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Abstract
Poor control of postural muscles is a primary impairment in cerebral palsy (CP), yet core trunk
and hip muscle activity has not been thoroughly investigated. Frequency analysis of
electromyographic (EMG) signals provides insight about the intensity and pattern of muscle
activation, correlates with functional measures in CP, and is sensitive to change after intervention.
The objective of this study was to investigate differences in trunk and hip muscle activation
frequency in children with CP compared to children with similar amounts of walking experience
and typical development (TD). EMG data from 31 children (15 with CP, 16 with TD) were
recorded from 16 trunk and hip muscles bilaterally. A time-frequency pattern was generated using
the continuous wavelet transform and instantaneous mean frequency (IMNF) was calculated at
each interval of the gait cycle. Functional principal component analysis (PCA) revealed that IMNF
was significantly higher in the CP group throughout the gait cycle for all muscles. Additionally,
stride-to-stride variability was higher in the CP group. This evidence demonstrated altered
patterns of trunk and hip muscle activation in CP, including increased rates of motor unit firing,
increased number of recruited motor units, and/or decreased synchrony of motor units. These
altered muscle activation patterns likely contribute to muscle fatigue and decreased
biomechanical efficiency in children with CP.
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Cerebral palsy (CP) is the most common neuromuscular disorder in children with an
increasing prevalence [Blair and Stanley, 1997; Odding et al., 2006; Yeargin-Allsopp,
2007], high economic cost [Honeycutt et al., 2004] and negative impact on quality of life
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[Livingston et al., 2007; Majnemer et al., 2007; Minter et al., 2007]. CP is characterized by
impairment in the development of movement and posture attributed to disturbances that
occurred in the developing fetal or infant brain [Rosenbaum et al., 2007].

Poor control of trunk postural muscles is a primary impairment in CP [Davis et al., 2007;
Rosenbaum et al., 2007] which causes compensation by other muscles to assist in
maintaining upright posture. Compensation by accessory muscles to aid in posture reduces
their effectiveness in functioning as primary movers of the extremities [Nicholson et al.,
2001]. Evidence to support this notion includes observations that children with CP have
greater ambulatory ability when the distal limb musculature is primarily affected, and
proximal limb musculature is less affected [Lauer et al., 2007b; Policy et al., 2001].
Additionally, proximal limb muscles, such as those of the hip, are critical for maintaining
upright mobility. Compared to knee and ankle muscles, the strength of the hip abductors
explained the largest variance in gait and motor function in CP [Ross and Engsberg, 2007].
Given their importance for ambulatory ability, it is surprising that activation patterns of
trunk and hip muscles during walking have not been previously investigated in individuals
with CP. We have reported muscle activation timing information from this study
(manuscript in review) and report the frequency analysis here.

Electromyographic (EMG) analysis is a critical component in the examination of gait in
individuals with CP. Several methods are used to determine relative levels of muscle
activation. The analysis of EMG signal amplitude is a common method, but is influenced by
anthropometrics, precise electrode placement, and body tissue impedance. Additionally,
normalization techniques typically require individuals to perform a maximal volitional
contraction, which is not reliable in young children because of limited cognitive capabilities,
and may not truly represent maximal contraction in individuals with neurologic impairment
[Gueth et al., 1984]. Frequency analysis of EMG signals using the continuous wavelet
transform allows the dynamic EMG signal to be decomposed into its individual frequency
components as a function of time. The frequency of an EMG signal contains information
about the pattern of muscle fiber activation and is influenced by the shapes and conduction
velocities of the motor unit action potentials within the recording area, with minimal effect
from anthropometrics and body tissue impedance [Hermens et al., 1992]. Using wavelet
transformation can also effectively overcome the potential problem of non-stationarity of the
EMG signals that may affect analysis in the frequency domain [Frigo and Crenna, 2009].

These time-frequency characteristics of the EMG signal have been shown to be elevated in
the leg muscles and to correlate with functional measures in CP [Lauer et al., 2007b;
Wakeling et al., 2007]. Additionally, EMG frequency characteristics were sensitive to
muscle function changes after surgical intervention in CP when EMG timing information
did not change [Lauer et al., 2007a]. Lastly, an attractive feature of EMG frequency analysis
is that it does not require the participant to generate a maximal force contraction.

Individuals with CP use compensatory movements as a result of decreased postural control,
poor coordination, muscle weakness and spasticity. These abnormal motor patterns are
reinforced with repetition [Hlustik et al., 2004; Nudo, 2003; Winchester et al., 2005], over
time and throughout development. Therefore, it is critical to examine muscle behavior in
individuals with CP during the development of these compensatory postural and movement
patterns.

Early walkers are rarely included as research participants, in part because of limited
cognition and tolerance to the instrumentation involved in gait analysis. The immaturity of
movement patterns in early walkers also complicates data interpretation. One characteristic
of immature gait is greater stride-to-stride variability than mature adult gait [Stolze et al.,
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1998]. Stride-to-stride variability should be reported in addition to mean values in order to
better characterize immature walking patterns prior to the development of fixed maladaptive
patterns. The variability of muscle activity has not been investigated during the early years
of walking in individuals with CP, and may provide insight on the extent of disordered
muscle activation. The objective of this study was to investigate differences in the time-
frequency characteristics of the trunk and hip muscles during the early stages of walking in
children with CP compared to children with similar amounts of walking experience and
typical development (TD). It was hypothesized that children with CP would demonstrate
elevated mean frequency of trunk muscle activation, and increased stride-to-stride variability
in mean frequency.

METHODS
Participants

Thirty-four children were enrolled in this study, 18 with CP and 16 with TD. Participants
with CP were recruited through the CP clinic at Shriners Hospital for Children in
Philadelphia, PA and through other local rehabilitation facilities. Participants with TD were
recruited from siblings of the participants with CP, children of people known to the
investigators, and from a local day care center. All procedures were approved by the IRB of
Temple University Hospital (for Shriners Hospital) and also the IRBs of additional data
collection sites as needed. Parental consent was obtained prior to participation. Assent of a
minor was obtained from any participant 7 years of age or older.

Inclusion and exclusion criteria are listed in Table 1. Children with CP were able to walk
with a hand held assistive device if it did not restrict movement of the trunk or pelvis. The
selection of months of walking experience rather than age as a primary inclusion criterion
was chosen based on reports that experience is a stronger predictor of walking and balance
skill than age in early walkers [Adolph et al., 2003; Sundermier et al., 2001]. The onset of
walking was operationally defined as the age in months at which an infant or child was able
to take at least 3 continuous independent steps on a consistent basis [Roncesvalles et al.,
2001; Wu et al., 2007]. Walking experience, in months, was calculated as the difference in
the participant’s current age and the age of onset of walking.

Procedures
EMG—Surface EMG data from trunk, gluteal, and thigh muscles were acquired using a 16-
channel recording system (Myomonitor III, Delsys Inc., Boston, MA) with preamplified
silver-silver chloride, single differential, parallel bar surface electrodes that were 1.0 cm in
length with a 1.0 cm interelectrode distance. The system had an input impedance of
>1015Ω // 0.2pF, a common mode rejection ratio of −92 dB, signal-to-noise ratio of 1.5 μV,
and a pre-amplifier gain 1000 V/V ±1%. EMG data were collected at 1200 Hz, preamplified
with a gain of 10, and filtered with a high pass filter of 20 Hz and low pass filter of 450 Hz.

EMG data were collected from 8 muscles bilaterally: trapezius (middle), erector spinae
(longissimus), rectus abdominis, external oblique, gluteus maximus, gluteus minimus,
quadriceps femoris (rectus femoris), and semitendinosus. The rectus femoris and
semitendinosus were chosen in addition to the trunk and hip muscles because these muscles
anatomically cross the hip joint, and they have been extensively investigated in CP, allowing
for comparison of data to existing literature. Sensor placement for the abdominal muscles
was determined using the methods described by Ng et al [Ng et al., 1998]. Sensor placement
for all other muscles (back, gluteal, and thigh) was determined in accordance with SENIAM
recommendations [Hermens et al., 2000].
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The skin areas were cleaned with alcohol and the sensors were affixed to the skin with a
double-sided adhesive interface (Delsys Inc., Boston, MA). The electrodes were further
secured using hypoallergenic tape or a flexible, non-adhesive wrap encircling the waist and
thighs (Coflex-NL®, Andover Healthcare, Inc.). Self-adhesive reference electrodes
(Axelgaard Manufacturing Co., Ltd., Lystrup, Denmark) were placed on the skin over the
patella bilaterally. The children were able to watch a video or interact with a research
assistant during sensor placement to increase tolerance and compliance.

A volitional contraction of each muscle was elicited to verify placement. The children were
asked to perform specific movements to elicit the corresponding specific muscle
contractions, such as leaning backward in sitting to activate the rectus abdominis muscles,
and lifting one leg to activate the contralateral gluteus medius muscles. For synchronous
data collection during walking trials, the EMG system was triggered by the instrumented
walkway.

Walking trials—Children walked barefoot down an instrumented walkway (GAITRite®,
CIR Systems, Havertown, PA) at a self-selected pace. Three to 5 trials, each consisting of
one walk down the walkway with at least 4 consecutive footfalls, were collected depending
on participant tolerance to testing procedures and fatigue. Footfall information was collected
at 30 Hz. All walking trials were videotaped.

Start and stop targets were placed on the floor approximately 5 feet beyond either end of the
instrumented walkway to minimize acceleration or deceleration in the data capture space.
During the walking trials, the EMG preamplification unit that is typically worn on a
backpack was carried behind all participants by an assistant so as not to add additional
weight, which could affect muscle activity in the smaller children. Children had the
opportunity to sit in between walking trials to minimize fatigue.

Data analysis
Video footage and raw EMG signals of each trial were reviewed by the principal
investigator to determine the most appropriate gait cycles to select for analysis. Gait cycles
from the first walking trial were not included to avoid possible effects of gait alteration due
to familiarization with the new activity. The next ten gait cycles (5 left, 5 right) that were
observed to represent each individual’s typical walking (e.g child was not distracted by a
person or noise, did not stop walking mid-trial, and was not moving arms toward an object),
and were free of artifact in the raw EMG signal, were selected for analysis to avoid any
possible effects of fatigue from later trials.

The 10 selected gait cycles were extracted from the EMG files using the time-synchronized
marker data (initial foot contact) collected from the instrumented walkway. EMG data were
processed using custom-written programs in MATLAB software (The Mathworks Inc.,
Natick, MA). All signals were normalized to 1000 points, representing the gait cycle from 0
to 100% in 0.1% increments.

A time-frequency pattern for each gait cycle was generated using the continuous wavelet
transform (CWT) as described by Lauer and colleagues [Lauer et al., 2007b]. The CWT
describes a series of mathematical techniques that can be used to analyze a complex time
series signal with variable power or magnitude in a wide range of frequencies, while
preserving the original timing. The output of the CWT analysis is a scalogram, which is a
three-dimensional representation of the analysis where time (% gait cycle) is on the x-axis,
frequency (scale) is on the y-axis, and power (magnitude) is on the z-axis. The reduction of
the three-dimensional scalogram to a time–frequency curve was performed by calculating
the mean frequency for each gait cycle interval using the following equation:
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(1)

where P (t,f) represents the range of powers at a given frequency at each interval of the gait
cycle, and f represents the frequency range of the EMG signal. The calculation of the mean
frequency at each time interval, referred to as the instantaneous mean frequency curve
(IMNF), was selected as the representative value of the frequency spectra across time
because mean frequency has been used in the past to characterize muscle fatigue and
activation level [Karlsson et al., 2003]. Thus, by calculating the mean frequency at each time
interval, a representative curve of muscle activity over time is generated. For reporting of
IMNF in each group, an average IMNF curve was calculated from the individual IMNF
curves for each participant.

A functional principal component analysis (fPCA) was completed for each muscle using the
IMNF curves from all selected gait cycles in order to identify regions of difference in the
gait cycle curves. The PCA is a mathematical least squares maximization procedure that
transforms a large number of correlated variables into a smaller number of uncorrelated
variables called principal components (PC). The fPCA performs the same operation,
converting a large number of correlated variables into a smaller number of principal
components. However, the ‘variable’ is a relationship of data points, or mathematical
function (in this case, the individual IMNF curves), not a single data point as in a
multivariate PCA [Ramsay and Silverman, 1997]. Each individual IMNF curve is then
assigned a weight for each PC (in this case, the PCs are regions of the gait cycle where
variability in the data set was identified). The value of the weight describes the degree of
agreement or disagreement between the individual IMNF curve and the group variance
identified by that particular PC for each muscle. This allows for differences across an entire
curve to be captured in a small subset of principal components.

To assess if the regions of variability identified by the fPCA were statistically different
between the CP and TD groups, the PC weights were averaged for each muscle in each
group and tested using a Welch statistic to determine if the means between the groups were
equal. Because the variances may be unequal, the Welch statistic is preferred to the F-
statistic and is considered a more robust test [Hartung et al., 2002].

To assess consistency from stride to stride, individual stride-to-stride standard deviations
(SD) in mean frequency were calculated for the gait cycle as a function of time for each
muscle and for each participant based on the 10 analyzed gait cycles (5 left, 5 right).
Average stride-to-stride variability was then calculated for each muscle across the gait cycle
for each group. Statistical analyses of the variability curves were performed using a
functional analysis of variance (fANOVA) model [Ramsay and Silverman, 1997]. A Fourier
basis function of 20 expansion terms was fit to each curve, imposing a roughness penalty to
ensure smoothness of the function up to the second derivative. A linear model was
constructed using the following formula:

(2)

where g indicated the group, m is the number of functions representative of that group, μ is
the grand mean function across all the functions, α are the specific effects on the function of
being within a group g, and ε is the unexplained variation specific to the mth curve. The
terms for each of the general linear models was determined using a least squares fit. To be
able to define a set of terms unique to each group, an additional constraint was placed that Σ

Prosser et al. Page 5

J Electromyogr Kinesiol. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



αg(%) = 0 for all gait cycle increments. Overall differences in variability were assessed
using the F-ratio function, based on the F-statistic, calculated for each interval of the gait
cycle.

RESULTS
Data from 3 children in the CP group were excluded due to 1 having questionable diagnosis
of CP, and 2 who were unable to walk without assistance from an investigator during the
testing session. Data for the remaining 31 children were used for analysis. Walking
experience did not differ between groups (p=0.969). As expected, because of a later onset of
walking in the CP group and matching by walking experience, the TD group was older and
heavier than the CP group. Of the children with CP, 7 were classified as GMFCS level II
and 8 were level III. Three walked without assistive devices, 9 used posterior rolling
walkers, 1 used bilateral forearm crutches, and 2 used unilateral forearm crutches.
Demographic and anthropometric data are provided in Table 2.

The principal component output for the gluteus maximus is shown as an example in Figure
1. The positive variance direction is shown for all PCs (which, in this example, represents
the CP group for PCs 1, 2, and 4, and the TD group for PC 3). The group not shown for each
PC (TD for 1, 2, 4 and CP for 3) demonstrates equal variance in the opposite direction.
When combined, the major regions of variance identified (the 4 PCs) encompass the entire
gait cycle, with the CP group demonstrating variance in the direction of higher mean
frequency for each PC. This pattern of the 4 PCs encompassing the entire gait cycle was
consistent for each muscle.

Average IMNF curves for each muscle are shown in Figure 2. The first four PCs accounted
for 97.4% of the variability in the erector spinae IMNF curves, 98.4% of the variability for
the semitendinosus, 98.6% for the rectus abdominus, 98.8% for the trapezius and external
abdominal oblique, 98.9% for the gluteus medius, 99.3% for the quadriceps femoris, and
99.6% for the gluteus maximus. All four PCs were significantly different between the TD
and CP groups for each muscle (p<0.001). Examination of the specific regions of variability
identified by each PC revealed that the CP group demonstrated higher IMNF than the TD
group throughout the gait cycle for all muscles because the PCs encompassed the entire gait
cycle for each muscle.

Stride-to-stride variability curves are presented in Figure 3. The F(2,57) critical value was
3.16 for an alpha level of 0.05. Individual variability was statistically higher in the CP group
for all muscles across the gait cycle.

DISCUSSION
This study reports trunk and hip muscle activity during the early stages of walking in
children with CP compared to children with TD. Mean frequency of muscle activation
during walking was higher and more variable from stride-to-stride throughout the gait cycle
for the CP group than TD for all 8 muscles investigated. The higher mean frequency in the
CP group suggests altered patterns of muscle activation and motor unit recruitment. Higher
IMNF can result from increased rates of motor unit firing, increased number of recruited
motor units, or decreased synchrony of motor units [Hermens et al., 1992]. This is consistent
with literature suggesting excessive and dyscoordinated muscle activity in CP [Unnithan et
al., 1996b; van der Heide and Hadders-Algra, 2005]. Lam et al have suggested that higher
EMG median frequency contributes to muscle fatigue in children with CP [Lam et al.,
2005]. Additionally, excessive muscle activity is related to decreased biomechanical
efficiency, with muscle cocontraction explaining a significant amount of variability in the
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energy cost of walking in children with CP [Unnithan et al., 1996a]. The markedly increased
stride-to-stride variability in muscle activation patterns in the CP group may further imply
discoordination and immaturity of muscle behavior, because greater variability in other gait
measures is characteristic of immature walking patterns [Hausdorff et al., 1999].

Wakeling et al [Wakeling et al., 2007] reported mean frequency of lower extremity muscles
for 36 children and adolescents with TD and 17 with spastic diplegic CP. The mean
frequency for the rectus femoris in the CP group is consistent with that obtained in this
study. The CP mean frequency reported for the semimembranosus is slightly higher than
that obtained in the current study for the semitendinosus muscle. The TD data for both of
these muscles in the current study is lower than that reported for the control group in
Wakeling’s study, which may be a result of the older age of the control group in that study
(mean age 10.8 years), but requires further investigation.

Similarly, the IMNF values are consistent with those reported by Lauer and colleagues for
the medial hamstrings and quadriceps in the CP group, and at the low end of the range for
the TD group [Lauer et al., 2007b]. The control group in Lauer’s study had the same mean
age as the control group in Wakeling’s study (10.8 years), which is older than the control
group in the current study. Higher mean frequency in children with CP has also been
reported during recumbent cycling [Lauer et al., 2008]. To our knowledge, no previous
studies have investigated mean frequency characteristics of the trunk or gluteal muscles in
children with TD or with CP.

White and colleagues investigated trunk muscle activity during walking in 38 able-bodied
adults [White and McNair, 2002]. While they considered the amplitude of the EMG signal,
not the frequency, the patterns of increased EMG amplitude in the rectus abdominus,
external oblique and erector spinae were similar to patterns of increased frequency in both
groups for the current study. This indicates that the timing of muscle activation bursts alone
may not be sufficient to examine muscle behavior in individuals with neurological
impairments, who may demonstrate increased activation during similar periods of the gait
cycle, but have an altered level of activation throughout the walking cycle.

Rose and colleagues have reported a predominance of Type I (slow-twitch) muscle fibers in
children with spastic diplegic CP compared to nearly equivalent distribution of Type I and II
fibers in the control group [Rose et al., 1994]. They also observed neuromuscular activation
deficits that suggest an inability to recruit higher threshold motor units (Type II, fast) due to
an inability to produce adequate torque levels [Rose and McGill, 2005]. The results of our
study, in consideration of these previous findings, suggest that individuals with CP over-use
the Type I muscle fibers and under-use the Type II fibers, with asynchronous activation, in
the trunk muscles. However, considerable caution must be taken in the interpretation of
surface EMG signals to infer specific neural control strategies, as articulated by Farina and
colleagues [2004].

The results of this study may not be generalizable to children with greater or lesser severity
of CP or to other children with neurological disorders. Additionally, the data from the
trapezuis muscle should be interpreted with caution due to the use of an assistive device in
the majority (12/15) of the children with CP. Use of an assistive device alone may have
contributed to greater activation of the TZ in the CP group, because the shoulders were
engaged during forward movement and bearing weight through the assistive device. This
issue is difficult to avoid when studying early walkers with CP. According to the GMFCS
classification,[Palisano et al., 1997] only children classified as level I (the least impaired)
begin to walk without the use of any assistive device. Therefore, to study any children with
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greater severity of CP during the early years of walking, the use of walking aids must be
allowed.

Postural muscle training during the development of upright postural control may be an
effective time to intervene and change these compensatory movements, prior to years of
reinforcing poor trunk movement patterns. Core muscle control training has been effectively
applied to several other clinical populations [Britnell et al., 2005; Norris and Matthews,
2008; Willson et al., 2005], but has not been systematically investigated in children with
neurological disorders. If Type II fiber under-activation is in fact a primary factor in altered
EMG patterns in CP, interventions to increase trunk muscle force production, such as core
muscle strengthening, may assist in the activation of Type II fibers. Similarly, electrical
stimulation may be a possible intervention because it can generate higher force contractions
than volitional contractions, and stimulates Type II fibers first or in conjunction with Type I
fibers, in contrast to the orderly recruitment of Type I fibers first during volitional
contractions [Chou et al., 2008]. Additionally, efforts to investigate muscle activation during
other functional movements should continue in order to fully understand the development of
abnormal movement patterns in young children with CP.

This study demonstrates increased mean frequency in the trunk and hip muscles in early
walkers with CP. Stride-to-stride variability in mean frequency was also increased in CP.
The increased muscle activation and decreased synchrony in the trunk muscles are
consistent with muscle behavior of the lower extremities in CP. The clinical implications of
this work are that postural muscle training interventions should be investigated in CP to
encourage the development of more effective and stable trunk muscle activation patterns in
these children.
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Figure 1.
The principal component output for the gluteus maximus, with 99.6% of the variance
explained. The dark curve in each graph is the mean instantaneous mean frequency for all
participants, and is the same in each graph. The shaded areas indicate the regions of
variability in the entire data set identified by each principal component. Principal
components 1, 2, and 4 show the direction of variance for the cerebral palsy (CP) group and
principal component 3 shows the direction of variance for the typical developing (TD)
group. The group not shown for each principal component demonstrates equal variance in
the opposite direction.
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Figure 2.
Instantaneous mean frequency (IMNF) mean curves across the gait cycle for children with
typical development (TD) and cerebral palsy (CP) for the trapezius (A), erector spinae (B),
rectus abdominus (C), external oblique (D), gluteus maximus (E), gluteus medius (F),
quadriceps femoris (G), and semitendinosus (H).
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Figure 3.
Stride-to-stride variability in instantaneous mean frequency (IMNF) across the gait cycle for
children with typical development (TD) and cerebral palsy (CP) for the trapezius (A),
erector spinae (B), rectus abdominus (C), external oblique (D), gluteus maximus (E), gluteus
medius (F), quadriceps femoris (G), and semitendinosus (H).
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Table 1

Participant inclusion and exclusion criteria

Inclusion Exclusion

• 0.5-60 months of walking experience

• Able to ambulate barefoot at least 15 feet in a
forward direction with supervision (children with
CP could use an assistive device)

• Able to follow 1-step verbal instructions

For children with CP only:

• Bilateral spastic CP (diplegia or quadriplegia)

• GMFCS II-III classification [Palisano et al, 1997]

• Lower extremity bony or soft tissue surgery or fracture in the
past 12 months

For TD children only:

• History of any orthopedic, neuromuscular, or cardiovascular
condition

For children with CP only:

• Spastic hemiplegic or non-spastic classification

• History of dorsal rhizotomy

• History of tendon transfer to a target muscle

• Botulinum toxin injection to a lower extremity muscle in the past
6 months

• Secondary orthopedic, neuromuscular or cardiovascular
condition
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