighted
anatomical MRI study was acquired, which was then used to
correctly localize the areas of brain activation.

Eighty dynamics were acquired in 8 blocks (4 rest
blocks and 4 active blocks interleaved) of 60 s duration
each. Both the right and left hands were evaluated in
different fMRI runs. Data were acquired with an EPI
T2*-weighted sequence (TR = 59 ms, TE = 40 ms, voxel
size 1.72 x 1.72 x 5.00, no inter-slice gap, FA = 55°, 12
slices). Due to temporal and spatial resolution requirements
the dynamic series covered only the supracallosal brain
(60 mm coverture in the craniocaudal direction).

Data were analyzed with Statistical Parametric Mapping
(SPM5). Statistical measurements were made under the
General Linear Model (GLM) framework [35]. The

constructed GLM included a group condition (patients vs.
controls) and three nuisance variables (age, sex and later-
ality) to minimize the presence of bias in the results.

Using SPM one-tailed contrasts, statistical parametric
maps were obtained by performing 7 tests across voxels, in
order to measure differences among groups. Significance
criteria were established as a p < 0.005, after correction for
multiple comparisons. In order to minimize the presence of
false positives, a spatial filter was applied to consider only
the clusters with a minimum size of 35 voxels (expected
number of voxels per cluster, k > 35).

Activation differences between rest and movement
conditions were quantified in subtraction images. The
signal intensity increase (expressed as a percentage signal
change) was measured using 3.44 mm? regions of interest
(ROIs) placed on sites where greater changes were
observed, and specifically in the primary sensorimotor
cortex (PMC), premotor area (PMA), and anterior cingulate
cortex.

To define a region of interest (ROI) around the selected
areas, Pickatlas utility [36] was employed. This tool is an
automated software for generating ROI masks in the
Talairach space. The binary ROI masks were overlaid with
the GLM maps to define the areas to study.

Results were labelled with the Automated Anatomical
Labelling (AAL) software [37]. Areas-identifying coordi-
nates in Talairach space were determined by the maximum
student ¢ value in the corresponding brain area. To evaluate
the possible difference of activation produced by the
movement of the dominant and the non-dominant hand, we
used the asymmetry index. The asymmetry index for each
group was calculated as abs [voxels (left — right)]/sum
[voxels (left 4 right)] [38]. The value of asymmetry ranges
from O (low asymmetry) to 1 (high asymmetry). Only the
areas consistently activated were compared and two tailed
t test was used for comparisons of continuous variables
between IS patients and controls. To assess the interaction
of the different associative sensorimotor areas involved in
movement execution, the Pearson correlation coefficient
was calculated between the different ROL

Results
Within group analysis

No abnormalities in sulcal pattern or macroanatomical
structures were noted in the high-resolution MRI studies in
any of the patients or controls.

The activation (movement) paradigm, compared to rest,
produced in both controls (Fig. 1a; Table 1) and patients
(Fig. 1b; Table 2) a significant activation in the contralat-
eral primary sensorimotor area and a variable amount of
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activation in premotor cortex areas known to be involved in
preparing and executing movements (Table 1).

Between-group analysis

No significant differences were observed when testing
between groups in the functional activation in the primary
motor cortex, premotor cortex and somatosensory cortex.
However, the supplementary motor area (SMA) showed a
significant increase in activation in patients with IS as

Fig. 1 Areas of significant
activation in control subjects
(a), and patients with IS (b).

¢ Shows the conjunction
analysis revealing the
differences in motor task
activation across the two
groups. In all figures red-yellow
reveals activation for right hand
movement and blue-green for
left hand. In all figures

p < 0.005 FDR, k = 35.

SMA supplementary motor area,
SM1 primary sensory-motor
area on the left (ISM1) or the
right hemisphere (rSM1). Note
in c the significantly differential
activation of SMA across the
groups (greater in patients with
IS than in controls)
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compared with control subjects when performing both
right (p = 0.03) and left hand motor task (p = 0.04)
(Figs. 1c, 2). This increased SMA activation appeared
lateralized to the hemisphere contralateral to the moving
hand.

Interhemispheric asymmetries

Detailed assessment of the activation patterns revealed that
nine control subjects activated the SMA ipsilateral to the
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fTui:ll::lt(ieo:lalS ;gcltlil\f/iact?(r;; ?ie;i;;tf; Talairach coordinates (mm) Area Hemisphere ¢ value p value frre(;dmann
subjects X Y 7
Left hand
37 -20 53 Postcentral gyrus R 7.86 0.0001 3
5 —6 53 Supplementary motor area R 7.18 0.0016 6
—6 -2 57 Supplementary motor area L 7.08 0.0039 6
44 —14 54 Precentral gyrus R 6.89 0.0035 4
Right hand
-5 —11 32 Anterior cingulated gyrus L 7.51 0.0003 23
-35 -25 52 Precentral gyrus L 7.50 0.0013 4
-3 -2 64 Supplementary motor area L 6.89 0.0025 6
9 =5 56 Supplementary motor area R 6.87 0.0026 6
p < 0.005 FDR, k > 35
E;tlt?oiaf ;%?;3;?2; ?;e?)zlt\i?:tls Talairach coordinates (mm) Area Hemisphere ¢ value p value frre(;dmann
with scoliosis X Y VA
Left hand
-8 1 49 Supplementary motor area L 8.89 0.0000 6
6 2 57 Supplementary motor area R 8.45 0.0001 6
33 —18 47 Precentral gyrus R 8.12 0.0001 4
10 —16 43 Middle cingulated gyrus R 6.55 0.0031 -
Right hand
6 4 54 Supplementary motor area R 8.16 0.0001 6
—-34 —18 66 Precentral gyrus L 8.08 0.0002 6
-30 —28 56 Precentral L 7.48 0.0021 4
-9 -3 60 Supplementary motor area L 7.31 0.0022 6
-2 64 27 Frontal superior medial L 7.11 0.0046 10

p < 0.005 FDR, k > 35

moving hand and six activated the contralateral SMA,
while all ten patients with IS activated the ipsilateral SMA
and five of them in addition activated the contralateral
SMA. Overall, the IS group showed a greater asymmetry
index than the control group [asymmetry index IS group:
0.30; asymmetry index control group: 0.13 (p < 0.001)],
for details in the different ROI see Table 3. The laterality
index for activation during left hand movement was 0.52
for the IS group and 0.32 for the control group (p < 0.001).
For the right hand the laterality index was 0.22 for the IS
group and 0.27 for the control group (p < 0.001).

Motor network correlations

In order to assess the distributed dynamics of activity
across the main nodes of the motor network, we evaluated
the correlations in temporal time courses across various
ROIs. The correlation study between the temporal time
courses in different areas of interest showed very similar
Pearson coefficients for both groups of participants
(Fig. 3).

Discussion

This study demonstrates for the first time an abnormal
pattern of brain activation in the bihemispheric motor
network during movement execution in patients with IS.
This finding provides strong evidence supporting the notion
that a central sensorimotor integration disorder underlies
the pathogenesis of IS. The main finding of this study is a
significant over activation of different secondary motor
areas in IS patients as compared to healthy controls.
Patients with IS showed a significant overactivation of
SMA while performing the motor task as compared to
healthy controls. SMA has a major role in selection,
preparation, initiation and execution of voluntary move-
ments, and also in posture control [39, 40]. This cortical
area is a main target of basal ganglia motor output pro-
jections [41] and sends direct projections to the primary
motor cortex [42] and spinal cord [43]. Furthermore, the
SMA is not only a motor area, but is also involved in
sensory integration, receiving dense sensory inputs from
S1 [44].
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Fig. 2 Changes in BOLD

Ipsilateral Left Hand
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patients and controls in the - 30
SMA. a Left SMA during left “
hand movement (ipsilateral to 25 23
left hand movement) i 3
(p < 0.03). b Right SMA during g 201 g 201
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movement) (p < 0.13). ¢ Right o a
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Table 3 Asymmetry indexes between left and right hand for both
groups

Controls Scoliosis Sig

Primary motor cortex 0.18 0.29 t 11.056 p < 0.001
Premotor cortex 0.17 0.30 t 13.169 p < 0.000
Supplementary motor area 0.22 0.37 t 16.102 p < 0.000
Sensorial cortex 0.11 0.16 t7.231 p < 0.009

Activation studies using PET and fMRI in different
motor tasks show contradictory results regarding the level
of activation of SMA in some forms of idiopathic dystonia
[45-47]. The inappropriate and increased muscular activity
that is characteristic of dystonic patients has been related to
the abnormal modulation of SMA activity. Some studies
have found overactivity in SMA in torsion dystonia sup-
porting the idea of this kind of dystonia as being a disease
of movement preparation driven by a disruption of senso-
rimotor integration [28-30]. A study using a model of
secondary dystonia in monkeys showed that the SMA was
overexcitable in dystonic animals, and that proprioceptive
inputs processed by SMA showed a mismatch between
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Patients Controls Patients
sensory inputs and motor outputs, suggesting that abnormal
sensory inputs impinging upon SMA neurons play a critical
role in the pathophysiology of dystonia [48].

The reason for the overactivity of SMA in IS patients is
not revealed by the results of our study, but it might be
related to the abnormal sensorimotor integration distur-
bances found in IS patients. Subjects with IS have normal
neurological exams (aside from findings directly related to
the skeletal deformity). However, several findings point to
a subclinical neurological impairment as a causative factor
in the development of the spinal deformity. A sensorimotor
integration disorder has been proposed as the result of
alterations found in studies that examine proprioception
[5, 6], vestibular integration [1, 23], balance control and
postural sway [2, 6, 10, 13], visuospatial processing and
perceptual cognitive functions [24, 49]. Motor commands
and postural tone depend on a proper integration of pro-
prioceptive, visual and vestibular information at central
level [50]. Simoneau et al. [49] found that IS patients, as
compared to controls, do not scale appropriately their bal-
ance control commands during sensory integration after a
transient proprioceptive and visual deprivation. Using tibial
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Fig. 3 Pearson coefficients for A

control subjects (a) and patients
with scoliosis (b) between the
areas of interest. M/ primary
motor cortex, S/ somatosensory
cortex, PM premotor cortex,
SMA supplementary motor area

SSEPs, Machida et al. [17] demonstrated a delay in N37
that arises at cortical level in patients with IS suggesting a
cortical dysfunction. In summary, a defective sensorimotor
integration at cortical level leading to improper motor
commands appears to play a critical role in the pathogen-
esis of IS.

The novelty of our study lies in the demonstration of an
objective abnormal motor cortical activation using fMRI in
patients with IS during the performance of a simple hand
motor task. In this context, it is important to emphasize that
subjects with IS performed the motor task as well as the

control subjects. Therefore, the differences in brain acti-
vation cannot be accounted for by behavioural differences.

A recent study, Lee et al. [51] explored cerebral glucose
metabolism using brain positron emission tomography
(PET) and failed to find differences between IS patients
and to controls in any of the brain areas explored. In
another study of the same group, Park et al. [52] studied
PET glucose metabolism at rest in a group of 14 IS patients
and 12 congenital scoliosis patients (with scoliosis pro-
duced by osseous malformations at the spine). They found
that IS patients demonstrated higher metabolism in left
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prefrontal cortex (BA 10), left dorsolateral prefrontal cor-
tex (BA 9), and left anterior cingulated cortex (BA24) than
subjects with congenital scoliosis. Our study is not in
contradiction with these findings. Both of these PET
studies examined brain metabolism at rest, while we show
abnormalities during the performance of a motor task.
Additionally, Lee et al. compared patients with IS with a
mean age of 14.6 years with older controls of an average
age of 27.0 years. Age influences patterns of activity
on brain imaging studies [53-55] so that age-matched con-
trols are important when assessing brain activity in patients
with IS.

It is noteworthy that significant difference was found in
the asymmetry index (corrected for handedness) between
healthy controls and IS patients. The control group showed
a slight asymmetry in the cortex activation in accordance
with previous reports in adults and children. Guzzetta et al.
[54] studied with fMRI a sample of 10 healthy children
aged 7-15 years, and 6 healthy adults while performing a
motor task similar to the one used in our study. Consistent
with our findings, they found an asymmetry index near to
0.1 in the healthy controls, slightly, but non-significantly
lower than in adults. However, in our study, IS patients
revealed a greater asymmetry index than healthy age-
matched controls, reflecting an increased lateralization of
motor activation in IS patients. Goldberg et al. [24] studied
dichotic listening, which tests higher cortical cognitive
processing, and found that scoliosis patients are signifi-
cantly more lateralized for linguistic processing than the
control group. A previous study using paired pulse trans-
cranial magnetic brain stimulation found a significant
interhemispheric asymmetry in cortico-cortical inhibitory
circuits in IS patients as compared to healthy controls [25].
It is possible that the asymmetrical motor cortical activa-
tion pattern found in the present fMRI study is related to
asymmetrical impairment of inhibitory intracortical motor
circuits, and constitutes a generalized alteration of hemi-
spheric balance in IS.

A delay in neurological maturation has been suggested to
be related to the aetiology of IS [56]. The age of the partici-
pants in both groups was matched and within the range of
14-16 years. However, the pattern of fMRI activation during
a motor task may well be related to brain maturation. For
example, Mall et al. investigated the age dependency of motor
cortex activation using fMRI in children (range 610 years),
adolescents (range 11-15 years), and adults (range 23-42
years) performing a repetitive motor task [55]. Compared to
children, adults showed significantly increased activation of
bilateral sensorimotor cortex, parietal areas, the supplemen-
tary motor area, and the cerebellum suggesting that the change
infMRI activation patterns may reflect a maturation process of
primary and secondary motor areas.

@ Springer

Our results provide new data that strongly support the
hypothesis that a dystonic-like disorder might underlie
the pathogenesis of idiopathic scoliosis. A deregulation in
the modulation of the motor activity controlling spine
posture at cortical level and leading to an interhemispheric
imbalance could be the cause of progressive scoliotic
deformity. fMRI cannot specify whether abnormal motor
cortical activation reflects changes in the activity of
excitatory or inhibitory structures within the motor or
supplementary motor cortex. However, our prior study
using transcranial magnetic stimulation did provide evi-
dence of altered intracortical inhibition [25]. This is rem-
iniscent of findings in dystonia. The relationship between
scoliosis and dystonia is further reinforced by their clinical
association. Scoliosis is present in 39% of adults diagnosed
of cervical dystonia [57] and also scoliosis is more fre-
quently developed in children and adolescents with idio-
pathic cervical dystonia [58]. In severe forms such as dystonia
musculorum deformans, the presence of scoliosis is unfailing.
Furthermore, scoliosis may be the first symptom of a dystonia
[59] and the deformity can be corrected after treating the
dystonia [60-62].

One limitation of our study is that the patients had
different types of scoliosis. This is an exploratory study,
so in the design we included the spectrum of the most
common types of IS, not only the quite typical right
thoracic curves. IS patients showed a uniform pattern of
activation of contralateral SMA and an increased asym-
metry index despite the type of curve. Human motor
secondary cortices, including SMA, do not have a well-
defined somatotopy of trunk muscles [40, 41] so it seems
unlikely that the findings would differ by the type of
spine curve. This is similar to the alterations in motor
cortical areas demonstrated in different forms of focal
dystonia, which do not show somatotopy of the target
muscles affected but rather an abnormal activation of
secondary motor areas [28-30, 45-47].

In conclusion, our study demonstrates, using fMRI, an
abnormally increased activation in motor-related cortical
areas in patients with IS during a simple, internally paced
motor task. The results show a similar activation pattern
to that found in patients with DYT1-linked torsion dys-
tonia and a significantly increased asymmetry index in
cortical activation following a simple motor task. These
results represent an objective finding of a neurologic
dysfunction in cortical sensorimotor integration in IS that
could help understand the aetiology of IS. In addition,
these abnormal fMRI findings may represent a valuable
biomarker of IS disease progression and offers novel
therapeutic targets.
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