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Background. Poor control of postural muscles is a primary impairment in people
with cerebral palsy (CP).

Objective. The purpose of this study was to investigate differences in the timing
characteristics of trunk and hip muscle activity during walking in young children with
CP compared with children with typical development (TD).

Methods. Thirty-one children (16 with TD, 15 with CP) with an average of 28.5
months of walking experience participated in this observational study. Electromyo-
graphic data were collected from 16 trunk and hip muscles as participants walked at
a self-selected pace. A custom-written computer program determined onset and offset
of activity. Activation and coactivation data were analyzed for group differences.

Results. The children with CP had greater total activation and coactivation for all
muscles except the external oblique muscle and differences in the timing of activa-
tion for all muscles compared with the TD group. The implications of the observed
muscle activation patterns are discussed in reference to existing postural control
literature.

Limitations. The potential influence of recording activity from adjacent deep
trunk muscles is discussed, as well as the influence of the use of an assistive device
by some children with CP.

Conclusions. Young children with CP demonstrate excessive, nonreciprocal
trunk and hip muscle activation during walking compared with children with TD.
Future studies should investigate the efficacy of treatments to reduce excessive
muscle activity and improve coordination of postural muscles in CP.
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Poor control of trunk postural
muscles is a primary impair-
ment in people with cerebral

palsy (CP).1–3 To date, the majority
of work investigating postural con-
trol in CP has done so indirectly by
studying lower-extremity muscle re-
sponses to balance perturbations
and center-of-pressure (COP) trajec-
tories during standing and walking
or focused primarily on sitting pos-
tural control.3,4 Direct study of trunk
and hip muscle activity during up-
right movement is desirable in CP
because impairments in postural
muscle function are associated with
upright functional activity limita-
tions and participation restrictions in
various populations5–7 and treat-
ments to improve trunk and hip mus-
cle activation may increase func-
tional ability.

Poor postural control in people with
CP may be a direct expression of the
neural insult or the result of compen-
sations for other primary impair-
ments, such as altered muscle tone
(resistance to stretch) and deficits in
neuromuscular activation. Poor pos-
tural control can cause secondary
compensation by other muscles to
assist in providing postural stability,
reducing the effectiveness of mus-
cles that typically function as pri-
mary movers of the extremities.8 Ev-
idence to support this notion
includes observations that children
with CP have greater ambulatory
ability when the distal limb muscula-
ture is primarily affected and proxi-
mal limb musculature is less affect-
ed.9,10 In addition, compared with
knee and ankle muscles, the strength
(force-generating capacity) of the
hip abductors in children with CP
explained the largest variance in gait
and gross motor function.11 Given
the importance of postural control
for functional mobility and the limi-
tations associated with impairments
in trunk and hip muscles in people
with CP, direct investigation of the
activation patterns of trunk and hip

muscles in individuals with CP may
guide the design of postural control
interventions.

The majority of gait research in CP
includes participants who are be-
tween the ages of 6 years and ado-
lescence. Recent neurorehabilitation
research emphasizes the importance
of early and intensive intervention
after central nervous system damage
to best promote neuroplasticity.12–14

If these concepts are to be applied to
individuals with CP, with interven-
tions targeted earlier after the neural
insult, more knowledge is needed
about motor control and the neural
activation of muscles in younger chil-
dren with CP than are typically stud-
ied. For this study, the function of
trunk and hip muscles in young chil-
dren is of particular interest.

Electromyographic (EMG) analysis is
an important component in the ex-
amination of muscle function in peo-
ple with CP. Several factors can be
extracted from the EMG signal to
provide insight into muscle activa-
tion patterns.9,15,16 The most com-
mon clinical use of muscle EMG anal-
ysis is to determine the onset and
offset timing of muscle activity dur-
ing movement. This type of temporal
information identifies periods of
muscle activity and inactivity
throughout the gait cycle and can be
used to determine coactivation of an-
tagonistic muscle groups. The pri-
mary objective of this study was to
investigate differences in the timing
characteristics of trunk and hip mus-
cle activity during walking in young
children with CP compared with
children with typical development
(TD). Identifying early deficits in pos-
tural muscle function in individuals
with CP may lead to the develop-
ment of more direct interventions
that have the potential to improve
postural control before compensa-
tory postural motor strategies are re-
inforced. A secondary objective was
to report typical activity patterns in

the trunk and hip muscles in young
children with TD.

Method
Participants
Participants with CP were recruited
through the CP clinics at the Shriners
Hospital for Children in Philadelphia,
Pennsylvania, the Children’s Special-
ized Hospital in Mountainside, New
Jersey, and other local rehabilitation
facilities. Participants with TD were
recruited from siblings of the partic-
ipants with CP, from children of peo-
ple known to the investigators, and
from a local day care center. All data
collection procedures were ex-
plained, and parents gave their in-
formed consent to the research and
to publication of the results. Assent
of a minor also was obtained from
participants who were 7 years of age
or older.

The inclusion criteria for all children
were: 0.5 to 60 months of walking
experience, ability to ambulate bare-
foot at least 4.6 m (15 ft) with super-
vision (children with CP could use
their usual assistive device [ie,
crutches or walker without pelvic
guide] if it did not stabilize or restrict
movement of the trunk or pelvis),
and the ability to follow 1-step verbal
directions. Children with CP addi-
tionally had a diagnosis of spastic di-
plegia or quadriplegia and a Gross
Motor Function Classification System
(GMFCS) level of II or III.17 Children
were not considered for the study if
they had a lower-extremity fracture
or surgery in the previous 12
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months, a botulinum toxin injection
in the previous 6 months, or a his-
tory of dorsal rhizotomy or lower-
extremity tendon transfer.

The selection of months of walking
experience rather than age as a pri-
mary inclusion criterion was based
on reports that experience is a stron-
ger predictor of walking and balance
skill than age in early walkers.18,19

The onset of walking was operation-
ally defined as the age when the
child was able to take at least 3 con-
tinuous, independent steps (without
assistance of another person, but
may have been with an assistive de-
vice).20 Walking experience, in

months, was calculated as the differ-
ence between the participant’s age
on the day of the study and the age at
onset of walking.

Procedure
Anthropometric measurement.
All anthropometric measurements
were taken by the same pediatric
physical therapist and included
height, seated height, weight, and
bilateral leg length (anterior superior
iliac spine to the apex of the medial
malleolus). All anthropometric lengths
were measured with a Harpenden an-
thropometer,* with the exception of
those in 2 children who were fearful
of the device. For these children, a

standard tape measure was used in
lieu of the anthropometer.

EMG instrumentation. Surface
EMG data from trunk, gluteal, and
thigh muscles were acquired using a
16-channel recording system (Myo-
monitor III and trigger module†)
with preamplified silver-silver chlo-
ride parallel bar surface electrodes
with a 10.0-mm interelectrode dis-
tance. The EMG data were collected
at 1,200 Hz, preamplified with a gain
of 10, and band-pass filtered be-
tween 20 and 450 Hz.

The EMG data were collected from
8 muscles bilaterally: trapezius
(TZ), erector spinae (ES), rectus ab-
dominis (RA), external oblique
(EO), gluteus maximus (GMx), glu-
teus medius (GMd), rectus femoris
(RF), and semitendinosus (ST)
(Tab. 1). The RF and ST were cho-
sen in addition to the trunk and
gluteal muscles because these mus-
cles anatomically cross the hip
joint. Sensor placement for the ab-
dominal muscles was determined
using the methods described by Ng
et al.21 Sensor placement for all
other muscles (back, gluteal, and
thigh) was determined in accor-
dance with the SENIAM project rec-
ommendations (Tab. 1).22

The skin areas were cleaned with
alcohol, and the sensors were affixed
to the skin with double-sided adhe-
sive. The electrodes were further se-
cured using hypoallergenic tape or a
flexible, latex-free, nonadhesive
wrap (Coflex-NL‡) encircling the
waist and thighs. Self-adhesive refer-
ence electrodes§ were placed on the
skin over the patella bilaterally. A

* Holtain Ltd, Crosswell, Crymych, Pembs,
SA41 3UF United Kingdom.
† Delsys Inc, PO Box 15734, Boston, MA
02215.
‡ Andover Healthcare Inc, 9 Fanaras Dr, Salis-
bury, MA 01952.
§ Axelgaard Manufacturing Co Ltd, Lystrup
8520, Denmark.

The Bottom Line

What do we already know about this topic?

Individuals with spastic cerebral palsy (CP) demonstrate excessive acti-
vation of lower-extremity muscles during walking. Although impairment
of postural control is a primary characteristic of CP, the muscle activation
patterns of the postural muscles during walking are unknown in both
children with CP and children with typical development.

What new information does this study offer?

Young children with CP demonstrated differences in the timing patterns
of muscle activation during walking for the trapezius, erector spinae,
rectus abdominis, external oblique, gluteus maximus, gluteus medius,
rectus femoris, and semitendinosus muscles. Children with CP also dem-
onstrated greater total muscle activation and coactivation in all muscles
studied except the external oblique. This excessive activity was charac-
terized by early onset and late cessation of activity in the external oblique,
gluteus maximus, and gluteus medius muscles, and by continuous acti-
vation in the trapezius, erector spinae, rectus femoris, and semitendino-
sus muscles.

If you’re a patient, what might these findings mean
for you?

Young children with CP may benefit from treatments that focus on
improving the coordination of trunk and hip muscles during walking, and
from treatments that focus on reducing the amount of time those muscles
are active during the walking cycle. However, specific treatments with
these goals have not yet been investigated.
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volitional contraction of each mus-
cle, when possible, was elicited to
verify placement and confirm the ab-
sence of electrical activity from an
adjacent muscle. The children were
asked to perform specific move-
ments to elicit the corresponding
muscle contractions, such as leaning
backward in a sitting position to ac-
tivate the RA muscles or standing on
one leg (with hands held, if needed)
to activate the GMd muscles.

Data from 2 static baseline EMG trials
were collected prior to the walking
trials to establish baseline muscle ac-
tivity. For these trials, the child lay
still in a supine position for 5 sec-
onds. The trial with the least muscle
activity was selected for post-
processing.

Walking trials. Children walked
barefoot down an instrumented
walkway (GAITRite�) at a self-
selected pace. Data from 3 to 5 trials,
each consisting of at least 4 consec-
utive footfalls, were collected, de-
pending on participant tolerance
and fatigue. Start and stop targets
were placed on the floor approxi-
mately 1.5 m (5 ft) beyond either end
of the instrumented walkway to min-
imize acceleration or deceleration
while walking on the walkway. A
walking trial was started by having
the child stand on the start target.
Data collection was initiated through
the GAITRite software, which trig-
gered EMG collection through a trig-
ger module† for synchronous record-
ing. The child then was instructed to
walk to the target beyond the oppo-
site end of the walkway. Children
had the opportunity to sit on a chair
between walking trials to minimize
fatigue.

During the walking trials, the EMG
preamplification unit, which typi-
cally is worn on a backpack, was

carried behind all participants by an
assistant so as not to add weight that
could affect muscle activity in the
smaller children. If needed, children
were motivated and rewarded with
stickers, small snacks, or favorite
toys. Walking trials were videotaped
for later gait cycle selection, and par-
ents or caregivers signed a separate
consent statement to allow
videotaping.

Because this was an observational
study that attempted to describe the
natural pattern of muscle activation
at equivalent levels of walking expe-
rience, walking speed was not con-
trolled. The majority of children with
CP are unable to match the walking
speed of children with TD; there-
fore, the only reasonable method to
control for speed would be for the
children with TD to walk at greatly
reduced speeds. In addition to being
a difficult task to have young chil-
dren (TD group’s mean age�39.7
months) walk at a steady state at tar-
get slow speeds, purposely altering
walking speed to walk slowly
(within individuals) has been shown

to significantly alter typical muscle
activation patterns, to a greater ex-
tent than walking at fast speeds and
particularly in proximal muscles.23,24

This method would have con-
founded the secondary objective of
this study (ie, to report typical, unal-
tered patterns in trunk and hip mus-
cles for young children with TD).

Data Analysis
Video footage of each trial was re-
viewed to determine the most appro-
priate gait cycles to select for data
analysis. Ten gait cycles (5 left, 5
right) were selected based on the
observation of each individual’s typ-
ical walking pattern (walking with-
out distractions, pauses, or moving
arms toward an object). The 10 se-
lected gait cycles were extracted
from the EMG files using the time-
synchronized marker data (initial
foot contact for consecutive foot-
falls) collected from the instru-
mented walkway. Stance phase was
identified as the period from initial
foot contact to ipsilateral toe-off.
Swing phase was identified as the
period from toe-off to subsequent

� CIR Systems, 60 Garlor Dr, Havertown, PA
19083.

Table 1.
Electromyogram Sensor Locations

Muscle Sensor Location

Trapezius (middle)22 50% of the distance from the medial border of the
scapula to the T3 spinous process, parallel to the
line from T5 to the acromion

Erector spinae (longissimus)22 1–2 finger widths lateral from the L1 spinous process,
oriented vertically

Rectus abdominis21 At the level of the anterior superior iliac spine, 1–2 cm
lateral to the midline, oriented vertically

External oblique21 Just below the rib cage at the inferior angle of the
ribs, oriented obliquely

Gluteus maximus22 50% of the distance from the sacral vertebrae to the
greater trochanter, at the greatest prominence of
the middle buttocks, parallel to a line from the
posterior superior iliac spine to the middle posterior
thigh

Gluteus medius22 In a side-lying position, 50% of the distance from the
iliac crest to the greater trochanter, parallel to this
axis

Quadriceps femoris (rectus femoris)22 50% of the distance from the anterior superior iliac
spine to the superior patella, parallel to this axis

Semitendinosus22 50% of the distance from the ischial tuberosity to the
medial tibial epicondyle, parallel to this axis
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foot contact. The EMG data were
processed using custom-written pro-
grams in MATLAB software.# All sig-
nals were normalized to 1,000
points, representing the gait cycle
from 0% to 100% in 0.1% increments.

To identify muscle activity through-
out the selected gait cycles, the
Teager-Kaiser energy operator was
applied to the EMG data.25 This
method uses both the amplitude and
frequency components of the signal
and was found to better detect the
onset of muscle activity than a stan-
dard amplitude threshold meth-
od.26,27 The EMG data from the se-
lected gait cycles for each
participant were filtered with a
second-order, low-pass Butterworth
filter with phase correction and a
cutoff frequency of 10 Hz and aver-
aged across cycles. To determine the
onset/offset threshold, the Teager-
Kaiser energy operator was applied
to the static EMG baseline signal. The
resulting output then was rectified,
and the mean and standard deviation
were calculated. The mean, plus 1
standard deviation, was used as the
threshold above which defined mus-
cle activity during walking.

Total activation and coactivation first
were analyzed as a percent of the
gait cycle. A percent of the gait cycle
for activation was calculated for each
muscle by summing the duration (in
percents) of all periods of muscle
activity. Coactivation was deter-
mined by calculating the total time
(in percents) antagonistic muscles
were simultaneously active. Coacti-
vation was calculated for the ipsilat-
eral RA-ES and RF-ST muscle pairs.
Group means were calculated for
percent muscle activation and coac-
tivation, from which 95% confidence
intervals (CIs) were determined.
These measures allowed for compar-
ison of total relative time a particular

muscle was active in both the CP and
TD groups. Assuming unequal vari-
ance between groups, Mann-
Whitney U tests were used to deter-
mine differences in percent
activation and coactivation (P�.05).

An additional analysis was per-
formed to determine when during
the gait cycle muscle activity varied
between groups. For this analysis,
the gait cycle was reduced to 100
points (1% increments), and the
number of children in each group
who had activity in the muscle at
each point in the gait cycle was de-
termined. The chi-square test was
performed at each point in the gait
cycle to determine whether signifi-
cant differences (P�.05) existed be-
tween groups in the number of chil-
dren who had activity in the
particular muscle.28 All statistical
analyses were performed using SPSS
software, version 11.0.**

Role of the Funding Sources
Direct costs for this study, including
data acquisition equipment, sup-
plies, travel to data collection sites,
and consultant fees, were funded by
a Clinical Research Grant to Dr
Prosser from the Section on Pediat-
rics, American Physical Therapy As-
sociation. A National Institute of
Neurological Disorders and Stroke
grant (R03NS048875) to Dr Lauer
funded the time of the principal in-
vestigator and a coinvestigator and
costs related to dissemination. A Na-
tional Institute of Child Health and
Human Development grant
(R01HD043859) to Dr Lee funded
the time of a coinvestigator and re-
search aides. This research also was
supported, in part, by the Intramural
Research Program of the Clinical
Center, National Institutes of Health.

# The Mathworks Inc, 3 Apple Hill Dr, Natick,
MA 01760.

** SPSS Inc, 233 S Wacker Dr, Chicago, IL
60606.Ta
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Results
A power analysis was performed af-
ter the initial 9 children (6 with TD,
3 with CP) completed the study. A
sample size of 8 to 28 individuals
(4–14 in each group) was predicted
to power individual muscle activity
variables to 0.80 or greater at the
P�.05 level of significance. The
maximum sample was used to ade-
quately power all variables, and data
were collected from an additional
20% (6 children) to account for an-
ticipated difficulties with participant
tolerance and for cases of unusable
data. Thus, a total of 34 children
were enrolled in this study. Data
from 3 children were excluded (1
child had a questionable diagnosis of
CP, and 2 children were unable to
walk without additional assistance
from an investigator during the test-
ing session). Data for the remaining
31 children (17 male, 14 female; 15
with CP, 16 with TD) were used for
analysis.

Walking experience did not differ
between groups (P�.969). The chil-
dren with CP were heavier (P�.017)
and had longer legs (P�.029) than
the children with TD due to a later
onset of walking and, therefore,
were older at the time of testing. In
the group of children with CP, 7
were classified as GMFCS level II,
and 8 were classified as level III. One
child was classified as spastic quad-
riplegic, and 14 children were clas-
sified as spastic diplegic. Three chil-
dren walked without assistive
devices, 9 used posterior rolling
walkers, 1 used bilateral forearm
crutches, and 2 used unilateral fore-
arm crutches. Data for range of mo-
tion were not obtained from 1 child
with CP due to time constraints. De-
mographic and anthropometric data
are provided in Table 2. Walking
speed was normalized using leg
length as per Hof29 and was 0.22
(SD�0.10) for the CP group and 0.42
(SD�0.06) for the TD group.

Muscle activation from left and right
sides did not differ within groups;
thus, left-side and right-side data
were pooled for percent total activa-
tion and coactivation. The CP group
had significantly more total activa-
tion time for each muscle (ranging
from P�.001 to P�.024), except for
the EO, which was not different
from that of the TD group (P�.593).
Group means for activation, includ-
ing 95% CIs, are shown in Figure 1.

The CP group also had significantly
more total coactivation time for both
the RA-ES muscle pair (P�.007) and
the RF-ST muscle pair (P�.001). Co-
activation for the RA-ES muscle pair
averaged 20% (95% CI�5%–36%) for
the CP group and 1% (95% CI�0%–
3%) for the TD group. Coactivation
for the RF-ST muscle pair averaged
75% (95% CI�61%–89%) for the CP
group and 20% (95% CI�10%–30%)
for the TD group.

To determine where in the gait cycle
the children with CP had excessive
muscle activity, histograms were
generated to show the number of
active muscles at each point in the
gait cycle. No meaningful differences
existed between left and right sides
in number of active muscles or in

percent stance time (57% in the TD
group, 59% in the CP group) or per-
cent swing time. However, because
of potential differences in left and
right symmetry within individuals
(eg, left side active, right side not
active) and the inability to average
these nominal data, each side was
counted individually, resulting in a
maximum count of 30 muscles for
the CP group and 32 muscles for the
TD group. Figure 2 shows histo-
grams for each muscle for both
groups. The asterisks in the figure
identify the ranges in the gait cycle
when the CP group had significantly
more active muscles compared with
the TD group, as determined by the
chi-square tests.

The TZ was active in more children
in the CP group compared with the
TD group throughout the majority of
the gait cycle, except for the period
from mid-stance to late stance. The
ES was active in more children in the
CP group from just prior to initial con-
tact through mid-stance. The RA also
was active in more children in the CP
group throughout most of the gait cy-
cle. There were no differences in EO
activity between groups at any point
in the stride. The GMx was active in
more children in the CP group during

Figure 1.
Mean total percent activation of trunk and hip muscles for children with cerebral palsy
(CP) and children with typical development (TD). Bars represent upper and lower
bounds of 95% confidence intervals. Asterisks indicate muscles that were significantly
higher in the CP group compared with the TD group. TZ�trapezius, ES�erector spinae,
RA�rectus abdominis, EO�external oblique, GMx�gluteus maximus, GMd�gluteus
medius, RF�rectus femoris, and ST�semitendinosus.
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both the stance and swing phases of
gait, but not during the transitions
between the phases. The GMd and ST
were active in more children in the CP
group from mid-stance through early
swing. Except for a short period of
time around initial contact, the RF was
active in more children in the CP
group throughout the gait cycle.

A summary figure was generated
from the histograms to summarize
the periods of activity for each mus-
cle in each group. Each group was
considered to have activity at a par-
ticular point in the gait cycle if the
number of active muscles was at
least one half of the total number of
muscles at that point (15/30 for the
CP group, 16/32 for the TD group).
Figure 3 shows the generalized peri-
ods of activity for each muscle in
each group. The EO had several
points in the gait cycle for each
group when activity was present for
one less than one half of the total
number of muscles. Because these
points were in the midst of large pe-
riods of activity, they were included
within those periods of activation.
The TZ, ES, RF, and ST demonstrated
activity throughout the gait cycle in
the majority of children with CP. The
EO, GMx, and GMd demonstrated
similar phases of activity in the CP
group compared with the TD group,
but these muscles demonstrated
longer periods of activation in the CP
group, including both earlier onset
and delayed offset of activity. Al-
though the RA demonstrated more
total muscle activation in the CP
group compared with the TD group,
it was not active in most children
with CP throughout the gait cycle.

Discussion
This study is the first to investigate
muscle activation patterns of the
trunk and hip muscles during walk-
ing in children with TD and children
with CP. It also demonstrates the use
of quantitative methods of analyzing
EMG signals to determine periods of

Figure 2.
Histograms for number of active muscles at each point in the gait cycle (1% increments)
in children with typical development (TD) and children with cerebral palsy (CP). Left
and right sides were counted individually, for a maximum of 32 in the TD group and
30 in the CP group. Thick vertical lines indicate toe-off, the transition from stance phase
to swing phase (57% of the gait cycle in the TD group, 59% of the gait cycle in the CP
group). Asterisks indicate periods of activity where the CP group had significantly more
active muscles than the TD group. TZ�trapezius, ES�erector spinae, RA�rectus abdo-
minis, EO�external oblique, GMx�gluteus maximus, GMd�gluteus medius,
RF�rectus femoris, and ST�semitendinosus.
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activity and inactivity across the gait
cycle. Increased activity for the CP
group was observed as prolonged
durations of bursts of activity and
muscles that were continuously acti-
vated throughout the gait cycle com-
pared with the TD group. Even for
the EO, which was not significantly
different between groups for total
muscle activity, more than half of the
CP group had activity during 80% of
the gait cycle compared with 39% of
the gait cycle in the TD group.

Excessive muscle activity has been
reported in the lower-extremity mus-
cles in children with CP.10,30 In these
studies, however, the children with
CP were compared with children
with TD of the same age who had
more walking experience because
walking onset is delayed in children
with CP. Children with TD who have
less walking experience are known
to have more muscle activity than
children with TD who have more
walking experience.31 Using walking
experience, not age, for inclusion in
this study is a novel approach to con-
trol for the improvement in walking
ability that occurs with practice after
the onset of walking. The increased
muscle activity in the CP group in
this study, however, was present
even as the groups were compared
by walking experience rather than
age.

The patterns of muscle activity in the
GMd and ST in the TD group were
consistent with those reported pre-
viously by Sutherland and col-
leagues31 in their study of more than
300 children between the ages of 1
and 7 years. The period of activity in
the GMx in our study was slightly
shorter than that reported in the
study by Sutherland and colleagues.
This difference can likely be attrib-
uted to differences between the 2
studies in the methods used to deter-
mine activation. Sutherland and col-
leagues used visual inspection of the
raw EMG signals, whereas we used

advanced processing methods and
objective rules to determine activa-
tion patterns. Although the GMd, ST,
and GMx were the only muscles in
the current study for which activa-
tion patterns have been reported
previously for young children with
TD, muscle activity patterns during
walking have been shown to approx-
imate adult patterns after the age of 3
years.31 For this reason, comparison
of data for the other muscles in-
cluded in this study with data from
adults is justified.

Timing patterns of activity for the
RF, as well as the gluteal muscles, in
the TD group are consistent with
those reported in adults.32 White and
McNair33 investigated patterns of ac-
tivity in the ES, RA, and EO in adults.
They did not use a threshold to de-
termine the timing of muscle activity
onset and offset, but rather identified
different patterns by averaging nor-
malized amplitude curves across par-
ticipants. Therefore, exact compari-
son is not possible, but areas of
increased normalized amplitude for
the ES and EO in their study do cor-

respond to periods of activity for the
ES and EO in the TD group in the
current study. Also similar to the TD
group in the current study, the ma-
jority of adult participants in the
study by White and McNair did not
have periods of activity above base-
line in the RA. The comparison of TD
muscle activity data from the current
study with data from the studies
mentioned above demonstrates that,
similar to lower-extremity muscles,
activation patterns of the trunk mus-
cles approximate those of adult pat-
terns by a young age.

As expected, self-selected walking
speed was slower in the CP group
than in the TD group. It is possible
that differences in walking speed be-
tween the groups had some effect on
the current results. However, previ-
ous studies24,34 have shown signifi-
cant changes in EMG signal ampli-
tude with changes in walking speed,
but little effect on the timing of mus-
cle activation at speeds similar to
that of the current CP group (0.50
m/s). In contrast, one study23

showed increased proximal muscle

Figure 3.
Muscle activity during the gait cycle in children with typical development (TD) and
children with cerebral palsy (CP). Dashed vertical lines indicate toe-off, the transition
from stance phase to swing phase (57% of the gait cycle in the TD group, 59% of the
gait cycle in the CP group). TZ�trapezius, ES�erector spinae, RA�rectus abdominis,
EO�external oblique, GMx�gluteus maximus, GMd�gluteus medius, RF�rectus fem-
oris, and ST�semitendinosus.
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coactivation at “very slow” speeds,
slower than that of the current CP
group. However, comparison of the
current data with the data from these
studies using adults walking at fixed
speeds is problematic because the
speeds were not normalized for
body size. Similar muscle activity
timing patterns were reported in
children 3 years of age and older
compared with adults, despite a sig-
nificantly slower walking speed.31 If
the fixed speeds in these comparison
studies were adjusted for children, it
is likely that even fewer or no differ-
ences in activation and coactivation
timing would have been observed at
speeds comparable to those of the
current CP group. Furthermore,
even with normalization of walking
speeds, caution must be taken be-
cause studies to date have investi-
gated only differences within indi-
viduals and not across specific
diagnostic groups.

To our knowledge, only Schwartz et
al35 have investigated the effect of
walking speed on muscle activity
patterns in children with TD. As in
our work, Schwartz and colleagues
did not enforce fixed speeds due to
concerns about alterations in typical
gait patterns that may occur if the
individuals were paced. Instead, they
instructed children to walk at “very
slow,” “slow,” and “fast” speeds, and
they later classified normalized walk-
ing speeds based on the number of
standard deviations from each indi-
vidual’s self-selected speed. In our
study, the CP group walked at
speeds equivalent to the slow speed
in the study by Schwartz and col-
leagues. Although EMG amplitude
generally decreased at slow and very
slow speeds in the study by Schwartz
and colleagues, the most notable dif-
ference in a comparable muscle was
seen in the RF, which demonstrated
relative inactivity at the slow speeds
in the study by Schwartz and col-
leagues. This result is counter to the
results of the current study, in which

constant activity was observed in the
RF in the slow-walking CP group,
further emphasizing the excessive
activity in the CP group. However,
research is needed to understand the
effects of slow and fast walking
speeds specifically in children with
CP.

Despite our use of automated EMG
processing techniques and objective
rules to determine the duration of
muscle activity in each group, there
remains no flawless method to ana-
lyze EMG signals, particularly in chil-
dren with neurological impairments.
Unlike the larger and thicker mus-
cles of the thigh and gluteal region,
the superficial muscles of the trunk
are thin, and the recording sensors
may have recorded some activity
from the underlying muscles. The in-
ternal oblique, rhomboids, and trans-
verse abdominis muscles are directly
deep to the sensor location for the
EO, TZ, and RA, respectively. The ES
was recorded from a location that is
deep to the broad superficial fascia
of the latissimus dorsi muscle. The
use of fine-wire needle EMG elec-
trodes would avoid this potential is-
sue, but application in young chil-
dren has clear feasibility and ethical
limitations. Additionally, needle elec-
trodes record only from a single or
small group of motor units, and as a
result, the recorded signal may not
be representative of the activity of
the entire muscle.36

An additional limitation exists in the
comparison of muscle activity be-
tween the TD and CP groups, espe-
cially for the TZ, because the major-
ity (12/15) of the children in the CP
group used an assistive device for
walking. The mean percent activa-
tion of the TZ in the children with
CP who used an assistive device was
90%. Of the 3 children with CP who
did not use an assistive device, 1
child had activation similar to the
device-using mean (88%), and the
other 2 children had far less activa-

tion (22% and 11%) than both the
device-using mean and the TD group
mean (45%). Although these limited
data are inconclusive, it is possible
that use of an assistive device alone
may have contributed to greater ac-
tivation of the TZ in some children in
the CP group. The TZ may be acti-
vated during forward movement of
and bearing weight through the as-
sistive device. Use of a device may
have additionally affected the activa-
tion timing of other muscles.

This issue is difficult to avoid when
studying young children with CP. Ac-
cording to the GMFCS classifica-
tion,17 only children classified as
level I (least impaired) begin to walk
without the use of any assistive de-
vice. Children classified as level II
walk with an assistive device for the
first few years of walking, then later
do not require a device. Children
classified as level III require an assis-
tive device for functional ambula-
tion. Therefore, to study any chil-
dren with greater severity of CP than
those who are least impaired (GM-
FCS level I) during the early years of
walking, the use of walking aids
must be allowed. We briefly consid-
ered collecting data from trials with
the TD group using assistive devices
to control for this difference. Walk-
ing with an assistive device, how-
ever, would have been a novel task
for the children with TD, and there
are well-known differences in the
timing and magnitude of muscle ac-
tivation during novel tasks.37 Future
work could include several CP
groups, classified by GMFCS level,
gait pattern, the particular assistive
device used, and investigate various
walking speeds. Finally, although the
use of an assistive device may affect
muscle activation in addition to mo-
tor control differences, it is impor-
tant to recognize that the children
with CP use more postural muscle
effort in daily walking than their
peers, indifferent of the cause,
which is important from cardiovas-
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cular endurance, muscular fatigue,
shoulder kinetics, and biomechani-
cal efficiency perspectives.

A final limitation is the consideration
that, although the groups had equal
time since the onset of walking
(walking experience), the amount of
walking practice was still likely to be
higher in the TD group. After the
onset of walking, walking quickly be-
comes the primary means of mobility
for children with TD. Children with
CP often practice walking only in
therapy sessions or during more
structured periods of practice at
home. Even when of school age, chil-
dren with CP take fewer steps per
day than children with TD.38

As a measure of neural activation of
skeletal muscle, surface EMG is a
noninvasive, indirect measure of mo-
tor control. An understanding of neu-
romuscular control is useful to in-
form clinicians and researchers of
the specific impairments that con-
tribute to functional activity limita-
tions and participation restrictions.
Specifically, making clinical deci-
sions to treat patients with deficits in
postural control requires an under-
standing of the causes of poor pos-
tural control. Reducing excessive
postural muscle activity and improv-
ing coordination and reciprocation
among postural muscles in people
with CP might be accomplished
through task-specific, repeated prac-
tice paradigms, biofeedback, electri-
cal stimulation, pharmacological
agents, or exercise.

Several other studies39–43 have ex-
amined postural control in people
with CP during static standing, dur-
ing reaching, and during external
perturbation balance testing. These
studies demonstrated increased co-
activation, prolonged latency of acti-
vation, altered muscle recruitment
order following perturbations, and
continuous activation of lower-
extremity and postural muscles. The

present study demonstrated similar
findings for muscle activation during
walking, including increased coacti-
vation and continuous activation of
postural muscles.

With the exception of the RA and
GMx, all muscles in the CP group
were active over 75% of the gait cy-
cle. This excess activation may cre-
ate a functionally rigid trunk, which
may restrict the child’s ability to
make fine adjustments to trunk posi-
tion relative to the lower extremities
and the environment and constrain
the therapist’s ability to grade mus-
cle activity in response to external
perturbations.4 Roerdink and col-
leagues44 reported that, after a
stroke, individuals had less stability
but also more regularity in frontal-
plane COP trajectories during stand-
ing compared with their peers who
were healthy. With recovery and re-
habilitation, COP trajectories be-
came less regular. They suggested
that, after stroke, the participants at-
tempted to limit variations in COP in
order to decrease the degrees of free-
dom that they must control and that
the individuals were better able to
control multiple degrees of freedom
after rehabilitation.

A similar strategy may occur in
young children with CP. Hsue and
colleagues45 reported reduced
anterior-posterior displacements of
COP and center of mass (COM) dur-
ing walking in children with CP. Lim-
iting excursion and variability in
COP and COM by excessively activat-
ing muscles of the trunk and hips
may be a strategy that children with
CP use to maintain upright posture
against gravity and move the body
forward, despite the multitude of
neurological impairments limiting
typical movement patterns. Exces-
sive muscle activation may be a com-
pensation for poor control of pos-
tural muscles and may limit the
ability to precisely control changes
in their body’s COM during dynamic

movements. If increased irregularity
of COP trajectories is a favorable re-
sult of rehabilitation after stroke (as
in the study by Roerdink and col-
leagues), perhaps interventions that
aim to completely reduce static
standing postural sway in people
with CP should be closely reexam-
ined, and training to encourage con-
trolled postural sway in all directions
should be investigated.

Current therapeutic, medical, and
surgical treatment for people with
CP focuses on upper- and lower-
extremity interventions for spasticity
(hypertonicity) management, mus-
culoskeletal abnormalities, and func-
tional training.46,47 The results of this
study suggest that postural muscle
control training should be investi-
gated to address impairments of the
trunk and to encourage the develop-
ment of more functional, reciprocal,
and efficient movement strategies in
children with CP. Core muscle con-
trol is related to athletic perfor-
mance and function in adults who
are healthy,48,49 and improving core
muscle control may have promise in
people with CP.50 Strategies to in-
crease the child’s ability to control
greater variations in trunk move-
ment through phasic trunk muscle
coordination, rather than constant
muscle activity, may encourage
more effective and efficient patterns
of postural muscle control, which, in
turn, may encourage more efficient
patterns of movement in the upper
and lower extremities.
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Invited Commentary Robert C. Wagenaar

During walking at preferred speeds,
young children with cerebral palsy
(CP)—in comparison with children
with typical development—show
differences in timing of trunk and
hip muscle activation, marked by ex-
cessive muscle activation during al-
most the entire stride cycle and with
increased coactivation between the
ipsilateral rectus abdominis and erec-
tor spinae muscle pair and the rectus
femoris and semitendinosus muscle
pair. This conclusion by Prosser and
colleagues1 was based on surface
electromyogphic recordings of 8
trunk, gluteal, and thigh muscles on
both body sides. They hypothesize
that the excessive muscle activation
may create a functionally rigid trunk,
limiting “the child’s ability to make
fine adjustments to trunk position
relative to the lower extremities and
the environment and the therapist’s
ability to grade muscle activity in re-
sponse to external perturbations.”
Similarly, the ability to control the
body’s center of mass during walk-
ing will be hampered. Thus, the au-
thors continue, the physical therapy

interventions should focus on the re-
duction of excessive trunk and hip
muscle activation and the improve-
ment of the coordination of trunk
movements.

Prosser and colleagues’ study of CP
gait is unique in recognizing the im-
portance of evaluating the impaired
control of trunk and hip muscle ac-
tivity during posture, gait, and up-
right movement in general. The au-
thors emphasize that the literature
on CP gait has addressed mainly the
kinematics and biomechanics of the
lower extremities, which is a general
concern in the study of pathological
gait.2 Another remarkable feature of
Prosser and colleagues’ study is the
inclusion of children with CP and
children with TD with similar walk-
ing experience, ranging from 1
month to 5 years. According to the
authors, the best evidence indicates
that walking experience is a stronger
predictor of walking and balance
skill than age in early walkers. Walk-
ing experience was estimated by the
difference between the child’s age

on the day of study and the age at
onset of walking.

The major concern with the out-
comes and the conclusions by
Prosser and colleagues is whether
the excessive trunk and hip muscle
activity observed in the children
with CP during walking is the result
of their neurological disorder or the
low speed at which they prefer to
walk. In addition, it is open to fur-
ther investigation how the excessive
trunk and hip muscle activity affects
the coordination dynamics and bio-
mechanics of the pelvic, thoracic,
and trunk rotations. For example,
Wagenaar and Beek3 demonstrated
that systematically increasing walk-
ing speed from 0.25 to 1.50 m/s re-
sults in a change in the coordination
of trunk rotation in the transversal
plane from an in-phase relationship
between pelvic and thoracic rota-
tions (pelvis and thorax move in the
same direction) in the lower speed
range (0.25–0.75 m/s) to an out-of-
phase relationship (counter-rotation
between pelvis and thorax) in the
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