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Abstract Balance control is influenced by the availability
and integrity of sensory inputs as well as the ability of
the balance control mechanisms to tailor the corrective
action to the gravitational torque. In this study, to
challenge balance control, visual and ankle propriocep-
tive information were perturbed (eyes closed and/or
tendon vibration). We masked sensory inputs in order:
(1) to test the hypothesis that adolescent idiopathic
scoliosis (AIS), compared to healthy adolescent, relies
more on ankle proprioception and/or visual inputs to
regulate balance and (2) to determine whether it is the
variation or the amplitude of the balance control com-
mands of AIS that leads to greater body sway oscilla-
tions during sensory deprivation. By manipulating the
availability of the sensory inputs and measuring the
outcomes, center of pressure (CP) range and velocity
variability, we could objectively determine the cost of
visual and/or ankle proprioception deprivation on bal-
ance control. The CP range was larger and the root
mean square (RMS) of the CP velocity was more vari-
able for AIS than for control participants when ankle
proprioception was perturbed. This was observed
regardless of whether vision was available or not. The
analysis of the sway density curves revealed that the
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amplitude rather than the variation of the balance con-
trol commands was related to a larger CP range and
greater RMS CP velocity for AIS. The present results
suggest that AIS, compared to control participants, re-
lies much more on ankle proprioception to control the
amplitude of the balance control commands.

Introduction

Scoliosis is the most common type of spinal deformity in
North American children (Weinstein 1994). Of these,
adolescent idiopathic scoliosis (AIS) makes up about
90% of all cases of scoliosis. While its prevalence is about
2-3% in children aged between 10 and 16 years, girls are
more at risk for severe progression in a ratio of 3.6:1.
Although there is no established cause, idiopathic
scoliosis has been associated with neurogenic disorder of
paraspinal muscles as measured by stretch reflex re-
sponses (Trontelj et al. 1979), deficit on a cerebral level
(Herman et al. 1985), vestibular imbalance (Sahlstrand
and Petruson 1979; Sahlstrand et al. 1979), muscular
imbalance between both sides of the spine (Yarom and
Robin 1979a, b; Ford et al. 1984), proprioceptive disor-
ders (Barrack et al. 1984; Keessen et al. 1992) and
asymmetries in the ventral pons or brainstem dysfunction
(Jensen and Wilson 1979; Petersen et al. 1979). All those
sensory and motor impairments could lead to balance
dysfunction (e.g., Adler et al. 1986; Byl and Gray 1993).
Deficits in the structure and functioning of peripheral
systems and morphologic changes are important and
might explain the balance dysfunction observed in AIS.
A lesion of the posterior column pathways has been
suggested as a major factor in scoliosis. In animal
studies, scoliosis has been induced by damaging the
posterior column pathway at the dorsal root as well as in
the thoracic cord (Liszka 1961; Pincott and Taffs 1982).
This suggested a sensory integration problem and it led
some researchers to investigate whether patients with



idiopathic scoliosis would respond differently than age-
matched controls to vibratory stimuli (Wyatt et al. 1986;
Barrack et al. 1988; Byl et al. 1997; Olafsson et al. 2002).
Results of these studies do not agree. For example,
Wyatt et al. (1986) and Barrack et al. (1988) found that
AIS had a lower proprioceptive threshold (more sensi-
tive) whereas Mclnnes et al. (1991) reported that AIS
had a significantly higher vibratory threshold (that is,
less sensitive) than control subjects. Responses to
vibration stimulation evaluate the threshold of the pro-
prioceptive system. This clinical test, however, does not
determine the capability of the spinal and cortical re-
flexes and/or the cognitive structures to transform sen-
sory perception into appropriate motor responses. The
ability of AIS to cope with sudden sensory deprivation
and transform their sensory perception into appropriate
motor commands has been partially investigated.

More than two decades ago, Sahlstrand et al. (1978)
examined the effect of eye closure and/or a compliant
base of support, subjects stood on a 10-cm thick piece of
foam rubber, on balance control in AIS. Their results
demonstrated that masking the sensory inputs coming
from the mechanoreceptor of the sole (by standing on
the compliant surface) and/or occluding visual inputs
increased the total sway area of AIS much more than
that of the control participants. Standing on a compliant
surface, 10-cm thick piece of foam, may be destabilizing
by itself (unstable base of support). It is possible that
standing on an unstable surface exacerbated the AIS
balance control problem.

The analysis of the kinematics of the center of pressure
(CP) describes the overall behavior of the CP (e.g., total
sway area, range of the CP, root mean square (RMS)
velocity of the CP,...) without looking at the balance
control commands. Recently, Baratto et al. (2002) have
proposed new parameters which provide information on
the causes of the overall CP behavior. The analysis of the
sway density curve permits determination of whether the
kinematics of the sway oscillations are due to greater or
more variations of the balance control commands.

In the present paper, we expand on the work of Sa-
histrand et al. (1978) by using a different technique,
tendon vibration, which masks ankle proprioception
and by looking at the underlying cause of greater body
sway oscillations observed for AIS. We hypothesize that
greater and more variation of the balance control com-
mands would lead to a greater amplitude of the body
sway oscillations and variability of the CP velocity in
AIS. This hypothesis, if confirmed, would suggest that
idiopathic scoliosis interferes with the neural mecha-
nisms allowing the mapping of available sensory inputs
into appropriate muscle actions (balance control com-
mands) to regulate balance.

Subjects and methods

Eight scoliosis patients (seven females and one male;
mean age: 16.4 years) participated in the experiment.
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Scoliosis patients had previously been screened and
diagnosed by a pediatric orthopedic surgeon (one of the
authors, P. Mercier). No patient was under active
treatment, none of the patients had surgery before and
no patient presented any neurological sign of patho-
logical importance in the clinical examination. The
average Cobb angle was 45.6° £+ 7.5° and varied between
33° and 55°. Briefly, Cobb’s angle is defined by the
relationship between two lines drawn parallel to the top
and bottom of the vertebral bodies at the beginning and
end of the curve. The angle between these two lines (or
lines drawn perpendicular to them) is measured as the
Cobb angle. A scoliotic curve exists when the Cobb’s
angle measures at least 10°. Most curves are considered
significant if greater than 25-30°. Curves in excess of 45—
50° are considered severe. Brace treatment was recom-
mended for three subjects but none of them actually
wore the brace. All spinal curves were right thoracic
convex. Out of the eight thoracic curvatures, four had a
left lumbar compensatory curve (39 + 14.2°). The control
group consisted of ten healthy young girls (average age
of 16.5 years). No participant reported any neurological
or orthopedic problem. All patients, participants and
tutors gave their informed consent according to uni-
versity protocols.

An AMTI force platform was used to measure the
displacement of the CP. The force platform signals were
sampled at 200 Hz using a 12-bit A/D converter. Data
were collected first from an unloaded platform to
determine the zero offset. Ankle proprioception was
perturbed by means of vibratory stimulation. The
vibrators (n=4) consisted of unbalanced masses fixed at
both extremities of DC motors rotating at 80 Hz. The
amplitude of the mechanical oscillation was 3 mm.
The vibrators were fixed to the participant’s ankles, on
the tendon of soleus, gastrocnemius and tibialis anterior
muscles, by means of rubber bands. Applying vibration
to a muscle tendon specifically activates the muscle
spindle primary endings (Burke et al. 1976; Roll and
Vedel 1982). When applied to mutually antagonistic
ankle muscles, the vibratory stimulus deprives subjects
from the relevant proprioceptive information produced
by body oscillations (Roll et al. 1989). The activation
and the deactivation of the vibrators were computer
controlled. For convenience, we will herein refer to the
tendon vibration condition as perturbed proprioception.
It is acknowledged that ankle proprioception only is
perturbed. For the no-vision condition, participants
closed their eyes when the computer released an auditory
signal.

Subjects stood barefoot on the force platform with
their feet 10 cm apart and the arms along the body. They
maintained an upright posture while fixating a small
target in their central vision (2 m away at eye level). All
subjects performed four different experimental condi-
tions (six trials in each condition for a total of 24 trials).
Each trial lasted 15 s. Three sensory deprivation condi-
tions were created by manipulating sensory information:
(1) no-vision (NV), (2) perturbed proprioception/vision
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(PP-V) and (3) perturbed proprioception/no-vision (PP-
NV). In the control condition (CTR), there was no
sensory manipulation.

The CP is calculated from the force-plate reaction
forces and moments; it includes dynamic components
due to the body’s acceleration and is related to the
neuromuscular parameters controlling the center of
mass. The CP data were filtered using a low-pass filter
(Butterworth, fourth order, 8 Hz cut-off frequency) with
a dual-pass to remove phase shift. The medio-lateral and
antero-posterior velocities of the CP were calculated
using a central finite difference technique.

The postural stability of AIS and the control partic-
ipants was assessed by computing the range of the CP
and the RMS of the CP velocity along the medio-lateral
and antero-posterior axes during the 15 s of upright
standing. The range of the CP represents the difference
between the maximum and minimum values of the CP
along the antero-posterior or medio-lateral axis. A large
CP range indicates that the resultant forces are displaced
towards the balance stability boundaries of the partici-
pant and could challenge their postural stability (Koo-
zekanani et al. 1980; Patton et al. 2000). The RMS of the
CP velocity measures the variability of the CP sway path
velocity. This variable is the square root of the sum of
squares of the CP velocity divided by the number of data
samples; hence, smaller values indicate a less variable
CP.

To gain an insight into the mechanisms leading to CP
kinematics difference among both groups, we analyzed
the sway density curve following Baratto et al. (2002).
The sway density curve was digitally filtered with a
fourth order Butterworth filter (2.5 Hz low-pass cut-off
frequency with dual-pass to remove phase shift) in order
to perform a better peak extraction. The sway density
curve is computed by counting the number of consecu-
tive samples during which the CP remains inside a
2.5 mm radius'. Then, the sample count is divided by the
sampling rate yielding a time dimension for the ordinate
axis. Thus, the sway density curve is a time versus time
curve illustrating the evolution over time of the stay time
of the CP. The peaks of the sway density curve corre-
spond to time instants in which the CP and presumably
the associate motor commands are relatively stable.
Mean peak represents the time spent by the CP inside
the 2.5 mm radius circle centered at the time of peak on
the sway density curve. Hence, the amplitude of the
peaks estimates the degree of balance stability. On the
other hand, the valleys of the sway density curve cor-
respond to time instants in which the CP rapidly
switches from one stable position to another. It is as-
sumed that the mean distance between consecutive peaks
illustrates the amplitude of the postural commands.
Recently, Jacono et al. (2004) have demonstrated that

The choice of the radius is not critical because away from the
optimal values there is a degradation that is reflected in the mild
dependence of the sway density curve parameters (Jacono et al.
2004).

the CP displacement tends to be stable when the ankle
torque is approximately constant and this corresponds
to peaks in the sway density curve. On the contrary, the
CP tends to shift quickly when the ankle torque has
strong peaks and this corresponds to valleys in the sway
density curve (page 303—Jacono et al. 2004). According
to Baratto et al. (2002), the mean peak (mean of the
peaks of the sway density curve) and mean distance
(mean distance between peaks of the sway density curve)
reflect the capacity of the postural control system to
integrate the sensory information and anticipate physi-
ological internal delays to keep the vertical alignment of
the whole body.

Statistical analysis

For each experimental condition, the calculated values
for each dependant variable were averaged across the six
trials. Analyses of variance (ANOVA) with repeated
measures were used for statistical comparisons. When-
ever the ANOVA reached a significant level, planned
comparisons were used to examine the specific effect.
The level of significance was set at P <0.05.

Results

The CP ranges along both axes were submitted to a
Group x Condition x Axis (2x4x2) ANOVA with re-
peated measures on the last two factors. Results of the
ANOVA showed the main effects of Group (F},16=9.65,
P<0.01), Condition (F545=79.12, P<0.001) and Axis
(F1.16=91.42, P<0.001). Moreover, the interactions of
Group by Axis (F;,6=06.83, P<0.05), Group by Con-
dition (F345=10.31, P<0.001) and Group by Condition
by Axis (F345=79.12, P<0.001) were all significant.
Overall, Fig. 1 (upper panels) shows that AIS (black
bars) exhibited a greater CP range than the control
subjects (white bars) for all conditions and for both axes.
A decomposition of the triple interaction (Group X
Condition x Axis) showed that, for the medio-lateral
axis, removing vision (NV) or perturbing ankle propri-
oception only (PP-V) increased the CP range (compared
to the control condition) similarly for both groups
(P>0.05). When both sources of sensory information
were altered (no perturbed ankle proprioception and no-
vision; PP-NV), the AIS showed a greater increase in the
CP range than the control subjects (P <0.05). As dem-
onstrated by the significant triple interaction, this latter
effect was exacerbated for the antero-posterior axis.
Compared to the control condition, the increased CP
range along the antero-posterior axis for the AIS was
0.31 cm when vision was occluded, 0.87 cm when ankle
proprioception only was perturbed and 2.41 cm when
both sensory systems were altered. For the same con-
ditions, control participants showed increases of 0.18,
0.43 and 1.11 cm, respectively.
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Fig. 1 The upper panel presents
the group mean for the center
of pressure range along the
medio-lateral (left panel) and
antero-posterior axis for the
control (CTR), perturbed
proprioception/no-vision
(PP-NV), no-vision (NV) and
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Data for the RMS CP velocity along both axes
(Fig. 1—lower panels) also were submitted to a Group %
Condition x Axis (2x4x2) ANOVA with repeated mea-
sures on the last two factors. The ANOVA revealed the
main effects of Group (F ;6=16.78, P<0.001), Axis
(F3’48:20.66, P<0001) and Condition (F3’48: 1787,
P<0.001) and a significant interaction of Group by
Condition (F3 44=8.60, P <0.001). All other interactions
were not significant (P >0.05). Results for the RMS CP
velocity mimicked those observed for the CP range: (1)
overall, AIS showed a greater RMS CP velocity than the
control participants for all conditions and for both axes
and (2) AIS showed greater RMS CP velocity than the
control participants when both sources of sensory
information (ankle proprioception and vision; PP-NV)
were altered. Compared to the control condition®, the
RMS CP velocity for the AIS increased by 9.8, 57.3, and
114.0% when vision was occluded (NV), ankle propri-
oception only was perturbed (PP-V) and when both
sensory systems were altered (PP-NV). For the same
conditions, control participants showed increases of 8.4,
32.4 and 40.8%, respectively.

Altogether, whether vision is occluded or not, the CP
range and RMS CP velocity data demonstrated that AIS
expressed an inability to reorganize the weight of the
remaining sensory inputs to regulate their body sway
oscillations when ankle proprioception was altered. The
CP behavior, however, does not reveal the mechanisms
underlying these differences. To examine if the AIS
balance control deficits resulted from greater amplitude
or more variation of the balance control commands, we
conducted an analysis of the sway density curve.

Figure 2 (upper panel) presents the mean peak (the
time spent in regions of stability) for the four experi-

Z[(RMS2 — RMS1)/RMS1]x100% where RMS2 is the mean RMS
CP velocity in the sensory deprivation condition and RMSI is the
mean RMS CP velocity in the control condition.
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mental conditions. Results of the Group x Condition
ANOVA (repeated measures on the last factor) revealed
a main effect of Condition (F545=75.43, P<0.01). De-
spite a trend for the AIS to show smaller mean peaks,
the main effect of Group (F; ;6=0.17, P>0.05) and the
Group by Condition interaction were not significant
(F345=1.78, P>0.05). A comparison of means showed
that mean peaks for the perturbed proprioception/no-
vision condition were smaller than for all other condi-
tions (P <0.001). The mean peaks for both conditions
with perturbed ankle proprioception were not different
from each other (P> 0.05) and were smaller than for all
other conditions (P <0.05). Hence, both groups varied
their balance control commands much more when pro-
prioception was perturbed, whether vision was available
or not.

With respect to the mean distance between two
consecutive regions of stability (Fig. 2—lower panel),
the ANOVA (Group x Condition with repeated mea-
sures on the last factor) revealed main effects of Group
(Fl’16 = 1534, P< OO]), Condition (F3’4g =61 20,
P<0.001) and a significant interaction of Group by
Condition (F5 45=14.81, P<0.001). The decomposition
of the interaction showed that, when ankle proprio-
ception was perturbed (whether vision was occluded or
not; PP-NV and PP-V), the increase in the mean dis-
tance between two consecutives region of stability was
much greater for AIS (black bars) than for control
participants (white bars) (P<0.01). Both groups
showed similar increases when vision was removed
(P>0.05). Altogether, the results for the mean distance
suggest that AIS had greater amplitude of the balance
control commands when ankle proprioception was
perturbed and this was observed whether vision was
occluded or not. It suggests that the greater CP range
and the more variable RMS CP velocity observed for
AIS when ankle proprioception was perturbed (whether
vision is occluded or not) are related to the greater
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amplitude in the balance control commands rather than
more variation of the commands.

Discussion

During the last decades, several investigators have
quantified the vibratory threshold of AIS by means of a
biothesiometer in order to evaluate whether scoliosis
was associated with dorsum column dysfunction. Re-
sults from these studies varied and the biothesiometer
now has been deemed unreliable (e.g. Mclnnes et al.
1991). It is important to recognize that the evaluation of
the sensory perception threshold does not evaluate the
ability of a person to adapt its motor commands to his/
her sensory perception. For example, during upright
standing, a person can detect that he/she sways forward
with a given velocity. To regain balance, however, he/she
will need to select and program the appropriate ankle
torque response in order to stop the forward momentum
due to gravitational torque and to avoid a fall or a
stepping reaction. Biomechanical factors such as the
three-dimensional deviation of the spine (shape of the
trunk and the changes between body segments) may be
related to balance control problems observed in AIS. As
the CP range and RMS CP velocity of AIS increase
during sensory deprivation due to greater amplitude of
the balance control commands, it is unlikely that larger
body sway oscillations generally observed in AIS results
only from biomechanical factors. The difference between
both groups in the control condition suggests that a
combination of biomechanical factors and deficits in the
sensorimotor mechanisms related to the scaling of the
balance control commands exacerbate AIS body sway
oscillations.

In this study, we masked sensory inputs in order:
(1) to test the hypothesis that AIS, compared to

healthy adolescent, relies more on ankle propriocep-
tion and/or visual inputs to regulate balance and (2)
to determine whether it is the variation or the
amplitude of the balance control commands of AIS
that leads to greater body sway oscillations during
sensory deprivation. By manipulating the availability
of the sensory inputs and measuring the outcomes (CP
behaviors), we could objectively determine the cost of
visual and/or ankle proprioception deprivation on the
balance control of AIS and healthy control partici-
pants.

The CP range was larger and the RMS CP velocity
was more variable for AIS than for the control partici-
pants when ankle proprioception was perturbed. This
was observed regardless of whether vision was available
or not. Our interpretation is that idiopathic scoliosis
interferes with the neural mechanism that weights the
remaining sensory inputs. This mechanism is necessary
to map these inputs into appropriate balance control
commands. The remaining sensory information should
come from the sole of the feet, the joints above the ankle
and the vestibular apparatus.

In our experiment, to regulate body sway oscillations
AIS could not compensate for masked ankle proprio-
ception irrespective of whether vision was available or
not. About two decades ago, Diener et al. (1984) showed
that ankle proprioception deprivation, in healthy sub-
jects standing freely, had little effect on body sway
oscillations with eyes open, but resulted in a larger
excursion of the CP with eyes closed. In the present
experiment, when ankle proprioception was perturbed,
the availability of vision was not sufficient to allow AIS
to reduce their CP; they showed a larger CP range,
greater RMS CP velocity and balance control com-
mands (mean distance). This observation is important as
it suggests that despite the availability of vision AIS,
compared to control participants, relied much more on



ankle proprioception to scale the amplitude of their
balance control commands.

When ankle proprioception and vision are altered
simultaneously, vestibular sensory information is com-
bined with the other remaining sensory information to
tailor the balance control commands to the gravitational
torque. It has been demonstrated, using sophisticated
mathematical models, that vestibular sensory informa-
tion is less precise than visual and proprioceptive
information in conditions where multiple sensory sys-
tems provide redundant sensory information (van der
Kooij et al. 2001; Peterka 2002). The low precision of the
vestibular system is consistent with the larger CP range,
much variable RMS CP velocity and greater amplitude
of the balance control commands (mean distance) ob-
served for the perturbed ankle proprioception condition
in the absence of vision. Experimental data have even
shown that the threshold of visual and vestibular sys-
tems is higher than the ankle threshold alone (Fitzpa-
trick and McCloskey 1994). It might be speculated that
the CP behavior (greater CP range and RMS CP
velocity) and greater balance control commands for
AIS, compared to the control participants, could result
from the difficulty in reweighting the gain of the ves-
tibular system and the remaining sensory inputs when
ankle proprioception was altered regardless of whether
vision was occluded or not.

The analysis of the sway density curve provides
information on the balance control commands (Baratto
et al. 2002; Jacono et al. 2004). We hypothesized that a
larger CP range and RMS CP variability of the velocity
of the sway path for AIS would be associated to a
greater amplitude and variation of the balance control
commands. Despite a tendency to show the contrary, the
analysis revealed that AIS and the control participants
had a similar variation of the balance control commands
(similar mean peaks). The greater mean distance be-
tween stable regions suggests, however, that when ankle
proprioception was perturbed, the amplitude of the
balance control commands was greater for AIS than for
the control participants. This was observed regardless of
whether vision was available or not. The present results
suggest that AIS, compared to the control participants,
relies much more on ankle proprioception to control the
amplitude of the balance control commands.

Idiopathic scoliosis may interfere with the sensori-
motor mechanisms that participate in the programming
of the amplitude of the balance control commands. It is
presently difficult to identify with certitude at which le-
vel, within the central nervous system, there would be a
dysfunction. Nevertheless, measurements of nerve con-
duction velocity in the peroneal and median nerves did
not support the hypothesis that polyneuropathy is re-
lated to idiopathic scoliosis (Sahlstrand and Sellden
1980). Maguire et al. (1993) have observed, in all 37 AIS
they tested, ipsilateral and contralateral long-latency
polysynaptic activity. Surprisingly, in non-idiopathic
scoliosis patients with spinal deformities of equal mag-
nitude, this long-latency activity was absent suggesting
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that the curve per se is not responsible. Hence, structures
other than the spine and the muscles around it should be
considered as potential candidates. The brainstem con-
tains sensory and motor nuclei called the reticular for-
mation that relays information to the primary motor
cortex and the sensory cortex. Two groups of nuclei in
the reticular formation of the pons and the medulla are
involved in the control of posture; they facilitate and
inhibit spinal reflexes, respectively (Magoun and Rhines
1946). Interestingly, magnetic resonance imaging inves-
tigations have shown subtle asymmetries in the ventral
pons or corticospinal tract of the AIS (Geissele et al.
1991).

Obviously, it is difficult to evaluate whether the dif-
ferent balance control behaviors observed during testing
are the cause or the result of idiopathic scoliosis defor-
mity. Nevertheless, results from the present experiment
reveal that the amplitude rather than the variation of the
balance control commands is related to the larger CP
range and greater CP RMS velocity when ankle pro-
prioception is altered. Finally, this strongly suggests that
AIS relies considerably on ankle proprioception to reg-
ulate body sway oscillations and to scale the amplitude
of their balance control commands.

Acknowledgements This research was partly supported by La
Fondation Yves Cotrel de I'Institut de France and NSERC (Col-
laborative Health Research Project). The authors thank Marcel
Kaszap for his technical support, Ariane Bélanger-Gravel for her
help during data acquisition and the staff at the Clinique d’ort-
hopédie infantile de Québec for their administrative support during
the study.

References

Adler N, Bleck EE, Rinsky LA, Young W (1986) Balance reactions
and eye-hand coordination in idiopathic scoliosis. J Orthop Res
4:102-107

Baratto L, Morasso PG, Re C, Spada G (2002) A new look at
posturographic analysis in the clinical context: sway-density
versus other parameterization techniques. Motor Control
6:246-270

Barrack RL, Whitecloud TS 111, Burke SW, Cook SD, Harding AF
(1984) Proprioception in idiopathic scoliosis. Spine 9:681-685

Barrack RL, Wyatt MP, Whitecloud TS III, Burke SW, Roberts
JM, Brinker MR (1988) Vibratory hypersensitivity in idiopathic
scoliosis. J Pediatr Orthop 8:389-395

Burke D, Hagbarth KE, Lofstedt L, Wallin BG (1976) The re-
sponse of human muscle spindle endings to vibration of non-
contracting muscles. J Physiol (London) 261:673-693

Byl NN, Gray JM (1993) Complex balance reactions in different
sensory conditions: adolescents with and without idiopathic
scoliosis. J Orthop Res 11:215-227

Byl NN, Holland S, Jurek A, Hu SS (1997) Postural imbalance and
vibratory sensitivity in patients with idiopathic scoliosis:
implications for treatment. J Orthop Sports Phys Ther 26:60-68

Diener HC, Dischgans J, Guschlbauer B, Mau H (1984) The sig-
nificance of proprioception on postural stabilization as assessed
by ischemia. Brain Res 296:103-109

Fitzpatrick R, McCloskey DI (1994) Proprioceptive, visual and
vestibular tresholds for the perception of sway during standing
in humans. J Physiol (London) 478:173-186

Ford DM, Bagnall KM, McFadden KD, Greenhill BJ, Raso VIJ
(1984) Paraspinal muscle imbalance in adolescent idiopathic
scoliosis. Spine 9:373-376



582

Geissele AE, Kransdorf MJ, Geyer CA, Jelinek JS, Van Dam BE
(1991) Magnetic resonance imaging of the brain stem in ado-
lescent idiopathic scoliosis. Spine 16:761-763

Herman R, Mixon J, Fisher A, Maulucci R, Stuyck J (1985) Idi-
opathic scoliosis and the central nervous system: a motor con-
trol problem. The Harrington lecture, 1983. Scoliosis Research
Society. Spine 10:1-14

Jacono M, Casadio M, Morasso PG, Sanguineti V (2004) The
sway-density curve and the underlying postural stabilization
process. Motor Control 8:292-311

Jensen GM, Wilson KB (1979) Horizontal postrotatory nystagmus
response in female subjects with adolescent idiopathic scoliosis.
Phys Ther 59:1226-1233

Keessen W, Crowe A, Hearn M (1992) Proprioceptive accuracy in
idiopathic scoliosis. Spine 17:149-155

Koozekanani SH, Stockwell CW, Mcghee RB, Firoozmand F
(1980) On the role of dynamic models in quantitative postu-
rography. IEEE Trans Biomed Eng 27:605-609

Liszka O (1961) Spinal cord mechanisms leading to scoliosis in
animal experiments. Acta Med Pol 2:45-63

Magoun H, Rhines R (1946) An inhibitory mechanism in the
bulbar reticular formation. J Neurophysiol 9:165-171

Maguire J, Madigan R, Wallace S, Leppanen R, Draper V (1993)
Intraoperative long-latency reflex activity in idiopathic scoliosis
demonstrates abnormal central processing. A possible cause of
idiopathic scoliosis. Spine 18:1621-1626

Mclnnes E, Hill DL, Raso VJ, Chetner B, Greenhill BJ, Moreau
MJ (1991) Vibratory response in adolescents who have idio-
pathic scoliosis. J Bone Joint Surg Am 73:1208-1212

Olafsson Y, Odergren T, Persson HE, Saraste H (2002) Somato-
sensory testing in idiopathic scoliosis. Dev Med Child Neurol
44:130-132

Patton JL, Lee WA, Pai YC (2000) Relative stability improves with
experience in a dynamic standing task. Exp Brain Res 135:117—
126

Peterka RJ (2002) Sensorimotor integration in human postural
control. J Neurophysiol 88:1097-1118

Petersen I, Sahlstrand T, Sellden U (1979) Electroencephalographic
investigation of patients with adolescent idiopathic scoliosis.
Acta Orthop Scand 50:283-293

Pincott JR, Taffs LF (1982) Experimental scoliosis in primates: a
neurological cause. J Bone Joint Surg Br 64:503-507

Roll JP, Vedel JP (1982) Kinaesthetic role of muscle afferents in
man, studied by tendon vibration and microneurography. Exp
Brain Res 47:177-190

Roll JP, Vedel JP, Ribot E (1989) Alteration of proprioceptive
messages induced by tendon vibration in man: a microneuro-
graphic study. Exp Brain Res 76:213-222

Sahlstrand T, Ortengren R, Nachemson A (1978) Postural equi-
librium in adolescent idiopathic scoliosis. Acta Orthop Scand
49:354-365

Sahlstrand T, Petruson B (1979) A study of labyrinthine function in
patients with adolescent idiopathic scoliosis. I. An electro-ny-
stagmographic study. Acta Orthop Scand 50:759-769

Sahlstrand T, Petruson B, Ortengren R (1979) Vestibulospinal re-
flex activity in patients with adolescent idiopathic scoliosis.
Postural effects during caloric labyrinthine stimulation recorded
by stabilometry. Acta Orthop Scand 50:275-281

Sahlstrand T, Sellden U (1980) Nerve conduction velocity in pa-
tients with adolescent idiopathic scoliosis. Scand J Rehabil Med
12:25-26

Trontelj JV, Pecak F, Dimitrijevic MR (1979) Segmental neuro-
physiological mechanisms in scoliosis. J Bone Joint Surg Br 61-
B:310-313

van der Kooij H, Jacobs R, Koopman B, van der Helm F (2001)
An adaptive model of sensory integration in a dynamic envi-
ronment applied to human stance control. Biol Cybern 84:103—
115

Weinstein S (1994) Adolescent idiopathic scoliosis: prevalence and
natural history. In: Weinstein S (ed) The pediatric spine: prin-
ciples and practice. Raven Press, New York

Wyatt MP, Barrack RL, Mubarak SJ, Whitecloud TS, Burke SW
(1986) Vibratory response in idiopathic scoliosis. J Bone Joint
Surg Br 68:714-718

Yarom R, Robin GC (1979) Muscle pathology in idiopathic sco-
liosis. Isr J Med Sci 15:917-924

Yarom R, Robin GC (1979) Studies on spinal and peripheral
muscles from patients with scoliosis. Spine 4:12-21



	Sec1
	Sec2
	Sec3
	Sec4
	Fig1
	Sec5
	Fig2
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR12
	CR13
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR25
	CR26
	CR27
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


