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Abstract The balance function of children is known
to be affected by carriage of a school backpack. Chil-
dren with adolescent idiopathic scoliosis (AIS) tend to
show poorer balance performance, and are typically
treated by bracing, which further affects balance. The
objective of this study is to examine the combined ef-
fects of school backpack carriage and bracing on girls
with AIS. A force platform was used to record center
of pressure (COP) motion in 20 schoolgirls undergoing
thoraco-lumbar-sacral orthosis (TLSO brace) treat-
ment for AIS. COP data were recorded with and
without brace while carrying a backpack loaded at 0,
7.5, 10, 12.5 and 15% of the participant’s bodyweight
(BW). Ten participants stood on a solid base and ten
stood on a foam base, while all participants kept their
eyes closed throughout. Sway parameters were ana-
lyzed by repeated measures ANOVA. No effect of
bracing was found for the participants standing on the
solid base, but wearing the brace significantly increased
the sway area, displacement and medio-lateral ampli-
tude in the participants standing on the foam base. The
medio-lateral sway amplitude of participants standing
on the solid base significantly increased with backpack
load, whereas significant increases in antero-posterior
sway amplitude, sway path length, sway area per sec-
ond and short term diffusion coefficient were found in
participants standing on the foam base. The poorer
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balance performance exhibited by participants with
AIS when visual and somatosensory input is challenged
appears to be exacerbated by wearing a TLSO brace,
but no interactive effect between bracing and backpack
loading was found.
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Introduction

Individual balance performance and stability of upright
stance may be affected by different clinical conditions,
including scoliosis, a lateral curvature of the spine [2].
Upright stance is an inherently unstable condition, and
can be characterized by the motion of the center of
pressure (COP) of the ground reaction force, which
follows the motion of the center of gravity of the body
and has been modeled as a fractal Brownian motion,
analogous to the random motion or diffusion of parti-
cles suspended in a fluid [8, 20, 21]. Stability and bal-
ance in upright stance is maintained by keeping the
COP above the base of support, which is achieved by a
feedback mechanism integrating information from the
visual, proprioceptive and vestibular systems [9]. Idio-
pathic scoliosis is associated with disorders of postural
control parameters [9] and patients with adolescent
idiopathic scoliosis (AIS) generally show poorer bal-
ance control than age-matched normals, particularly
when the visual and somatosensory systems are
simultaneously challenged [3, 22, 23, 30]. Studies have
indicated that the lateral stability of patients with AIS
is significantly poorer than that found in normal sub-
jects [5, 7].
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External factors can also add to the burden on the
balance mechanism and have adverse effects on con-
trol of balance. An obvious example of this is load
carriage, which has been shown to result in greater
COP motion than when no load is carried [7]. The
effects of load carriage have become an area of con-
cern in schoolchildren, as the loads carried daily in
schoolbags are relatively high with respect to the
child’s bodyweight (BW), and have generally been
found to exceed the recommended 10% BW limit.
Cavallo et al. [4] found that over a quarter of the fe-
male students in a fourth grade group carried a back-
pack of greater than 15% BW, while Negrini and
Carabalona [18] reported a mean backpack load of
over 20% BW, similar to the reported mean schoolbag
weight carried by children in Hong Kong [11]. The
daily loads applied by schoolbags are of concern be-
cause of the association with back pain [25], and are of
particular concern in patients with AIS as abnormal
external loading has been suggested as one of the
possible factors that may affect the growth of the spine
and exacerbate the scoliotic deformity [19]. The
immediate ergonomic effects of backpack carriage are
also a concern in patients with AIS, as both of these
factors challenge the balance function and will there-
fore increase the risk of loss of balance and fall, which
account for most of the hospital accident and emer-
gency department cases involving backpacks [27].

Bracing is generally recommended for AIS patients
with a Cobb angle of between 25° and 45° [2], primarily
in order to prevent curve progression but also with the
aim of achieving some curve correction. The custom
molded thoraco-lumbo-sacral orthosis (TLSO) or
“underarm” brace is typically prescribed for non-
operative treatment of progressive AIS. Bracing has
also been demonstrated to have an immediate effect on
sitting balance [26], with a better balance of weight on
each ischial tuberosity and increased sitting stability.
However, Sales De Gauzy et al. [24] reported that a
group of patients with AIS showed significantly
poorer static balance performance when wearing their
brace than without it, although no details were given
and it is not clear what balance parameters where
being compared in this case. As experimental evidence
suggests that both backpack carriage and bracing
individually cause poorer balance performance, it is
therefore hypothesized that the effect of backpack
carriage on stance balance will be more severe
when the subject is wearing a brace. The combined
effect of bracing and backpack carriage may not be a
simple superposition of the individual effects if there
is any interaction between backpack carriage and
bracing.
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Overall, backpack carriage is known to adversely
affect the control of balance in patients with AIS, and
experimental evidence suggests that this effect may be
more pronounced while wearing a brace. However, to
the authors’ knowledge, no experimental data reflect-
ing these conditions have been reported. The aim of
this study is therefore to examine the balance of pa-
tients with AIS when carrying different backpack loads
both with and without using a brace under different
somatosensory conditions.

Methods

Twenty skeletally immature schoolgirls (Risser’s sign
from 0 to IT) between the ages of 10 and 16 (mean age
13) undergoing TLSO brace treatment for AIS were
recruited for this study (Table 1). Inclusion criteria
were a Cobb angle of between 25° and 35°, no history
of operative treatment and no other known musculo-
skeletal problems. The experimental procedures were
clearly explained in each case and written informed
consent was obtained from participants and their par-
ents/guardians prior to the participants taking part in
the experiment. Participants were asked to stand
barefoot on a force platform (Kistler 9281CA, Win-
terthur, Switzerland), adopting a natural and comfort-
able stance, with the arms relaxed at the sides [17, 29]
and the feet separated at approximately at shoulder
width, making an angle of 14° between the long axis of
the feet [16]. Ten participants (SO1 to S10, Table 1)
stood on the solid base of the force platform, while ten
participants (FO1 to F10) stood on a 10 cm thick foam
base. The position of the feet was marked to ensure
reproducible foot placements for subsequent tests [10].
The participants were asked to close their eyes and the
two-dimensional horizontal coordinates of the center
of pressure (COP) were recorded for 30 s. The data
were recorded at a frequency of 50 Hz and low-pass
filtered with a cut-off frequency of 2.5 Hz [28] using
Matlab software (The MathWorks Inc, Natick, MA)
and stored on a PC. COP data were recorded at various
backpack loads for participants without a brace, and
while wearing their prescribed thoraco-lumbo-sacral
orthosis (TLSO). A specially designed backpack [6]
was used loaded at 7.5, 10, 12.5 and 15% of the par-
ticipants’ bodyweight (BW), and data were also re-
corded without backpack, giving a total of ten different
testing conditions of bracing and backpack load. The
order in which the testing conditions were carried out
was randomized to minimize possible effects of fatigue
or hysteresis, and three repeat trials were conducted
for each condition, with 1-min rest between trials [12].
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Table 1 Details of the anthropometry and scoliotic curvature of the schoolgirls pariticipating in this study

No.  Age (years)  Weight (kg)  Height (m)  Risser’s sign  AIS curve pattern Cobb angle (degrees)  Apex level
S01 11 38.6 1.51 0 R thoracic/L lumbar  27/31 T8/1L.2
S02 12 41.8 1.53 11 L lumbar 25 L2

S03 14 36.4 1.52 1 L thoracolumbar 28 T12
S04 15 52.9 1.67 1I R thoracic/L lumbar  35/33 T8/L1
S05 12 40.8 1.5 1 R thoracic 23 T8

S06 15 38.6 1.56 1 R thoracic/L lumbar 35/26 T9/1.2
S07 16 40.8 1.55 11 L thoracolumbar 34 T12
S08 15 40.8 1.56 1 L thoracic/R lumbar  20/25 T11/L3
S09 10 38.1 1.51 0 L lumbar 25 L1

S10 12 33 1.47 0 Double thoracic 25/28 T4/T10
FO1 13 47.9 1.52 1 R thoracic/L lumbar 35/35 T8/1.2
F02 15 48.8 1.52 1I R thoracic 35 T8
FO3 14 453 1.57 1 R lumbar 30 L3
Fo4 12 29.8 1.38 0 R thoracolumbar 32 T12-L1
FO05 11 45.8 1.55 0 R thoracic/L lumbar 20/28 T8/L1
F06 11 354 1.54 0 Double thoracic 35/35 T3/T9
FO7 12 50.1 1.61 1 R thoracic/L lumbar 35/31 T8/1.2
FO8 14 455 1.6 I Double thoracic 29/16 T4/T12
F09 12 32.3 1.47 11 Double thoracic 24/29 T4/T12
F10 14 39 1.64 0 R thoracic/L lumbar  19/25 T8/L1

Relevant and stable measures of postural sway 1 & 1 &
identified by Wolff et al. [29] were calculated and subject ~ Xc = N Z Xi Y=y Z Yi
to statistical analysis. The parameters used were: =1 =1

Antero-posterior (AP) sway amplitude: The maxi-  and the radial centroid r. is given as
mum range of anterior—posterior sway motion over

the data collection interval. re = 4/x2 + )2

Medio-lateral (ML) sway amplitude: The maximum

range of medio-lateral sway motion over the data Sway area per second (A): The average area per
collection interval. second swept out by the line between the instanta-
Average sway path length (P): The average distance neous COP position and the mean COP position
per second traced out by the COP path (the average over the data collection interval, given by

speed of the COP motion) over the data collection
interval is given by

b4

-1
AJEC(Nl_l) > (i1 = xe) (i = ye) = (i = Xe) (i1 = ye)|

14

Il
_

RS 2 2
pP= mz \/(Xi+1 —Xi)" 4 (Vir1 — ¥i)
= Mean frequency (MF): The average frequency at

where f is the sampling rate, N is the number of which the instantaneous COP position circles the
sample points, and x;, y;, X;,,,, and y;,,, are the medio- mean COP position, given by
lateral and antero-posterior coordinates respectively of
the COP at sample indices i andi+m, respectively. MF — P
Average radial displacement (Ry): The average "~ 2nRy
distance from the instantaneous radial COP position
(r;) to the mean radial centroid of the COP position Short-term diffusion coefficient: The average rate at
over the data collection interval (r.), given by which the center of pressure is likely to change over

the short term. This models COP motion on the basis

1 & 1 & 5 > of Brownian motion [8] and the value of the short-

Ra= NZ (ri —re) = NZ \/(xi = Xe)"+ (i = ye) term diffusion coefficient reflects the stochastic

= = activity of the COP motion. This value is determined

where the mean medio-lateral and antero-posterior as half of the gradient of the diffusion plot given by
COP positions x. and y, are defined as (drg,)* versus dt for small df where
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N—m

2 (Fiem = 1i)’

i=1

1
(drdt)z = (N — m)

such that m is the data interval, and d¢ = m/f.
Diffusion scaling exponent. The likelihood that the
COP position will continue to change along the same
direction, given by the gradient of the base-10
logarithm of the diffusion plot. If the diffusion
scaling exponent is less than 0.5, the COP tends to
reverse its direction in the next dz, whereas if the
diffusion scaling exponent is greater than 0.5, the
COP tends to continue moving in the same direction

[8]-

Shapiro-Wilk test was used to confirm the normality
of the data and the mean value of each of these
parameters were analyzed by three-way repeated
measures ANOVA (SPSS 14.0, SPSS Inc., Chicago, IL,
USA), with within-subject factors of bracing and
backpack load and between-subject factor of base. The
level of statistical significance was set at 0.05, and post-
hoc comparisons were made using Bonferroni criteria
[13].

Results

Significant effects of load, brace and base were found
on all of the static balance parameters with the
exception of the mean sway frequency (Table 2).
However, significant interactions between brace and
base and load and base were also found, and therefore

the results were analyzed for the foam and the solid
bases independently.

The results for the participants standing on the solid
base showed that increase in backpack loading had no
significant effects on any of the recorded static balance
parameters apart from a slight but significant increase
in ML COP sway amplitude (Table 3; Fig. 1). No sig-
nificant effect of bracing was found on any of the re-
corded parameters for the participants standing on the
solid base, nor where any interactions between bracing
and backpack loading found.

The participants standing on the foam base showed
significant main effects of backpack loading on the AP
sway amplitude, the average sway path length, the
sway area per second, and the short term diffusion
coefficient (Table 3), all of which increased with
increasing backpack load (Figs. 1, 2, 3). Significant ef-
fects of bracing were also seen on the ML sway
amplitude, the average radial displacement and the
average sway path length (Table 3), with the values for
all of these parameters being lower without the brace
at all of the recorded backpack loads (Figs. 1, 2). The
short-term diffusion coefficient for the participants
standing on the foam base was noticeably higher at all
backpack loads while wearing the brace (Fig. 3), but
this effect was not found to be significant (P = 0.064).
There also appeared to be a trend in the short term
diffusion coefficient for the participants standing on
the foam base where the effect of load was more evi-
dent while wearing the brace than without it, illustrated
by the steeper overall gradient of the “foam base
wearing brace’ data points in the top plot of Fig. 3 as

Table 2 A summary of the results of the statistical analysis conducted

Antero- Medio- Path Average radial Sway Mean sway Short term Scaling
posterior lateral length displacement  area/ frequency  diffusion exponent
amplitude amplitude second coefficient

Load P =0.003 P = 0.008 P < 0.001 P =0.024 P =0.002 NS P < 0.001 NS

Base P <0.001 P =0.000 P <0.001 P <0.001 P <0.001 NS P <0.001 P =0.007

Brace NS NS P =0.037 P=0.041 NS NS P =0.046 NS

Load x base NS NS P =0.001 NS P =0.019 NS P =0.002 NS

Base x brace NS P =0.013 P =0.044 P =0.033 P =0.035 NS NS NS

Load x brace NS NS NS NS NS NS NS NS

Load x base x brace NS NS NS NS NS NS NS NS

Solid base results (no bonferroni correction)

load NS P =0.030 NS NS NS NS NS NS

brace NS NS NS NS NS NS NS NS

Load x brace NS NS NS NS NS NS NS NS

Foam base results (no bonferroni correction)

Load P =0.022 NS P <0.001 NS P =0.008 NS P <0.001 NS

Brace NS P =0.022 P =0.036 P =0.045 NS NS NS NS

Load x brace NS NS NS NS NS NS NS NS

P values are shown for significant main effects of and interactions between load, base and brace as appropriate, and are marked

NS where not significant
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Table 3 Results of the separate statistical analyses for a) the solid base and b) the foam base
Antero- Medio-lateral Path Average radial ~ Sway Mean sway Short term Scaling
posterior amplitude length displacement area/ frequency diffusion exponent
amplitude second coefficient
a—solid base results
Load NS P =0.030 NS NS NS NS NS NS
Brace NS NS NS NS NS NS NS NS
Load x brace NS NS NS NS NS NS NS NS
b—foam base results
Load P =0.022 NS P <0.001 NS P =0.008 NS P <0.001 NS
Brace NS P =0.022 P =0.036 P=0.045 NS NS NS NS
Load x brace NS NS NS NS NS NS NS NS

P values are shown for significant main effects of and interactions between load and brace as appropriate, and are marked

NS where not significant

compared to the “foam base without brace” data
points in the same plot. Again, however, this interac-
tion between loading and bracing was not found to be
significant (P = 0.163), and no significant interactions
were found between backpack loading and bracing for
any of the recorded parameters for either the solid or
the foam base.

As can be seen from these figures, the mean values
of the recorded COP motion parameters during static
balance were consistently higher in the group standing
on the foam base than in the group standing on the
solid base, with the exception of the scaling exponent,
which was consistently higher in the group standing on
the solid base (Fig. 3).

Discussion

Postural sway during quiet standing is typically quan-
tified by parameters derived from the motion of the
COP. Studies have shown that multiple measures are
required to characterize this motion [14], and that
measures related to both the amplitude and the
velocity or frequency of the sway are required. A re-
cent study indicated that the most sensitive measures
were obtained from the single class of measures of
stabilogram diffusion coefficients [15]. The measures
used in this study include both amplitude and fre-
quency terms of the COP motion as well as the short-
term diffusion coefficient [29].

A pure repeated measures design with all partici-
pants stood on both the foam and the solid base would
have been preferable to minimizing the between-sub-
ject effect. However, as the experiment was conducted
in two stages, a mixed repeated measures experimental
design was therefore employed in this study and the
results for the different bases were analyzed separately
rather than as a sub-analysis of the three-way repeated

measures ANOVA. Ideally, the curve patterns of each
of the participants would also be the same to avoid any
confounding influence that different degrees and levels
of scoliotic curvature may have. It would also be useful
if the results obtained could be compared against those
obtained from a control group of normal schoolgirls.
However, ethical considerations do not allow the
bracing of participants without any clinical purpose,
and as such the inclusion of a normal group would have
not added significantly to the study.

The results of this study indicate that bracing may
affect the balance function of schoolgirls with AIS, but
only when the visual and proprioceptive systems are
simultaneously challenged, i.e. where the participant
stands on the foam base with her eyes closed. Under
such conditions, participants generally show a more
marked deterioration in balance function with
increasing load when wearing the brace than without
the brace. There are several mechanisms by which
wearing the brace could affect the balance of the par-
ticipants. As the backpack has to be worn on top of the
brace, then it will be slightly posterior to the position
when the participant is not wearing the brace, and such
a change in the position of the center of gravity of the
backpack may affect the balance function. However,
this change in the position of the backpack while
wearing the brace will affect the participants standing
on the solid and foam bases equally, and would not
immediately account for the effect of bracing only
being obvious in the participants standing on the foam
base. Another mechanism by which bracing may affect
the balance function is by limitation of the trunk mo-
tion between the thoracic and sacral spine, which may
in turn restrict the ability of the trunk to contribute to
the maintenance of balance. Under normal circum-
stances, balance is generally maintained by an ‘“‘ankle
strategy”” where the motion required to maintain the
COP within the base of stance is predominantly around
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Fig. 1 The antero-posterior, medio-lateral and average radial
displacements at each of the backpack loads for the different
bracing and base conditions. Mean values are plotted with the
standard error indicated by the error bars

the ankles [28], but as the challenge to balance in-
creases, the strategy for maintaining balance shifts to-
wards motion of the pelvis and trunk [28]. This may
account for the different effects of wearing the brace
while standing on the solid base and foam base: when
the proprioceptive feedback mechanism is not chal-
lenged (standing on the solid base), then an ankle
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Fig. 2 The average sway path length and sway area per second
at each of the backpack loads for the different bracing and base
conditions. Mean values are plotted with the standard error
indicated by the error bars

strategy may be sufficient to maintain balance, and as a
result the increased rigidity between the pelvis and
trunk due to the brace will not affect the balance
function. However, when the challenge to balance is
increased by standing on the foam base, the ankle
strategy may no longer be sufficient to maintain bal-
ance, and any increasing reliance on motion of the
pelvis and trunk to maintain balance may mean that
participants are likely to perform relatively poorly
when wearing the brace. While this study indicated that
bracing affected patients with AIS only when propri-
oception was challenged by standing on the foam base,
a previous study [24] indicated that wearing a brace
caused deterioration of static balance performance in
participants presumably standing on a solid base.
However, detailed experimental details and results
were not reported.

While the immediate effects of wearing a brace ap-
pear to be a decrease in stability of quiet stance, Adler
et al. [1] found that patients with progressive scoliosis
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Fig. 3 The short-term diffusion coefficient, mean sway fre-
quency and scaling exponent at each of the backpack loads for
the different bracing and base conditions. Mean values are
plotted with the standard error indicated by the error bars

who had undergone bracing performed significantly
better in balance tests than patients with progressive
scoliosis who had not undergone bracing (the braces
were not worn during testing). As a result, they sug-
gested that the orthosis might have a therapeutic effect
compensating for deficiencies in balance in patients
with AIS. These results may not be inconsistent with

those presented here, as the immediate challenge to
balance caused by the brace may have a long term
training effect resulting in gradual improvement of
balance function. Further longitudinal prospective
studies would be useful to identify the long-term effect
of bracing on balance function. It should also be noted
that the present study is restricted to an investigation
of the immediate effects of loading on balance func-
tion, and that the duration of the carriage of the load
may have a significant effect on the balance parameters
as muscular fatigue becomes evident. Likewise, only
one carriage method was considered with the pack
suspended over both shoulders, whereas backpack
carriage over one shoulder is frequently found, and
further studies to investigate the effects of these factors
are recommended.

Conclusion

Overall, the quiet standing balance of schoolgirls
undergoing bracing treatment for AIS is sensitive to
backpack load and shows significant dependence on
reliable somatosensory input. Under normal circum-
stances, bracing does not appear likely to have an
immediate effect on balance function, but when
somatosensory input is challenged, bracing may result
in poorer balance ability and greater sensitivity to
backpack loading. The implications of increased risk of
loss of balance of AIS patients undergoing bracing may
become an important consideration under such cir-
cumstances.
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