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Background. External support has been viewed as an important biomechanical constraint
for children with deficits in postural control. Nonlinear analysis of head stability may be helpful
to confirm benefits of interaction between external trunk support and level of trunk control.

Objective. The purpose of this study was to compare the effect of biomechanical con-
straints (trunk support) on neural control of head stability during development of trunk
control.

Design. This was a quasi-experimental repeated-measures study.

Methods. Data from 15 children (4–16 years of age) with moderate (Gross Motor Function
Classification System [GMFCS] IV; n�8 [4 boys, 4 girls]) or severe (GMFCS V; n�7 [4 boys, 3
girls]) cerebral palsy (CP) were compared with previous longitudinal data from infants with
typical development (TD) (3–9 months of age). Kinematic data were used to document head
sway with external support at 4 levels (axillae, midrib, waist, and hip). Complexity, predict-
ability, and active degrees of freedom for both anterior-posterior and medial-lateral directions
were assessed.

Results. Irrespective of level of support, CP groups had lower complexity, increased
predictability, and greater degrees of freedom. The effect of support differed based on the
child’s segmental level of control. The GMFCS V and youngest TD groups demonstrated better
head control, with increased complexity and decreased predictability, with higher levels of
support. The GMFCS IV group had the opposite effect, showing decreased predictability and
increased complexity and degrees of freedom with lower levels of support.

Limitations. Infants with typical development and children with CP were compared based
on similar segmental levels of trunk control; however, it is acknowledged that the groups
differed for age, cognitive level, and motor experience.

Conclusions. The effect of external support varied depending on the child’s level of
control and diagnostic status. Children with GMFCS V and young infants with TD had better
outcomes with external support, but external support was not enough to completely correct
for the influence of CP. Children with GMFCS IV performed worse, with increased predict-
ability and decreased complexity, when support was at the axillae or midribs, suggesting that
too much support can interfere with postural sway quality.
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Cerebral palsy (CP) is described as a
group of disorders affecting pos-
ture and movement, a result of

nonprogressive abnormalities that occur
to the central nervous system early in
development.1 The motor disorders are
usually accompanied by impairments in
the musculoskeletal, neuromotor, and
sensory systems,2 contributing to deficits
in postural control and limitations in
activities of daily living.1

One of the primary goals of postural con-
trol is to stabilize the head in space.3

Previous studies have shown that chil-
dren with CP have difficulties with head
stability during dynamic tasks4,5 and
quiet sitting.6 Stabilizing the head in
space is one of the motor strategies used
to provide a stable reference of vertical
position, which is essential for anticipat-
ing and adapting balance control. In addi-
tion, head stabilization seems to be cru-
cial for children with CP, based on their
reversed order of muscle recruitment
(top down) to an external perturbation.7

Trunk support and assistive devices have
long been viewed as important interven-
tions for improvement in daily living
tasks for children with deficits in pos-
tural control. The principle of providing
external support is to create biomechani-
cal constraints that offer stabilization for
joints with uncontrolled motion, thus
achieving a functional sitting position so
movements are more accurate and
energy efficient.8 However, if mechani-
cal stability is assured, external support
will be a tradeoff between freedom of
movement and energy cost. The degree
of stability also is directly related to the
necessity for control. With greater stabil-
ity, there is less demand on active con-
trol. If stability is provided externally,
there is greater resistance to freedom of
movement.9

Saavedra and collegues6 examined the
contributions of torso and pelvic support
to head stabilization during quiet sitting
in children with TD and children with
mild to moderate CP (Gross Motor Func-
tion Classification Scale [GMFCS] I–III).
The results showed decreases in ampli-
tude and velocity of the head movement
while sitting with trunk support. Saave-
dra and Woollacott10 recently reported

that trunk sway and velocity changed
with external trunk support based on the
severity of CP (GMFCS IV–V). However,
decreased postural sway is not a manda-
tory sign of better postural control.11,12 It
is necessary to confirm if decreased pos-
tural sway is a compensatory strategy of
freezing movements or improved stabil-
ity accompanied by better quality and
organization of postural sway.

In order to study children with underde-
veloped postural control, Saavedra and
Woollacott10 used an adjustable external
support to isolate and differentiate the
effects of biomechanical constraint at
discrete regions of the trunk. Postural
control could be influenced by 2 major
factors when using this segmental proto-
col. First, biomechanical challenges dif-
fer based on the region of constraint due
to anatomical and functional differences
among the cervical, thoracic, and lumbar
vertebrae. Second, postural stability will
be dependent on the infant’s or child’s
level of head and trunk control. Previous
studies10,13–17 have shown that infants
with TD gain trunk control incrementally
from the cervical region downward and
that children with moderate to severe CP
lose trunk control at specific segmental
levels.

Researchers using a segmental approach
have all evaluated postural responses
using linear measures.5,6,10,13,15–17 By lin-
ear measures, we mean that postural
sway is quantified by documenting
changes in amplitude, velocity, or vari-
ability of movement across time.
Although sway amplitude may change by
level of support, the interesting thera-
peutic question is whether we can find
more informative interactions between
levels of trunk support and quality of
postural sway, which are not well cap-
tured by linear measures. Nonlinear anal-
ysis examines variations in the organiza-
tion and pattern of postural sway using
outcome measures of complexity, pre-
dictability. and dimensionality. Tradi-
tional linear measures do not correlate
with the complexity index, and they load
on different aspects of postural con-
trol.18,19 Nonlinear tools indicate that
children with TD and infants in different
stages of sitting skills present higher
complexity and less repeated patterns

than infants with developmental delay or
children with CP, even when linear mea-
sures do not differentiate them.20,21

However, all of the studies using nonlin-
ear measures of postural sway were com-
pleted using center of pressure (CoP), a
global measure. Thus, these studies were
not able to isolate the contributing fac-
tors (ie, changes in motor control versus
changes in biomechanical alignment).

Thus, we conducted a nonlinear analysis
of head and trunk stability using postural
sway data from previous studies using
Saavedra and Woollacott’s segmental
approach.10 Specifically, we used pos-
tural sway data collected at 4 discrete
regions of trunk support to determine
whether nonlinear analysis could pro-
vide additional insights and interpreta-
tion of the influence of trunk support on
neural control of head stability and how
head stability would be affected by the
child’s intrinsic level of trunk control.

Based on previous research, we hypoth-
esized that children with CP would pres-
ent lower complexity than children with
TD; therefore, increases in complexity
toward the TD range would be inter-
preted as improved trunk control.20,21

Additionally, we hypothesized that the
effect of support would depend on
region of support, as well as the child’s
level of trunk control. We expected bio-
mechanical challenges to differ based on
the region of constraint. If external sup-
port is provided at the waist (Fig. 1D),
the lumbar vertebrae just above the level
of support allow greater possibilities for
movement along both anterior-posterior
(AP) and medial-lateral (ML) axes
(Fig. 1G). If support is provided at the
axillae (Fig. 1E) or midribs, the thoracic
vertebrae with spinous processes, align-
ment of transverse processes, and rib
articulations reduce the possibilities for
movement, especially along the ML axis
(Fig. 1F). Based on biomechanical fac-
tors, dimensionality of postural sway
should be greater for lower levels of sup-
port. Complexity along the AP axis may
be greater compared with the ML axis for
support at the axillae or midribs due to
anatomical restrictions from the rib cage.
In addition to biomechanical factors, the
child’s neural control will influence pos-
tural sway. A child who has loss of trunk
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control in the lumbar region (Fig. 1C) is
likely to have better performance than a
child with loss of control in the upper
thoracic region (Fig. 1B). We hypothe-
sized that the effect of support would be
similar for children with GMFCS V and
very young infants with TD who lose
control in upper regions of the trunk. In
this case, it is logical to expect increases
in complexity when the support is
higher (axillae or midribs). We predicted
that children with GMFCS IV would
respond in a similar way to developmen-
tally more mature infants who show loss
of control in the lower regions of the
trunk and expected that increases in
complexity would extend to lower levels
of support (waist or hips).

Method
Participants
Data from a previous cross-sectional
study of 15 children with CP (4–16 years

of age)10 and data from a longitudinal
study of 8 infants with TD (3–9 months
of age)13 were used in this study. The
eligibility criteria for children with a
diagnosis of CP included GMFCS level IV
or V, less than 18 years of age, no surgical
fixation of the spine, and no uncon-
trolled seizures. All children were
assessed using a neurologic and muscu-
loskeletal examination by a neurodevel-
opmental pediatrician (Tab. 1). Written
consent was obtained from participants
or legal guardians, or both, before data
collection.

Study Design
This was a retrospective examination
of data from 2 prospective, quasi-
experimental studies.10,13

Data Collection
Each child came to the laboratory for
kinematic data collection 3 times to

ensure that children could produce their
best effort. The children were seated on
a bench, with feet supported, facing a
computer monitor that was adjusted to
the child’s eye level when sitting up with
full trunk support. Pelvic strapping14 was
used to ensure the pelvis remained ver-
tically aligned directly below the rigid
external support circling the trunk.
Thus, the support system provided a
secure upright position below the level
of interest. The posterior support was
raised or lowered to allow evaluation of 4
different trunk segments: cervical upper
thoracic (axillae support), mid-thoracic
(midrib support), thoracic lumbar (waist
support), and lower lumbar (hip sup-
port, strapping system only).10,13 The
children were entertained with videos or
visual distraction and encouraged to sit
quietly with trunk erect. Data were col-
lected for 3 minutes at each level of sup-

Figure 1.
Schematic of trunk mechanical system with neuromotor control and mechanical constraints: (A) schematic of trunk mechanical system, (B)
loss of trunk control in upper thoracic region, (C) loss of trunk control in lower lumbar region, (D) external support at waist, (E) external
support at axillae, (F) example of sway path for child with control into the lumbar region or for child when given a high level of external
support, (G) example of sway path for child with loss of control in the cervical region or thoracic region when given support in lower regions
of the trunk. Intrinsic segmental trunk control and the level of external support both affect the head trajectory.
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port. The level of support was altered
between visits in a pseudorandom order.

Magnetic tracking (Ascension Technol-
ogy Corp, Burlington, Vermont) was
used to record the child’s position in

relation to the support. One magnetic
sensor attached to the forehead above
the eyes documented head movements.
A second sensor taped to the spinous
process of the seventh cervical vertebra
documented trunk alignment. Two addi-

tional sensors in neoprene armbands
were placed above the elbow. Before
data collection, the edges of the external
support were digitized to document
location of the support in relation to
head and trunk (Fig. 2). Ear tragus posi-

Table 1.
Participant Information for Children With Cerebral Palsy at Gross Motor Function Classification System (GMFCS) Level IV or V and Infants
With Typical Development (TD) Based on Time of Independent Sitting (3, 2, or 1 Month Prior to Sitting and �1 Month After
Independent Sitting)a

Variable

Group

GMFCS IV GMFCS V TD-3 TD-2 TD-1 TD�1

Age (y), X (range) 12 y 6 mo
(7 y 5 mo–16 y 4 mo)

8 y 5 mo
(4 y 2 mo–11 y 9 mo)

4 mo 14 d
(97–177 d)

5 mo 16 d
(134–206 d)

6 mo 13d
(155–237 d)

7 mo 12 d
(183–270 d)

Mean SATCo (range)b Mid-thoracic
(UT-UL)

Upper thoracic
(C-MT)

Mid-thoracic
(UT-LT)

Lower thoracic
(MT-UL)

Upper lumbar
(UL-FT)

Full trunk
(UL-FTC)

Movement disorder Spastic (3)
Dystonic (1)
Mixed (3)

Spastic (2)
Mixed (5)

N/A N/A N/A N/A

a C�cervical; UT�upper thoracic; MT�midthoracic; LT�lower thoracic; UL�upper lumbar; LL�lower lumbar; FT�full trunk; FTC�full trunk control, no loss
of control; N/A�not applicable.
b SATCo�Segmental Assessment of Trunk Control score at regions where trunk control was lost.

Figure 2.
Schematic of kinematic measures used for analysis. Examples are shown for angle calculations with support at (A) axillae and (B) waist. Left
and right tragus of the ear were digitized to allow transformation of head sensor data to estimated center of mass of the head (COMHd) (B).
�AP and �ML represent the angles between the vertical gravity line and the free portion of the trunk and head. The angles are computed from
the center of the support to the estimated COMHd.
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tion was digitized, allowing transforma-
tion of head sensor data to estimated
center of mass of the head (Fig. 2B). The
sampling frequency was 84 Hz. The mag-
netic tracking system had a recording
volume of 1 m3, with a spatial accuracy
of 1.8 mm.

Data Reduction and Analysis
Kinematic data were digitized for offline
analysis using customized Matlab pro-
grams (The MathWorks Inc, Natick, Mas-
sachusetts). All dependent variables
were calculated from the first 30 seconds
of quiet sitting data at each support level
(axillae, midribs, waist, and hips). There
were 4 data sets for each session and 3
data sessions for each participant. Mean
angle (in degrees) from midline was cal-
culated along the AP and ML axes
(Fig. 2A). These variables were used to
interpret sway data and calculate nonlin-
ear variables.

Surrogate Data
Before we could use the nonlinear tools
to assess head movement data, we
needed to test the data for mathemati-
cally nonrandom characteristics. We cre-
ated surrogate data for the kinematic
time series data using Theiler and col-
leagues’ algorithms.22 From these algo-
rithms, we generated phase-randomized
surrogates of the time series by comput-
ing fast Fourier transforms of the original
data, randomizing the phase spectra, and
computing the inverse fast Fourier
transforms.

Subsequently, we computed the largest
Lyapunov exponent (LyE) values for all
of the surrogate and original time series
data and compared them. We found that
LyE values from the original data were
significantly different and positive com-
pared with surrogate data. This result
indicates that original head angle along
both axes was not random, but
deterministic.

Embedding Dimensions and
Time Lag Values
False nearest neighbors and mutual infor-
mation techniques were used to find
appropriate embedding dimensions and
time lag. Four embedding dimensions
were adequate to reconstruct head
movements. Time lag was calculated for

each time series based on the minimal
value corresponding to the mutual infor-
mation algorithm.23

Nonlinear Variables
Three nonlinear measures of variability
were used: approximate entropy (ApEn),
largest LyE, and correlation dimension
(CoD) for both AP and ML directions.24

Time series analysis was implemented
using R version 3.1.2 (R Foundation for
Statistical Computing, Vienna, Austria).25

ApEn. Approximate entropy quantifies
the complexity of the organization of
data patterns within a time series. The
entire data set was evaluated point-by-
point, and the values of these measure-
ments ranged from 0 to 2. Larger ApEn
values indicate higher complexity and,
most of the time, better control.26

Approximate entropy was calculated
using individual values for time lag based
on each time series,27 an r value of 0.2
times the standard deviation of the times
series, and vector length m of 4 (embed-
ding dimension).26

LyE. Maximal LyE quantifies the rate at
which nearby points diverge within a
time series in state space.23 Larger expo-
nents indicate lower predictability.28,29

CoD. Correlation dimension is a mea-
sure of dimensionality (degrees of free-
dom [DOF]) of a dynamic system, and it
can be used to evaluate how data points
in a time series are organized within a
state space. The higher the CoD value,
the larger the active DOF.

Data Analysis
To investigate the effect of biomechani-
cal challenges, we used different levels
of external support. The effect of neural
control was investigated by the level of
severity of impairment for children with
CP and by the level of the developmental
progression toward independent sitting
for infants with TD. We note that group-
ing factors chosen for testing neuromo-
tor control serve as surrogates for the
level of segmental trunk control based
on the strong association found between
them and Segmental Assessment of
Trunk Control (SATCo) scores for these
children.14

We used a linear mixed model to incor-
porate dependence due to the repeated
measures. Mixed models were fit using
the lme4 package for R (R Foundation for
Statistical Computing, Vienna, Aus-
tria).25,30 Random effects for participants
and fixed effects for support level and
group were included in each model. Our
mode calculated the effect of support (4
levels: axillae, compared with midribs,
waist, and hip) on children with CP
grouped by GMFCS level (IV and V) com-
pared with previously published data
from 8 infants with TD grouped by devel-
opmental progression (–1, –2, and –3
months before stable sitting and �1
month after onset of stable sitting, when
the infant could maintain sitting with
hands-free play for 1 minute: TD-1, TD-2,
TD-3, and TD�1). We report main
effects of group and post hoc results for
group � support interactions. We chose
to compare children in each CP category
with the 4 infant groups; thus, we reused
the infant data for post hoc analyses.
Family-wise limits were set such that
P values �.0125 were considered
significant.

Role of the Funding Source
The research reported in this publication
was supported by the Sao Paulo
Research Foundation (FAPESP 2013/
13191-9) and by the National Institute of
Neurological Disorders and Stroke of the
National Institutes of Health under
award numbers F31NS056726 and
R01NS038714; by the Eunice Kennedy
Shriver National Institute of Child Health
and Human Development under award
number R01HD062745; and by the
National Institute on Deafness and Other
Communication Disorders under award
number R03DC013858.

The content is solely the responsibility of
the authors and does not necessarily rep-
resent the official views of the National
Institutes of Health and the FAPESP.

Results
Complexity of Postural Sway
Approximate entropy characterizes how
head sway is organized in terms of com-
plexity. We found significant effects of
group for ApEn along both axes
(Fig. 3A). Irrespective of level of trunk
support, all TD groups had greater com-
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Figure 3.
(A) Approximate entropy (ApEn), (B) largest Lyapunov exponent (LyE), and (C) correlation dimension (CoD) along anterior-posterior and
medial-lateral directions with support at the axillae (L1), midribs (L2), waist (L3), and hips (L4) in children with cerebral palsy (Gross Motor
Function Classification Scale [GMFCS] IV and V) and infants with typical development 3 or more months (TD-3), 2 months (TD-2), or 1 month
(TD-1) before onset of independent sitting and infants within 1 month of achieving independent sitting (TD�1), defined as ability to sit with
hands free of support for 60 seconds or more. * P�.0125.
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plexity (P�.001) than children in the
GMFCS IV and V groups along both axes.

Interactions were found between groups
and support level along the AP and ML
axes for ApEn (P�.001). Along the AP
axis, the effect of support was opposite
for children in the GMFCS IV group com-
pared with the GMFCS V and TD-3
groups. Approximate entropy decreased
with support at the waist and hips com-
pared with axillae for the GMFCS V and
TD-3 groups, respectively. The GMFCS
IV group had increased ApEn with sup-
port at the hips. No other TD groups
presented any significant change for
ApEn across support levels (Tab. 2) along
the AP axis. Along the ML axis, the TD-2
group had decreased ApEn when sup-
port was at the midribs and waist com-
pared with the axillae, whereas the TD-1
group had increased ApEn when support
was at the hips. Approximate entropy
was not significantly affected by support
level for the TD-3, TD�1, and CP groups
along the ML axis. Thus, infants in the
TD�1 group, who were able to sit inde-
pendently, had no significant change in
complexity of head stability across sup-
port levels for either axis.

Predictability of Postural Sway
Larger LyE values indicate lower predict-
ability. We found significant effects of
group for LyE (P�.001) along the AP
(P�.001) and ML (P�.001) axes
(Fig. 3B). All TD groups had greater LyE
values (P�.001) compared with children
in the GMFCS IV and V groups along
both axes. Thus, children with CP had
increased predictability of head move-
ments compared with TD groups.

Interactions were found between groups
and support level along the AP axis for
LyE (P�.001). Along the AP axis, the
effect of support was opposite for chil-
dren in the GMFCS IV group compared
with the GMFCS V and TD-3 groups. The
GMFCS IV group had increased LyE with
support at waist and hips compared with
the axillae, whereas LyE decreased with
waist support (GMCFS V group) and hip
support (TD-3 group) compared with the
axillae. Other TD groups did not show
any change for LyE across support levels
in the AP axis. Along the ML axis, the
TD-3 group had decreased LyE when

support was at the hips. No other groups
(TD or CP) showed changes in LyE with
changes in support along the ML axis
(Tab. 2).

Dimensionality of Postural Sway
Higher CoD values indicate increased
active DOF. Irrespective of the level of
trunk support, children in the GMFCS IV
and V groups had increased CoD com-
pared with the TD�1 group (P�.008)
along the AP axis. Along the ML axis,
children in the TD-3 group had higher
CoD values than children in GMFCS IV
and V groups (P�.008) (Fig. 3C).

Interactions were present between
groups and support level only along the
ML axis for CoD (P�.008). Along both
axes, children in the GMFCS IV group,
like children in the TD-1, TD-2, and
TD�1 groups, increased CoD with sup-
port at the hips. Children in the GMFCS
V group, like children in the TD-3 group,
did not change CoD across support lev-
els for movement along the AP axis
(Fig. 3C). Along the ML axis, the TD-3
group showed increased dimensionality
when support was at the hips compared
with the axillae (Tab. 2).

Discussion
The objective of the current study was to
evaluate the effect of biomechanical con-
straints on head stability in infants with
TD and children with CP. This study pro-
duced new information in several ways.
First, we applied nonlinear measures spe-
cifically to head stability, whereas previ-
ous studies have used global CoP for non-
linear analysis of postural sway. Global
measures do not allow differentiation
between contributions of external sup-
port and the child’s intrinsic trunk con-
trol. Second, previous studies using a
segmental approach have used only lin-
ear measures of control. This study, to
our knowledge, is the first nonlinear
analysis of segmental trunk control.
Third, we addressed postural sway in
children with moderate to severe CP,
whereas most previous postural research
using nonlinear variables was restricted
to children who had already achieved
trunk control for independent propped
or hands-free sitting or standing.

We found significant differences by
group for all nonlinear variables. Regard-
less of level of support, children with CP
showed less complexity and greater pre-
dictability of head sway, as indicated by
lower ApEn and LyE values, along AP and
ML axes compared with all TD groups.
The CP groups also showed greater DOF
along the AP axis but not the ML axis. As
expected, the effect of level of support
differed based on the child’s segmental
level of trunk control. The GMFCS V and
TD-3 groups showed decreased com-
plexity and increased predictability with
lower levels of support. The GMFCS IV
group had the opposite effect, showing
increased complexity and decreased pre-
dictability with lower levels of support.

Differences Between Children
With TD and Children With CP
According to Nonlinear Variables
Lower ApEn and LyE values for children
with CP represent less complex and
more predictive head sway compared
with infants with TD. These findings are
consistent with previous research. Chil-
dren with CP demonstrate decreased
complexity during standing sway,31 and
infants with delayed development dem-
onstrate less complexity during quiet sit-
ting.21 Corroborating our results, lower
predictability in sitting for children with
TD in comparison with children with CP
and infants with delayed development
was previously documented.21,31

Children with CP used higher active DOF
of head movements along the AP axis.
Active DOF in standing increase signifi-
cantly due to development; however,
Kyvelidou et al32 found no difference in
CoD between children with CP and
infants with TD during quiet sitting. The
authors did not specify GMFCS levels,
but they recruited only children who
could sit independently, probably
excluding most children with GMFCS IV
and V. We stabilized the hips for all mea-
sures of postural sway. Thus, we do not
know if the increase in DOF along the AP
axis in our study resulted from our ability
to observe postural sway in children
with greater severity (GMFCS IV and V)
or if stability provided by the strapping
system allowed the children to access
additional DOF. Learning postural con-
trol with large DOF can place a substan-
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Table 2.
Post Hoc Statistical Results for Group � Support Interactiona

Group

ApEn LyE CoD

Estimate Standard Error P Estimate Standard Error P Estimate Standard Error P

Anterior-posterior axis

GMFCS IV 0.218 0.017 (L1) Intercept 0.029 0.001 (L1) Intercept 2.111 0.188 (L1) Intercept

�0.003 0.015 (L2) .839 0.001 0.001 (L2) .495 �0.002 0.199 (L2) .098

0.022 0.016 (L3) .177 0.004 0.001 (L3) <.001 0.254 0.205 (L3) .215

0.049 0.016 (L4) .015 0.005 0.001 (L4) <.001 0.445 0.186 (L4) .018

GMFCS V 0.284 0.014 (L1) Intercept 0.038 0.0014 (L1) Intercept 2.332 0.234 (L1) Intercept

�0.011 0.021 (L2) .585 �0.001 0.002 (L2) .434 0.320 0.295 (L2) .279

�0.057 0.020 (L3) .006 �0.040 0.010 (L3) .004 �0.110 0.283 (L3) .690

�0.030 0.020 (L4) .135 �0.001 0.001 (L4) .448 0.093 0.277 (L4) .735

TD-3 0.308 0.165 (L1) Intercept 0.048 0.015 (L1) Intercept 2.003 0.185 (L1) Intercept

0.007 0.018 (L2) .706 0.003 0.019 (L2) .844 �0.051 0.262 (L2) .845

0.011 0.018 (L3) .540 0.005 0.019 (L3) .767 0.033 0.258 (L3) .898

�0.048 0.018 (L4) .008 �0.037 0.010 (L4) .008 0.412 0.266 (L4) .876

TD-2 0.284 0.0154 (L1) Intercept 0.049 0.002 (L1) Intercept 1.679 0.108 (L1) Intercept

0.020 0.019 (L2) .289 0.003 0.002 (L2) .282 0.123 0.135 (L2) .363

0.034 0.019 (L3) .081 0.001 0.002 (L3) .565 0.176 0.135 (L3) .194

0.008 0.019 (L4) .653 �0.002 0.002 (L4) .452 0.537 0.135 (L4) .005

TD-1 0.263 0.015 (L1) Intercept 0.048 0.002 (L1) Intercept 1.564 0.143 (L1) Intercept

0.020 0.018 (L2) .285 0.001 0.002 (L2) .537 0.259 0.183 (L2) .159

0.045 0.019 (L3) .023 0.006 0.003 (L3) .032 0.352 0.192 (L3) .069

0.033 0.020 (L4) .098 �0.0003 0.003 (L4) .903 0.703 0.195 (L4) .008

TD�1 0.276 0.016 (L1) Intercept 0.049 0.002 (L1) Intercept 1.554 0.137 (L1) Intercept

0.029 0.019 (L2) .127 0.001 0.002 (L2) .564 0.281 0.156 (L2) .074

0.016 0.018 (L3) .369 0.003 0.002 (L3) .224 0.265 0.152 (L3) .083

0.035 0.018 (L4) .058 0.0004 0.002 (L4) .847 0.406 0.154 (L4) .003

Medial-lateral axis

GMFCS IV 0.245 0.019 (L1) Intercept 0.031 0.002 (L1) Intercept 1.327 0.051 (L1) Intercept

�0.004 0.017 (L2) .809 �0.001 0.002 (L2) .626 �0.063 0.064 (L2) .318

0.0004 0.017 (L3) .783 �0.0007 0.002 (L3) .785 0.045 0.065 (L3) .485

0.023 0.017 (L4) .171 0.0008 0.002 (L4) .741 0.152 0.060 (L4) .990

GMFCS V 0.271 0.014 (L1) Intercept 0.035 0.002 (L1) Intercept 1.362 0.076 (L1) Intercept

�0.0005 0.021 (L2) .983 �0.001 0.003 (L2) .633 �0.018 0.089 (L2) .836

�0.248 0.020 (L3) .225 0.0005 0.002 (L3) .847 �0.007 0.085 (L3) .929

0.014 0.020 (L4) .479 �0.003 0.002 (L4) .210 0.840 0.083 (L4) .317

TD-3 0.312 0.120 (L1) Intercept �0.050 0.002 (L1) Intercept 1.439 0.145 (L1) Intercept

0.004 0.014 (L2) .776 �0.001 0.003 (L2) .613 �0.135 0.171 (L2) .431

�0.008 0.014 (L3) .547 0.002 0.003 (L3) .510 �0.039 0.169 (L3) .818

�0.013 0.014 (L4) .929 �0.014 0.003 (L4) .006 0.934 0.174 (L4) .001

TD-2 0.345 0.013 (L1) Intercept 0.052 0.002 (L1) Intercept 1.307 0.080 (L1) Intercept

�0.058 0.017 (L2) .012 �0.007 0.002 (L2) .798 �0.104 0.107 (L2) .365

�0.045 0.017 (L3) .003 0.003 0.002 (L3) .291 0.0734 0.107 (L3) .493

�0.030 0.017 (L4) .082 0.006 0.002 (L4) .955 0.359 0.107 (L4) .012

(Continued)
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tial demand on the neuromuscular
system, exceeding the movement capa-
bilities in children with CP.33

Effect and Interactions According
to Level of Support
Support at the axillae or midribs for
infants in the TD-3 and GMFCS V groups
allowed better upright head control,
with increased complexity and de-
creased predictability of postural sway.
Children in the GMFCS IV group showed
increased complexity and decreased pre-
dictability, but these changes were with
support at the waist and hips. Although
we expected improvements with sup-
port at the waist, it was not hypothesized
to occur with support at the hips.

There are few studies investigating non-
linear changes due to external support.
Increased complexity and decreased pre-
dictability were shown when healthy
adults walked on a treadmill while wear-
ing a safety harness compared with walk-
ing without a harness.34 Da Costa and
colleagues (unpublished research) found
decreased range of sway and greater
complexity (ApEn) for CoP displacement
during quiet sitting in children with CP
(GMFCS IV) wearing a compression suit
similar to the Adele suit.35 Thus, LyE and
ApEn are potentially effective outcome
measures to detect changes in postural
control with different types of external
support in children with CP. Our find-

ings suggest that trunk support can con-
tribute to more complex and unpredict-
able postural sway in children with CP;
however, external support was not
enough to bring complexity into the
same range as that of infants with TD,
except for infants in the TD-3 group.

The effect of support was opposite for
children in the GMFCS IV group com-
pared with the GMFCS V and TD-3
groups along the AP axis. Children in the
GMFCS IV group showed better out-
comes (increased ApEn, LyE, and CoD)
with support at the hips and waist
(increased LyE). Children in the GMFCS
V and TD-3 groups showed better out-
comes (increased ApEn and LyE) with
support at the axillae and midribs. Based
on targeted training approaches, giving
appropriate support to the area of the
trunk where control is poor could
decrease uncontrolled DOF, affording a
better opportunity to learn upright con-
trol.36 Our results demonstrate the
importance of having information about
a child’s level of trunk control for deci-
sions regarding placement of support.
Our previous publication showed results
of the SATCo for these children.10 Chil-
dren in the GMFCS V and TD-3 groups
lost static, active, and reactive trunk con-
trol at the head or upper or mid-thoracic
level. Thus, our findings that axillae and
midrib support were better for the
GMFCS V and TD-3 groups make sense

because the support offered was close to
the area where the children lost control.

Children in the GMFCS V and TD-3
groups had similar characteristics, show-
ing better control at higher levels of sup-
port and losing their segmental trunk
control at similar levels (Tab. 1). Nonlin-
ear measures showed that these groups
were not equal in their motor response.
Children at GMFCS V presented de-
creased complexity and increased pre-
dictability at the waist level; this is a
higher level compared with TD-3, which
presented more predictable and less
complex head movements at the hips.
This finding could be related to the fact
that infants with TD all had achieved
cervical control prior to enrolling in the
study; thus, as a group, they had more
intrinsic trunk control than the GMFCS V
group. These results suggest that support
right below the level at which segmental
trunk control is lost tends to be best for
very young infants with TD and children
with severe CP.

Support at the waist and hips allowed
higher complexity, increased active
DOF, and lower predictability compared
with the axillae or midribs for children in
the GMFCS IV group, who lost static con-
trol at mid-thoracic to upper lumbar
regions (Tab. 1). Improved control with
support at the waist fits our hypothesis.
Improvement with support at the

Table 2.
Continued

Group

ApEn LyE CoD

Estimate Standard Error P Estimate Standard Error P Estimate Standard Error P

Medial-lateral axis

TD-1 0.248 0.017 (L1) Intercept 0.047 0.002 (L1) Intercept 1.097 0.096 (L1) Intercept

0.041 0.019 (L2) .035 0.002 0.002 (L2) .265 0.124 0.128 (L2) .335

0.045 0.020 (L3) .026 0.006 0.002 (L3) .019 0.117 0.134 (L3) .387

0.057 0.020 (L4) .007 0.004 0.002 (L4) .067 0.546 0.136 (L4) .005

TD�1 0.030 0.011 (L1) Intercept 0.051 0.001 (L1) Intercept 1.161 0.079 (L1) Intercept

0.014 0.015 (L2) .341 �0.001 0.002 (L2) .675 0.087 0.102 (L2) .403

�0.008 0.015 (L3) .588 0.002 0.002 (L3) .418 0.237 0.099 (L3) .026

0.015 0.015 (L4) .307 0.0008 0.002 (L4) .793 0.410 0.100 (L4) <.001

a For each variable, nonlinear parameters with support at the axillae (L1) were compared with support at the midribs (L2), waist (L3), and hips (L4).
ApEn�approximate entropy; LyE�Lyapunov exponent; CoD�correlation dimensional; GMFCS IV�children with Gross Motor Classification Scale (GMFCS)
score of 4; GMFCS V�children with GMFCS score of 5; TD-3, TD-2, and TD-1�infants 3 or more, 2, or 1 month before onset of independent sitting,
respectively; TD�1�infants within 1 month of achieving independent sitting, defined as ability to sit with hands free of support for 60 seconds or more.
P values �.0125 and corresponding estimate and standard error are shown in bold font.
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hips was stronger and unexpected.
Compensatory patterns when children
face challenges to balance include
co-contraction,37 collapse of thoracic or
lumbar regions, forward trunk lean, or
using hands for support.14 Although
children in this study did not have stable
sitting, they had practice attempting to
sit without support and may have well-
developed compensatory patterns.
Muscle co-contraction (trunk stiffness)
was hypothesized to contribute to the
improvement of linear results for these
children.10 Although the level of stiffness
can be task related, reducing the neces-
sity for sophisticated muscle responses
to perturbation,38,39 trunk stiffness is
associated with more predictable and
less complex movements.40 Our results
showed the opposite when the support
was at the hips. These children must
have used some additional compensatory
pattern. One possibility is that children
at GMFCS IV present a “band of loss of
control in the lumbar region,” and mus-
cle activation patterns may change for
support at the hips. This is the only sup-
port level at which the hip muscles can
contribute to upright control. Perhaps
these children have changed recruitment
order (from top down to bottom up),41

allowing them to exhibit improved head
kinematics.

Only the TD groups responded to level
of support along the ML axis. Changes in
complexity, as indicated by ApEn, are
associated with acquiring new skills in
infants with TD during the first months
of life.42 Our results illustrate a progres-
sive pattern for complexity of head con-
trol across sitting acquisition. The com-
plexity of head sway was influenced by
biomechanical challenges (external sup-
port) only along the AP axis for the
youngest infants and children with CP.
Afterward, the TD-1 and TD-2 groups
changed their head sway complexity
only at the ML axis, and independent
sitters (TD�1 group) had no significant
change in complexity of head sway
across support levels for either axis.
These findings indicate that early in the
acquisition of sitting, with higher levels
of trunk control, the focus is more in the
AP direction and then progresses to con-
trol in the ML direction. Cignetti et al43

found changes in complexity and pre-

dictability primarily for the AP direction
early in the typical development of sit-
ting. Our results suggest that complexity
along the ML axis might not begin to
differentiate until segmental control
develops in the lower lumbar region.
Lower complexity, higher predictability,
uncontrolled DOF, and lack of adaptabil-
ity along the ML axis suggest that chil-
dren with CP had constrained postural
strategies and difficulty exploring differ-
ent patterns of movement. Reduced
complexity could be associated with
inability to respond to perturbations and
increased challenges during daily activi-
ties.44,45 In this sense, our results offer
support for the rationale behind thera-
peutic interventions, such as targeted
training that provides systematic support
for increased stability,36 combined with
exploration of complex and varied move-
ments, which would be beneficial for
improving trunk control.

The reversal in effect of support that was
seen between the GMFCS IV and V
groups along the AP axis was seen
between the TD-1 and TD-2 groups along
the ML axis. The TD-2 group showed
reduced complexity with lower levels of
support, whereas the TD-1 group
showed increased complexity with
lower levels of support. These conflict-
ing responses could be related to
changes in trunk control as indicated
above or to changes in recruitment order
of trunk muscles specific to the infants’
mean age (6.5 months for the TD-1 group
and 5.5 months for the TD-2 group).13

Recruitment order has been shown to
gradually change from a preference for
top down to a preference for bottom up
during reaching tasks, specifically during
the second half year of age.46

Interestingly, level of support did not
influence the active DOF for children in
the GMFCS V group along the AP and ML
axes or along the AP axis for the TD-3
group. Children used the same dimen-
sionality across all levels of support. Chil-
dren had greater freedom of movement
but decreased ability to control those
DOF. These results demonstrate that
even when the possibility to move
increases, if the child does not have ade-
quate trunk control, movements may not
be used in an effective way.

In general, our results support the con-
clusions of our previous work. Changes
in trunk sway and velocity during
changes in external trunk support10 are
accompanied by changes in complexity,
predictability, and active DOF of head
sway. Our results support the conclusion
that increased external support can be
beneficial for children with severe defi-
cits in trunk control and that the support
should ideally be matched to the child’s
segmental level of control. Children in
the GMFCS V group performed signifi-
cantly better with support at the axillae
compared with support at waist or hip.
However, nonlinear analysis allows us to
refute one of our previous conclusions:
increased stability (decreased trunk
sway) for children at GMFCS IV and at
lower levels of support is not related to
freezing degrees of movement, but
rather to more complex and varied
movements. For these children, provid-
ing external support above their SATCo
level (at the axillae or midribs) resulted
in poorer quality of postural sway (less
complexity, increased predictability, and
reduced DOF).

We are aware that differences in age,
cognitive levels, and experience moving
against gravity between children with CP
and TD could influence our results, and
further studies investigating those rela-
tionships are needed. Although the small
number of participants limited this
study, these results provide insights into
the important effect on segmental trunk
control of evaluation and treatment strat-
egies that can help children with moder-
ate to severe CP. The current study used
discrete levels of trunk support for
all children. Future studies should exam-
ine the influence of participant-specific
external support at and below the child’s
segmental level of trunk control. Addi-
tionally, for clinical relevance, future
studies using nonlinear analysis should
incorporate a functional task such as
reaching/obtaining objects while sitting
with different levels of support.

In conclusion, too much support and too
little support both seem to interfere with
best performance of postural sway. We
found that providing support at the axil-
lae or midribs offered better postural
sway (increased complexity, decreased
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predictability) for children classified as
GMFCS V. However, external support
allowed better postural sway if it was
provided at the waist or hip for children
classified as GMFCS IV. The SATCo could
be used to guide the appropriate level of
external support.
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