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Introduction

Anticipatory postural adjustments (APAs) are defined as 
preemptive muscle activity that occurs prior to expected 
perturbations to the body (Belen’kiı̆ et al. 1967). APAs are 
hypothesized to be generated by the central nervous system 
to counteract forthcoming perturbations created by volun-
tary movements or externally applied forces upon the body 
(Belen’kiı̆ et al. 1967; Bouisset and Zattara 1987; Lacquan-
iti and Maioli 1987; Massion 1992). APAs have been exten-
sively studied in healthy adults using different movement 
tasks and conditions (see review, Aruin 2002; Bouisset and 
Do 2008). In healthy adults, APAs are modulated based on 
the characteristics of the forthcoming perturbation such 
as direction of the perturbation or movement (Aruin and 
Latash 1995; Aruin et al. 2001), magnitude of the perturba-
tion (Horak et al. 1984; Bouisset and Zattara 1987; Aruin 
and Latash 1996), task conditions such as available effec-
tive base of support (Gantchev and Dimitrova 1996; Slijper 
and Latash 2000; Aruin 2003), perceived stability (Adkin 
et al. 2002), and time constraints (Benvenuti et al. 1997; De 
Wolf et al. 1998).

Cerebral palsy (CP) is a neurodevelopmental condi-
tion caused by a non-progressive brain lesion that occurs 
before, during, or shortly after birth (Bax et al. 2005; 
Rosenbaum et al. 2007). Children with CP often present 
with difficulty maintaining their posture while engaging in 
functional activities. To better understand how their posture 
is coordinated during voluntary movements, researchers 
have examined APAs in individuals with CP. Impairments 
in APAs have been reported in children and adolescents 
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with diplegic CP (Liu et al. 2007; Tomita et al. 2010b, 
2013; Girolami et al. 2011) and recently in children with 
hemiplegic CP (Girolami et al. 2011). Although individu-
als with CP demonstrated the ability to generate APAs, the 
APAs were smaller and the onset was delayed when com-
pared to healthy controls. Individuals with CP also dem-
onstrated decreased ability to modulate APAs with respect 
to the direction and magnitude of the perturbation (Tomita 
et al. 2010b, 2013; Girolami et al. 2011). In addition, APAs 
quantified using center of pressure (COP) measurements 
show smaller excursions of COP as compared to healthy 
controls (Liu et al. 2007). In all of the APA studies in indi-
viduals with CP while standing, the tasks involved the 
use of voluntary movements to create perturbations (Liu 
et al. 2007; Zaino and McCoy 2008; Tomita et al. 2010b; 
Girolami et al. 2011). Because the magnitude of APAs 
normally scale with parameters of voluntary movement 
related to resultant perturbation, diminished and delayed 
onset of APAs in CP may be a by-product of their impaired 
movement performance, for example, due to slower and/
or smaller movement increments to perform a whole task 
as compared to their control group (Chang et al. 2005; Liu 
et al. 2007; Ju et al. 2010). In contrast, in a load-catching 
paradigm, predictable and standardized external force is 
applied to the subjects to induce postural perturbation; a 
specified load is dropped onto a standing subject’s hands 
from a pre-specified height creating a quick forward rota-
tional moment on body. This task allows for examination 
of APAs as the ability to predict and prepare for the forth-
coming perturbation in a feedforward manner, independ-
ent of the individual’s ability to move similarly to that of 
healthy controls (Latash et al. 1995; Bennis et al. 1996). 
In healthy adults, this task is associated with anticipatory 
muscle activity in dorsal trunk and leg muscles just prior 
to load impact (Latash et al. 1995; Shiratori and Latash 
2001). Unlike the previous APA studies in individuals with 
CP, which used voluntary upper extremity movements (Liu 
et al. 2007; Zaino and McCoy 2008; Tomita et al. 2010b; 
Girolami et al. 2011), studying APAs with the catching 
paradigm also affords the chance to understand how chil-
dren with CP prepare their posture when interacting with 
objects in the environment. Catching is an important func-
tional activity in which children frequently engage with 
peers, and is often a difficult task for children with hemi-
plegic and diplegic CP to coordinate. It will be important 
to investigate the differences in APA generation between 
diagnostic groups in order to develop appropriate interven-
tion strategies.

The purpose of this study was to assess the differ-
ences in the anticipatory/feedforward postural adjustments 
(APAs) generated prior to a predictable external loading 
perturbation brought about by catching a load in children 

with typical development and children with hemiplegic and 
diplegic cerebral palsy.

Methods

Participants

Three groups of nine children between the ages of 7 and 
17 years participated in this study (Table 1). The first group 
comprised of children who were typically developing (TD). 
The other two groups included individuals with a diagno-
sis of CP: spastic hemiplegia (HEMI) and spastic diplegia 
(DIPL). Prior to enrolling subject in the study, an IRB-
approved questionnaire was used to conduct a telephone 
interview with each parent. The study was explained, and 
the parents were asked to verify that their child had no 
vision, hearing or cognitive issues that would impact the 
child’s ability to follow directions. In addition, when the 
parents and children arrived at the data collection site, each 
parent signed the consent form and each child read and 
signed the assent form, both of which were approved by 
University of Illinois at Chicago IRB. This interaction pro-
vided an additional opportunity to verify that vision, hear-
ing and/or cognition would not interfere with the child’s 
ability to fully participate in the study.

The inclusion criteria for individuals with CP were the 
following: a medical diagnosis of cerebral palsy, Gross 
Motor Function Classification System (GMFCS) of I or II 
(children who can stand and ambulate without the use of 
an assistive device) (Palisano et al. 2008), no surgical or 
Botox interventions for 6 months prior to enrollment, and 
the ability to understand the procedures and follow direc-
tions. The children with CP were grouped by diagnosis and 
GMFCS based on a study by Damiano et al. (2006). This 
study objectively demonstrated that while children with 
different diagnoses may be placed in the same GMFCS 
level criteria, their performance on standardized functional 
measures is significantly different. Based on these findings, 
Damiano et al. (2006) strongly recommended that children 
be grouped first by diagnosis and then by GMFCS level. 
In our previous publication, we also reported differences in 
APAs generated by children in different diagnostic groups 
(Girolami et al. 2010). We feel that this may have implica-
tions for developing intervention paradigms.

Children in the TD group had no history of neurological 
or orthopedic conditions.

The side used for handwriting was designated as the 
dominant side for all subjects. For individuals in HEMI 
group, the dominant side was the less affected side. There 
were no significant group differences with respect to the 
height, weight, or age of the subjects.
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Instrumentation

Figure 1 illustrates the experimental setup. The subjects per-
formed the task while standing barefoot on a force platform 
(OR-6, AMTI, USA). The force platform was used to meas-
ure center of pressure displacements in the sagittal plane. A 
miniature unidirectional accelerometer (PCB Piezotronics, 
USA) was attached on the dominant hand with the axis of 
sensitivity oriented in the direction of the perturbation.

Bipolar surface electromyographic activity (EMG) was 
recorded on the right and left sides of the body from the 
following muscles: erector spinae (ES, at the first lumbar 

level), rectus abdominis (RA, at the umbilicus level), biceps 
femoris (BF, half way on the line from ischial tuberosity to 
the lateral condyle of tibia), rectus femoris (RF, half way 
on the line from the ASIS to the caudal edge of patella), 
and medial soleus (SOL, at 2/3 to the line between the 
medial femoral condyle and the medial malleolus of tibia). 
The skin was cleaned with alcohol wipes, and pairs of dis-
posable electrodes (8 mm diameter, Ag/AgCl, 20 mm inter-
electrode distance) were placed over the muscle bellies on 
locations described in the literature (Basmajian 1980). A 
ground electrode was placed on the lateral condyle of the 
tibia. EMG signals were filtered and amplified (10–500 Hz, 

Table 1  Participant characteristics

Abbreviations—GMFCS gross motor function classification system, TD typically developing, HEMI hemiplegia, DIPL diplegia, f female, m 
male; R right, L left, SD standard deviation

Diagnosis group participant Age (years) Gender GMFCS level Dominant hand Height (cm) Weight (kg)

TD1 8 F n/a R 122 22

TD2 10 M R 137 32

TD3 10 F R 128 28

TD4 10 M R 135 29

TD5 11 M R 156 44

TD6 12 F R 150 36

TD7 14 F R 168 54

TD8 14 F R 164 44

TD9 16 F R 165 54

TD mean 11.7 147.2 38.1

SD 2.5 17.2 11.5

HEMI1 7 F I R 140 28

HEMI2 8 F I L 127 24

HEMI3 8 M I L 132 27

HEMI4 9 F I L 136 32

HEMI5 10 F I L 124 25

HEMI6 11 F II L 144 44

HEMI7 11 M I L 142 43

HEMI8 16 F I L 155 52

HEMI9 17 F I R 170 61

HEMI mean 10.8 141.1 37.3

SD 3.5 14.2 13.2

DIPL1 9 M I R 107 25

DIPL2 11 M II R 137 35

DIPL3 12 F II R 154 40

DIPL4 13 F I R 150 48

DIPL5 13 F II R 154 39

DIPL6 14 F I R 165 83

DIPL7 15 F II R 173 61

DIPL8 15 F I R 155 48

DIPL9 16 M I L 168 59

DIPL mean 13.1 151.4 48.7

SD 2.2 19.8 17.2
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gain 2000) prior to digitization using an EMG system 
(Myopac, RUN Technologies, USA). The force platform, 
accelerometer and EMG signals were then digitized with 
a 16-bit resolution at 1000 Hz using customized LabView 
software (National Instruments, USA) and stored on a com-
puter for future processing.

Procedure

The subjects were instructed to stand on the force platform 
with their bare feet placed shoulder width apart. Foot posi-
tion was outlined with chalk on the force platform to ensure 
consistent foot placement during the data collection.

Subjects stood with arms outstretched in front of the 
body at shoulder height, while holding a 0.4 kg rectangular 
plastic basin with handles (Fig. 1). A load weighing 4 % of 
the subject’s body weight was hung on an external frame 
so that the bottom of the load was directly over the hand-
held basin, with a drop height of 0.245 m. The subjects 
were able to see the load at all times. A computer-gener-
ated tone indicated the load was about to be released. The 
load was dropped within 2 s after the tone. The subjects 
were instructed to catch the load that fell into the basin and 
maintain the standing posture for at least 3 s after the load 
landed in the basin. Each task consisted of 8 trials with a 
10 s interval between each trial. The participants practiced 
2–4 times prior to the data collection to familiarize them-
selves with the experimental task. All of the children with 
the diagnosis of CP were able to maintain the described 
position for the duration of the data collection with mini-
mal verbal cueing from the experimenter.

Data processing

Offline analysis was performed using customized Lab-
View software (National Instruments, USA) and MATLAB 
(Mathworks, USA).

The EMG signals were full-wave rectified and filtered 
using a second-order low-pass Butterworth filter with zero 
phase shift set at 100 Hz. Every trial was then viewed on 
a PC monitor and aligned based on the first deflection of 
the accelerometer signal, designated as time zero (T0). This 
time, detected by the accelerometer attached to the hand, 
marked the impact of the load. The aligned trials were then 
averaged for each subject.

The force platform and accelerometer signals were fil-
tered using a 20-Hz low-pass, second-order Butterworth fil-
ter with zero phase shift.

EMG data

All the measurements below were obtained for each of the 
recorded muscles, for each subject.

The EMG integral indices were calculated from the 
averaged trials for each subject to quantify the magnitude 
of muscle activity for each muscle during 1) baseline EMG 
activity while standing with the plastic basin (∫EMGBL), 
which was defined as the integral of EMG activity during 
the period of −500 ms to −400 ms before the load impact 
(T0) and 2) anticipatory changes in muscle activity immedi-
ately prior to the load catch (∫EMGAPA), which was defined 
as the integral of EMG activity occurring from −150 ms to 
T0.

To compare baseline muscle activity among groups, 
∫EMGBL was normalized to maximum EMG activity dur-
ing the task performance in each muscle (n∫EMGBL). The 
maximum EMG activity from each trial per muscle for 
each subject was obtained, and these values were then aver-
aged across trials to obtain maximal EMG value for each 
muscle per subject (maxEMG).

To compare the APAs among groups, base-
line EMG activity was subtracted from the antici-
patory EMG activity of each muscle as follows: 
∆APA = ∫EMGAPA−1.5*∫EMGBL. The ∆APA value rep-
resents APA activity which is above or below the baseline 
muscle activity; no change in muscle activity from the base-
line to APA phase is defined as 0. For group comparison 
of APA magnitude, ∆APA was also normalized with max-
EMG (n∆APA). Muscle onset was obtained for each mus-
cle within the time window from −500 ms to +500 ms with 
respect to T0, based on the averaged trials for each subject. 
Onsets were identified using a computer software program 
and visual inspection. The criteria for identifying the muscle 
onset was defined as the instant at which the EMG ampli-
tude was greater than the baseline mean plus two standard 

Fig. 1  Experimental setup
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deviations for at least 30 ms (Shiratori and Latash 2001). 
When the onset did not satisfy the above criteria, the onset 
was visually set (less than 6 % of the total trials).

COP data

Anticipatory COP displacement (COPAPA) was defined as 
the difference between the COP value at T0 and the base-
line (500–400 ms before T0). COPAPA was also normalized 
with respect to each subject’s height (nCOPAPA)

Statistical analysis

All EMG measurements (∫EMGBL, ∫EMGAPA, ∆APA, 
n∫EMGBL, n∆APA, APA onset) were first analyzed to test 
whether there are differences in activity between the two 
body sides (dominant/non-dominant). Repeated measures 
analysis of variance (ANOVA) with factors GROUP (TD, 
HEMI, DIPL) × BODY SIDE (non-dominant, dominant) 
for each muscle (ES, RA, BF, RF, SOL) was run for each of 
the EMG measurements. All EMG measurements showed 
no statistically significant differences between the body 
sides for any of the participant groups. Therefore, the EMG 
measurements obtained from both sides of the body were 
pooled for further analysis.

To test whether there was a significant change in EMG 
activity between the baseline and APA phases for each mus-
cle (ES, RA, BF, RF, SOL) within group, dependent t test 
was used to compare the muscle activities during baseline 
and APA phases (∫EMGBL and ∫EMGAPA) for each group.

To analyze whether there are group differences in 
the magnitude of baseline muscle activity (∫EMGBL, 
n∫EMGBL), APAs (∆APA, n∆APA) generated prior to 
load catching, and onset of APA activity (APA onset) in 
the muscles, one-way ANOVA was used for each of these 
measurements and for each muscle. Significant effects 
were further analyzed using post hoc Tukey’s HSD test.

To assess whether anticipatory COP displacement 
(COPAPA, nCOPAPA) was significantly different from the 
baseline value, a sample t test was used for within-group 
comparison. Comparison of COPAPA among groups was 
analyzed using one-way ANOVA. Significant effects were 
further analyzed using post hoc Tukey’s HSD test.

Statistical significance was set at p < 0.05.

Results

Acceleration

Of all the trials performed across subjects (8 trials/sub-
ject × 27 subjects = 216 trials), 7 trials were discarded 

due to unclear or abnormal acceleration signal which hin-
dered the alignment of trials (3 % of total trials across 
subjects).

There were no between-group differences in the peak 
acceleration of hand immediately after the load impact 
(F(2,24) = 0.45, p = 0.65).

EMG profiles

Figure 2 shows the EMG traces during the performance of 
the catching task averaged across trials for a representative 
subject in each group: TD, HEMI, and DIPL. The EMG 
traces are of the dominant side. The child from the TD 
group showed a clear increase in the dorsal muscle activ-
ity (ES, BF, SOL) just prior to load impact, indicated with 
the vertical line at time 0. The child from the HEMI group 
showed smaller increase in the dorsal muscles prior to the 
load impact. The child from the DIPL group showed higher 
baseline activity and a slight increase in anticipatory activ-
ity in dorsal muscles, as well as increase in the ventral RF 
muscle activity.

Baseline muscle activity

Inspection of individual EMG traces revealed that base-
line EMG activity was higher for some of the children in 
DIPL group than for children in the TD or HEMI groups 
(see Fig. 2, ES, BF, and RF). To quantify the observation, 
baseline muscle activity (∫EMGBL) was compared among 
groups. The DIPL group generated significantly or close 
to significantly larger ∫EMGBL in the ES, BF, and RF 
muscles as compared to the TD and/or HEMI groups (see 
Table 2a for statistical results). In particular, baseline mus-
cle activity was significantly higher for DIPL as compared 
to TD in the ES. DIPL group also had significantly higher 
and close to significantly higher baseline activity as com-
pared to the HEMI for RF and BF muscles, respectively. 
To further test this effect, normalization of ∫EMGBL to a 
referent value was necessary. We tested the appropriateness 
of maximum EMG activity generated in each muscle for 
each person during the catch task (maxEMG) as a normal-
izing factor by comparing the value among groups. Sig-
nificant group difference in maxEMG was only observed 
in RF muscle (one-way ANOVA, effect of GROUP, 
F(2,24) = 3.72, p < 0.05); thus, normalized RF values 
should be interpreted with caution. ∫EMGBL of all muscles 
except for RF was normalized to the maxEMG and com-
pared among groups (n∫EMGBL). Significant group differ-
ence in n∫EMGBL values was still observed in ES and BF 
as well as RA, where DIPL had higher n∫EMGBL in these 
muscles compared to both TD and/or HEMI groups (See 
Table 2b for statistical results).
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APA activity

Table 3 summarizes the statistical results comparing the 
muscle activity between baseline and APA phase (∫EMGBL, 
∫EMGAPA) for each muscle and in each group. There is a 
statistically significant increase in muscle activity from the 
baseline phase to APA phase in all dorsal muscles (ES, BF, 
SOL) in TD, only in BF for HEMI, and in BF and SOL for 
DIPL. Only the CP groups showed changes in muscle activ-
ity from baseline to APA phase in the ventral muscles: HEMI 
showed an increase in RF from baseline to APAs phase, while 
DIPL showed a significant increase in both RA and RF mus-
cles (See Table 3 for statistical results). In summary, both CP 

groups increased muscle activity from baseline to APA phase 
in BF and RF, indicating co-contraction in the BF-RF muscle 
pairs.

Figure 3 shows the group comparison of APA activ-
ity ∆APA and n∆APA for each muscle. For ∆APA, group 
differences were observed in all recorded muscles except 
for RA (GROUP effect indicated with † symbol next to the 
muscles, Fig. 3). Specifically, the TD group had significantly 
larger ∆APA in all the dorsal muscles as compared to the 
HEMI group. TD group also had a significant or close to 
significantly larger ∆APA in the dorsal muscles compared 
to the DIPL group in ES and BF. In contrast, DIPL group 
had significantly larger ∆APA in the ventral RF muscle as 

Fig. 2  EMG, COP, and acceleration traces of representative subjects 
in TD, HEMI, and DIPL groups performing the catching task. The 
vertical line at time zero (T0) indicates the instant of load impact. 
Activities of the ES, BF, and SOL (dorsal muscles) are indicated on 
the left y-axis, with positive activity projected upward. Activities of 
the RA and RF (ventral muscles) are shown on the right y-axis, with 

positive activity projected downward. The EMG traces are from the 
dominant side. The EMGs were collected in arbitrary units. Abbrevi-
ations—ES erector spinae, RA rectus abdominis, BF biceps femoris, 
RF rectus femoris, SOL soleus. COP backward displacement is in the 
negative direction
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compared to TD and close to significantly larger ∆APA in 
RF compared to HEMI. The significant and close to signifi-
cant post hoc group comparisons are indicated in Fig. 3.

Group comparison of APA activity was also analyzed 
with normalized ∆APA value (n∆APA, see Fig. 3b). Group 
differences were still observed in the dorsal ES and BF 
muscles where TD group had significantly larger n∆APA 
than the two CP groups (see Fig. 3b for statistical results). 
RF muscle results for n∆APA should be interpreted with 
caution, as normalizing factor maxEMG was different 
among groups for this muscle.

Muscle onset

Table 4 shows mean onsets for each muscle. Negative and 
positive numbers represent the time before or after T0 (the 
instant of load impact) . TD group demonstrated signifi-
cantly earlier onset in the ES and BF muscles as compared 
to the DIPL and/or HEMI groups (ES: GROUP effect, 
F(2,24) = 7.67, p < 0.005; post hoc, TD < HEMI, p < 0.05, 

TD < DIPL, p < 0.005. BF: GROUP effect, F(2,24) = 4.71, 
p < 0.05; post hoc, TD < HEMI, p = 0.05, TD < DIPL, 
p < 0.05).

Anticipatory COP displacement

In Fig. 4, representative subjects from each group show a 
posterior displacement of the COP, sustained until after the 
load impact (T0), followed by an anterior COP shift, and 
finally by another posterior shift of the COP. Anticipatory 
posterior COP shift prior to the load catch was observed 
for all subjects in TD, all except 1 subject in HEMI group, 
and all except 2 subjects in DIPL group. TD and HEMI 
groups showed significant changes in COPAPA from the 
baseline value (indicated with * on Fig. 4), while DIPL did 
not. However, there was no group difference in the COPAPA 
(F(2,24) = 1.04, p = 0.37). The results remained the same 
when the COPAPA was normalized to each subject’s height 
(nCOPAPA).

Discussion

The purpose of this study was to characterize anticipa-
tory postural adjustments in children with typical devel-
opment and with cerebral palsy (spastic hemiplegia and 
spastic diplegia) in preparation for a predictable, externally 
induced, loading perturbation. The use of a load catch par-
adigm to study APAs in children with CP offers the pos-
sibility to better standardize the perturbation magnitude as 
compared to tasks which use voluntary movement to gen-
erate postural perturbations. The results of this study indi-
cate that APAs are generated prior to an externally induced 
perturbation in children and adolescents with CP (GMFSC 
level I and II), as well as in typically developing children. 
However, the timing, quantity, and the recruited muscles 

Table 2  Results of 1-way ANOVA comparing the differences in baseline muscle activity among three groups and post hoc group comparisons 
using (a) ∫EMGBL and (b) n∫EMGBL

See Fig. 2 for abbreviations. * p < 0.05, ** p < 0.005, *** p < 0.0005

(a) ∫EMGBL (b) n∫EMGBL

Muscles GROUP effect F(1,8) Post hoc GROUP comparison GROUP effect F(1,8) Post hoc GROUP comparison

Dorsal   ES 4.04* DIPL > TD* 13.81** DIPL > TD***

DIPL > HEMI**

 BF 3.30 (0.05) DIPL > HEMI (0.05) 9.33** DIPL > TD**

DIPL > HEMI**

 SOL 1.83 (0.18) – 1.61 (0.22) –

Ventral  RA 1.49 (0.25) – 6.86** DI > TD (0.06)

DI > HEMI**

 RF 14.58*** DIPL > TD*** 0.93 (0.41)

DIPL > HEMI*

Table 3  Results of dependent t test to detect change in muscle 
activity from baseline to APA phase (∫EMGBL, ∫EMGAPA) for the 
recorded muscles, within each group (TD, HEMI, DIPL)

* p < 0.05, ** p < 0.005, *** p < 0.0005

Muscles t (8)

TD HEMI DIPL

Dorsal

 ES −3.71** −1.97 (0.08) −1.73 (0.12)

 BF −5.77*** −4.16** −4.01**

 SOL −3.70* −2.29 (0.05) −6.06***

Ventral

 RA −1.87 (0.10) −1.89 (0.10) −2.47*

 RF −1.23 (0.25) −2.56* −3.16*
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for APAs as well as COP displacements prior to perturba-
tion were different between groups.

APAs in children with CP

Catching a load in front of the body while standing is 
associated with an increase in dorsal trunk and leg mus-
cle activity just prior to the load impact in healthy adults 
(Latash et al. 1995; Shiratori and Latash 2001). This pre-
paratory muscle activity has been hypothesized to reduce 
the effect of the quick forward rotational moment produced 
by impact of the load on body posture (Lavender et al. 
1993; Aruin et al. 2001; Shiratori and Latash 2001). In this 
study, the perturbation was delivered by dropping a load 
which was 4 % of the subject’s body weight from a height 
of 0.245 m above the bottom surface of a basin held by the 
subject. Significant changes in muscle activity were seen 
from baseline to the anticipatory phase in all 3 groups. Spe-
cifically, typically developing children demonstrated sig-
nificant increase in dorsal (agonist) postural muscle activity 
(ES, BF, SOL), while children with CP showed significant 
increases in some dorsal and ventral muscles just prior 
to load impact. In addition, children with CP generated 
smaller changes in muscle activity from baseline to APA 
phases in the dorsal muscles, and the onset of anticipatory 
muscle activity was delayed compared to the healthy con-
trols. In addition, anticipatory COP displacement was sig-
nificantly different from baseline in TD and HEMI groups, 
but not in DIPL group.

Fig. 3  a Mean and standard deviation of ∆APA for the 3 groups in 
the dorsal and ventral postural muscles. b Mean and standard devi-
ation of n∆APA for the 3 groups in the dorsal and ventral postural 
muscles. For abbreviations, see Fig. 2. † Next to muscle labels on the 
x-axis indicates statistical significant GROUP effect with †p < 0.05, 
††p < 0.005; * and brackets indicate significant post hoc group com-
parison with *p < 0.05, **p < 0.005

Table 4  Mean muscle onsets (SD) and statistical results

†  Significant GROUP effect in muscle, †p < 0.05, †† p < 0.005)

* Significant earlier APA onset for TD group as compared to HEMI 
and/or DIPL (post hoc, * p < 0.05, ** p < 0.005)

Muscles Muscle onsets (ms)

TD HEMI DIPL

Dorsal

 ES†† −125.5 (41.0) −39.6 (73.0)** −5.5 (91.4)** 

 BF† −110.7 (28.9) −48.2 (69.9) −40.1 (75.4)* 

 SOL −23.6 (63.9) −9.8 (97.1) −11.8 (113.6)

Ventral

 RA −64.9 (49.3) −60.5 (54.8) −9.4 (66.5)

 RF +37.8 (104.4) +37.5 (86.5) +7.8 (88.1)

Fig. 4  Mean anticipatory COP shift (COPAPA) and standard deviation 
for the three groups. Statistically significant posterior COPAPA shift 
from the baseline was observed for TD and HEMI, but not in DIPL 
group. Statistical significance is indicated by ** for p < 0.005 and * 
for p < 0.05. However, there are no statistical differences among the 
groups
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Diminished and delayed APAs in agonist postural mus-
cles of children with CP prior to voluntary movements such 
as bilateral shoulder flexion (Tomita et al. 2010b; Girolami 
et al. 2011) and shoulder extension (Girolami et al. 2011) 
while standing as compared to the healthy control groups 
have been previously reported. In addition, decreased antici-
patory COP displacements have also been reported in bilat-
eral shoulder flexion and extension tasks (Girolami et al. 
2011) and in forward reaching task (Liu et al. 2007) while 
standing. Thus, the outcome of the current study taken 
together with the literature suggests that irrespective of 
whether APAs were generated in preparation for an external 
perturbation or for a self-initiated movement, children with 
CP demonstrate decreased and delayed onsets of APAs in the 
agonist postural muscles and smaller changes in anticipatory 
COP displacement than typically developing children.

It is notable that patients with Parkinson’s disease (Vial-
let et al. 1987; Latash et al. 1995), stroke (Garland et al. 
1997; Slijper et al. 2002), and multiple sclerosis (Krishnan 
et al. 2012; Aruin et al. 2015), all demonstrated decreased 
and delayed APA activity in the agonist muscles. Thus, it 
appears that altered anticipatory postural adjustments are 
a feature displayed by patient populations with balance 
disorders.

Postural control in children with hemiplegic 
and diplegic CP

In standing functional tasks such as reaching or catching 
a ball, standing postural control provides a foundation for 
performing voluntary movements or resisting forces and 
torques that will be applied to the body. Thus, it is reason-
able to consider that the postural control and associated 
muscle activity adopted during stance affect the genera-
tion of subsequent postural control mechanisms, including 
APAs.

Standing postural control has shown to be different 
between groups with CP and healthy controls. Individuals 
with cerebral palsy demonstrate decreased postural stability 
as compared to healthy controls during quiet standing (Fer-
djallah et al. 2002; Donker et al. 2008; Saxena et al. 2014). 
In addition, postural stability deteriorates with decreased or 
conflicted sensory information more so in individuals with 
CP as compared to healthy controls (Cherng et al. 1999; 
Barela et al. 2011), suggesting that standing postural con-
trol is organized differently in CP than in healthy subjects.

However, in all of the studies looking at anticipatory 
muscle activation in CP, baseline activity during standing or 
sitting has been used to normalize the APA magnitude and 
was not used to characterize the activity itself or the impact 
it may have on the resultant anticipatory postural adjust-
ments (Tomita et al. 2010b, 2011, 2013; Bigongiari et al. 
2011; Girolami et al. 2011). Although our main purpose 

was to describe APAs in the three groups, we felt it was 
important to analyze the baseline muscle activity because 
there was a noticeable difference between the baseline 
muscle activity in the DIPL group as compared to the TD 
and HEMI groups. There is no agreement on methodol-
ogy to normalize EMG data (Burden 2010), especially for 
groups with neuromuscular or neurodevelopment disorders 
(Hsu et al. 2006; Damiano et al. 2000). Hence, in this study, 
baseline and APAs activities have been analyzed using two 
quantification methods. We first used un-normalized values 
to describe what was seen on the EMG traces, followed 
by normalized values. Since both the non-normalized and 
normalized analysis methods may bias interpretations, we 
focused on results which were consistent in both analyses. 
As such, both analyses indicated that dorsal ES and BF 
muscles and possibly some ventral muscles are generat-
ing higher background activity during standing in the DIPL 
group as compared to TD. Subsequently, the APAs gener-
ated by the DIPL group were smaller in the dorsal ES and 
BF muscles as compared to TD in both non-normalized and 
normalized analyses. This higher baseline muscle activity 
and smaller APAs in the agonist postural muscles may have 
contributed to decreased anticipatory muscle activity and 
COP change in the DIPL group.

The higher baseline muscle activity generated by DIPL 
group in some postural muscles during standing could be a 
compensation strategy for their impaired ability to quickly 
activate the muscles (Moreau et al. 2012; Geertsen et al. 
2015) to generate the anticipatory force necessary to sus-
tain their posture and balance in preparation for the antici-
pated perturbation.

Alternatively, it could also be interpreted that the higher 
baseline postural muscle activity during standing is a 
default strategy adopted by children with diplegia and it 
is not specific to the direction of the forthcoming pertur-
bation. The higher baseline muscle activity utilized to sus-
tain standing posture in DIPL may have resulted in requir-
ing small increase in APA activity in the dorsal postural 
muscles to counteract the forthcoming perturbation. It was 
reported that muscle activity in the leg and trunk muscles is 
less modulated with the demands of the standing postural 
task in children with diplegic CP compared to their control 
group (Tomita et al. 2010a). In our previous study look-
ing at APAs in preparation for bilateral shoulder flexion 
and extension movements, baseline dorsal muscle activ-
ity was also consistently higher irrespective of the direc-
tion of the forthcoming voluntary movement for individu-
als with diplegic CP as compared to TD and HEMI groups 
(Girolami et al. 2011). Further investigation is required to 
discern whether standing posture in DIPL is adapted to 
the forthcoming requirement of the task or whether it is a 
default strategy that may aid or hinder the generation of 
subsequent postural adjustments.
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Children with hemiplegic CP, on the contrary, generated 
baseline muscle activity no differently than the TD group 
in both analyses (non-normalized and normalized values). 
However, HEMI group generated significantly smaller mag-
nitudes of APA activity in ES and BF dorsal muscles com-
pared to the children in the control group for non-normalized 
and normalized values. Hence, the postural strategy used by 
the HEMI group, that of overall low muscle activity during 
the standing and APA phase, likely results in high reliance 
on the feedback postural control mechanisms to recover bal-
ance. This is a strategy normally adopted by healthy adults 
when the forthcoming perturbation is unpredictable (Tous-
saint et al. 1998; Santos et al. 2010). The results of the cur-
rent study suggest that individuals with hemiplegia and 
diplegia differ in postural control strategies. Children with 
diplegic CP adopted a ‘less compliant’ postural control strat-
egy for stance and as a result have decreased activity dur-
ing the APA phases, while the children with hemiplegic CP 
group adopted a ‘more compliant’ postural control strategy 
during both stance and APA phases.

Our study is the second to report on APAs in individu-
als with hemiplegic CP during a standing postural task 
(Girolami et al. 2011). Much less is known about standing 
postural control, anticipatory or corrective postural adjust-
ments during standing in this group as compared to diplegic 
CP. It has been reported that children with hemiplegia dem-
onstrate body side asymmetry during voluntary movement, 
as well as asymmetry in muscle activity, strength, and asso-
ciated biomechanical measures (Brown and Frank 1987; 
Dickstein et al. 2004; Feng et al. 2014). Therefore, we ini-
tially expected to find asymmetry in muscle activity dur-
ing standing and APA phases in our study. However, in our 
study, children with hemiplegia did not demonstrate such 
asymmetries during the baseline (∫EMGBL, n∫EMGBL) 
and APAs (∫EMGAPA, ∆APA, n∆APA, APA onset) phases. 
In addition, no muscle activity asymmetry was observed 
between the dominant and non-dominant sides of DIPL or 
TD groups. This outcome could be related to the catching 
task itself. The catching task did not require the subject to 
perform overt voluntary movement. Rather, children were 
asked to stand and hold a lightweight basin in front of the 
body and to catch a load which was dropped into the center 
of the basin (midway between the right and left sides of the 
body). Thus, the posture adopted for this task and the nature 
of the perturbation may not have produced asymmetry in 
baseline or APA muscle activities between the affected and 
less affected sides of the body. It should be noted that the 
children in the HEMI group showed significant increase in 
EMG muscle activity from baseline to APA phase only in 
the BF-RF muscle pair as compared to other groups which 
showed APAs in other agonists (TD) and agonist/antago-
nist muscles (DIPL). Also, the HEMI group demonstrated 
that the magnitude of APAs was significantly smaller in all 

ES, BF, and SOL as compared to TD for the ∆APA, and 
in ES and BF for the n∆APA value, suggesting that there 
is smaller utilization of APAs for postural control as com-
pared to TD or DIPL groups. It could be hypothesized that 
APAs are less utilized in children with hemiplegic CP due 
to the inherent asymmetric motor control; producing asym-
metric APAs to symmetrical perturbation is counterpro-
ductive, leading to larger asymmetric body perturbation in 
all planes of motion after the perturbation is delivered to 
body posture. To our knowledge, there are no studies which 
quantified the asymmetry in muscle activity between body 
sides during stance or APAs in children with hemiplegia 
and warrants further investigation.

Posture and movement dysfunction in cerebral palsy 
significantly impact their daily function, participation, and 
quality of life (Rosenbaum et al. 2007). Although indi-
viduals with cerebral palsy receive rehabilitative services 
to improve and/or maintain movement and postural con-
trol, there is a lack of rehabilitation guidelines describ-
ing how to address movement and postural dysfunction in 
CP (Dewar et al. 2015). It would be beneficial to further 
expand our understanding of the interrelationship between 
postural control in sitting or standing and subsequent pos-
tural adjustments (APAs, compensatory postural adjust-
ments (CPAs), and voluntary balance recovery) that occur 
with voluntary movement or externally induced perturba-
tions. This would aid in developing comprehensive theo-
retical and clinically relevant evidence-based knowledge to 
more effectively develop treatment interventions for chil-
dren with cerebral palsy. Postural control mechanisms are 
likely interconnected and influence each other; associations 
between APAs and CPAs have only recently started to be 
investigated (Santos et al. 2010). Therefore, the recommen-
dation for rehabilitation at this time might include not only 
addressing each component of postural control (i.e., main-
tenance of standing/sitting postures, feedforward, feedback 
postural adjustments) in isolation, but also to incorporate 
interventions to address combined postural control interac-
tions in rehabilitation programs for children with CP.

Limitations

We would like to acknowledge several limitations of this 
study. To be more descriptive regarding the upper extrem-
ity function of the children with cerebral palsy, we feel the 
Manual Assessment Classification Scale (MACS) (Eliasson 
et al. 2006) would have been a helpful addition to the clas-
sification protocol. This tool was published shortly after the 
onset of our data collection. However, this classification may 
be useful in future studies where arm movements or upper 
extremity functional skills are investigated. In addition, we 
did not use a standardized test to assess spasticity in our 
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subjects with CP, such as the Ashworth Scale. Rather than 
using a measure of impairment, we chose to use a func-
tional classification (GMFCS) as our experiment focused on 
APA generation in subjects who are independent walkers. It 
might be informative, however, to investigate whether spas-
ticity measures correlate with APA generation in children 
with hemiplegia and diplegia. In future studies, we can con-
sider this as part of our assessment protocol.

Conclusion

Individuals developing typically and individuals with 
hemiplegic and diplegic cerebral palsy (GMFCS I and 
II) were able to generate APAs in the leg and trunk mus-
cles in preparation for a predictable externally induced 
loading perturbation. However, the APA magnitudes in 
the agonist dorsal postural muscles were smaller, and 
the onsets of APAs were delayed in children with CP as 
compared to children with typical development. Chil-
dren with CP also generated APAs in the antagonist ven-
tral postural muscles. In addition, there was a significant 
backward anticipatory shift in the COP in the children 
with typical development and children with hemiplegic 
CP, but the change in COP was not as substantial in chil-
dren with diplegic CP. Notably higher baseline muscle 
activity was observed in some leg and trunk muscles in 
the children with diplegic CP as compared to typically 
developing children and/or children with hemiplegic 
CP. Future studies to understand the interrelationships 
between the components of postural control (standing 
balance, APAs, CPAs, and balance recovery from pertur-
bations) is necessary to further elucidate the differences 
in postural control strategies adopted by children with 
hemiplegic and diplegic cerebral palsy.
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