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Motor control deficits of orofacial muscles in
cerebral palsy
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SUMMARY Voluntary control of the masseter and orbicularis oris superioris muscles was examined
in able bodied and cerebral palsied subjects using visual tracking tasks. A smoothed measure of
muscle activity (the full-wave rectified and low-pass filtered electromyogram) was presented as a
marker on a computer display screen and the subjects could control the vertical position of the
marker by voluntarily altering the level of isometric contraction of one of the muscles. A target
marker was also displayed on the screen and the subjects were required to follow or "track" the
irregular movements of this target with the response marker. Their success in aligning the response
marker with the target was analysed for these orofacial muscles. The masseter is influenced by
muscle spindle based reflexes, while the orbicularis oris superioris lacks such reflex control. The
cerebral palsied subjects displayed similarly poor control over both muscles, implying that their
voluntary motor deficits are not related to abnormal muscle spindle based reflexes. It is suggested
that the impairment may be related to perceptual-motor integration.

The prevailing theories concerning motor dysfunc-
tions in cerebral palsy generally are dependent upon
the disruptive effect of abnormal reflexes on motor
control.`4 While the pathophysiology of cerebral
palsy involves voluntary deficits as well as the loss of
reflex control2" it is the latter which is used to
categorise the motor dysfunction. Recently, it has
been suggested that the major deficit may not be
abnormal reflex activity imposing restraints on pos-
ture and movement, but that all descending motor
commands, including reflex control and muscle con-
traction signals, are inappropriate.5-9 In the absence
of reflex effects, motor control is thought to be
exceedingly poor and not due solely to damage to the
descending pyramidal tract.7-9

Evidence supporting the proposition that
descending motor commands in cerebral palsy are
inappropriate has been based on observing motor
control after removal of reflex constraints. For exam-
ple, the suppression of spinal reflexes by anti-spastic
drugs such as baclofen and phenol does not parallel
any improvement in motor performance.7 1011 Simi
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larly, cerebral palsied subjects have been trained to
control and reduce tonic stretch reflex activity but
show no associated improvement in motor control,
suggesting that spasm and spasticity are not the
primary cause of the dysfunction.8

Other evidence may be obtained by observing oro-
facial muscles with and without reflex activity. The
masseter, a jaw closing muscle, is richly innervated by
muscle spindles12 and exhibits stretch reflex activ-
ity.13 Lip muscles such as the orbicularis oris superi-
oris have few, if any, spindle endings.'4 This muscle
displays phasic reflex activity in response to tapping
and similar intermittent stimuli.'5 .6 However, dur-
ing normal speech and non-speech motor tasks,
which are limited to frequencies below 15Hz,17 no
tonic stretch reflex activity is observed.'8 Voluntary
control of these two muscles, therefore, may be
expected to be differentially affected by tonic stretch
reflex abnormalities. All other factors being equal,
cerebral palsied subjects should exhibit very poor
control over the masseter due to reflex abnormalities,
while control of orbicularis oris superioris should be
free of such abnormalities.

Tracking tasks based on dynamic control simulate
everyday motor behaviour and have been used exten-
sively in measuring both motor skill and human con-
trol characteristics in man-machine systems.'9-21 In
the present study, a visual pursuit tracking task was
devised in which performance was dependent on vol-
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Motor control deficits of orofacial muscles in cerebral palsy
untary control of the isometric contraction level of
either masseter or orbicularis oris superioris. Thus,
voluntary control of these muscles could be
compared.

Methods

In the tracking task employed here, a target marker and a

response marker are presented simultaneously on a display
screen. The target moves irregularly in the vertical plane and
the subject is required to attempt to keep the two markers
aligned by following or "tracking" the target with the
response marker. For the present experiment, the vertical
position of the response marker on the screen is controlled
by the isometric contraction of a single muscle, either masse-
ter or orbicularis oris superioris.
The contraction level of the muscle was measured via the

electromyogram (EMG) aom the muscle. The EMG,
recorded with surface electrodes located over the muscle,
was amplified, full-wave rectified and low-pass filtered (1Hz
cut-off frequency). This smoothed EMG (IEMG) signal was
used to control the position of the response marker on the
display screen, whereby an increase or decrease in IEMG
drove the response marker up or down the display screen,

respectively. It should be noted that although activity was

monitored only from a single muscle, tracking performance
did not require selective activation of that muscle. Indeed,
the subjects were free to co-contract synergistic, antagonistic
or any more distant muscles. For each subject, the gain of
the EMG amplifier was adjusted so that the range of
deflection of the response marker on the display screen cor-

responded to the range between 30-60% of maximal volun-
tary isometric contraction of the muscle. Thus, the tracking
task assessed control over the mid-range of contraction.
Subjects generated activity in masseter by clenching the jaw
and then increasing and decreasing the bite force. Activity in
orbicularis oris superioris was generated by pressing the lips
together or by compressing the upper lip against the upper

incisors and then varying the lip pressure in either case.

A random signal was computer generated and smoothed
by a second order low-pass Butterworth digital filter which
had a cut-off frequency of 0 35Hz. This filtered signal was

used to drive the target on the display screen. Both the target
and the response marker positions were sampled and dis-
played at 5Hz. These sampled signals were also stored as the
"stimulus" and "response" signals for subsequent analysis.
The EMG filtering removed all signal power above half this
sampling rate, so that distortion of the signal due to aliasing
was avoided.22 23

Responses from orbicularis oris superioris and masseter
muscles were recorded for 100 seconds in 10 cerebral palsied
subjects (aged between 19 and 32 years) and 10 able bodied
subjects (aged between 20 and 34 years). To eliminate trans-
fer effects, the order of muscle recording was randomised in
each subject group. The cerebral palsied subjects exhibited
clinically mixed signs of both spasticity and athetosis, with a

greater predominance of one or the other in individual cases.

All these subjects displayed increased jaw jerks and their
dysarthric speech was judged at best poorly intelligible.
These subjects did not display any other symptoms such as

epilepsy, or sensory deficits, which are commonly associated
with the condition. All subjects gave informed consent to the

experimental procedure and could understand the task to be
performed.

Analysis technique

The stored stimulus and response signals were analysed via
the quasi-linear technique, which provides a comprehensive
description of human tracking behaviour.19 21* It is based
on linear spectral analysis using the correlation method.22 23
This analysis effectively separates the subject's response sig-
nal into a coherent component which is linearly correlated
with the movement of the target and an incoherent com-
ponent (known as the "remnant") which is not correlated
with the target. The ratio of the linear component to the
total variance of the subject's response is quantified by the
"coherence square function". This measures the proportion
of the response variance at any frequency which is linearly
related to the target at that frequency. The remaining pro-
portion of the response at that frequency is remnant. The
coherence square function is analogous to the square of the
correlation coefficient (the coefficient of determination, r2) in
a regression analysis.

It can be shown mathematically and experimentally24 that
all response marker movements which are not coherent with
(that is, linearly related to) the target always add to the error
signal. Even if the subject employs a non-linear tracking
strategy, it is only that part of the response described by the
best fit linear relation which can reduce the tracking error.
Thus, the remnant always adds to the error. Sources of rem-
nant in the present study could include such factors as non-
linear (including time-varying) tracking strategies, muscle
spasm, EMG noise and so on.
The best fit linear relation between the target and the

coherent response is described by gain and phase frequency
response curves. The gain describes the amplitude and the
phase describes the timing of the subject's tracking response
relative to the target. Gain, phase, and remnant frequency
response curves thus provide objective measures of tracking
behaviour, whether linear or non-linear, and as such provide
a detailed assessment of the quality of tracking performance.
For perfect tracking, the gain must approach unity, the
phase lag must approach zero, and there must be no rem-
nant. These measures reveal tracking strategies employed by
the subject and enable the source of the subject's errors (for
example, prolonged reaction time, overshoot, involuntary
spasm, etc.) to be elucidated. Although the analysis tech-
nique is described as "quasi-linear", it is a most appropriate
tool for obtaining a quantitative assessment of tracking
behaviour whether linear or non-linear.19 21
Mean values of the coherence square function, total

response power (or variance), and remnant response power
were computed for both muscles in each subject group. The
gain and phase lag were calculated only for the able bodied
subjects. In the cerebral palsied subjects the linear response
was small compared to the remnant response, resulting in
low coherence values. The gain and phase curves cannot be
estimated reliably when the coherence is low.
The power spectrum of the stimulus signal decreased to

negligible values by 0 6Hz (fig 1). Responses at, or above,
this frequency can not be linearly related to the stimulus
because there is too little stimulus signal power for a
significant correlation. Therefore, a maximum frequency of
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Fig 1 Power spectrum of stimulus signal. Pow
spectra is in arbitrary units. Frequency in Hz.

0 55Hz was considered for the coherence sqi
gain, and phase lag. Spectra of the total respor
of the remnant power, however, were consiu
quencies up to 0 95Hz, since the frequency
these signals, especially the remnant, was not n
ited to 0-55Hz. Above 0 95Hz, response pow(
insignificant levels as a result of EMG filterii
spacing of 01lHz was chosen as a comprom
spectral errors while maintaining some frequei
given the sample length and sampling rate cot
A three factor analysis of variance (At

repeated measures, compared subject group
(factor 1) for both muscles (factor 2) over
band (factor 3) tested.25 In addition, a two-fa
was also carried out separately on each subjei
total response power, remnant power, and cc
first logarithmically transformed. This resulte
distributed spectral values and satisfied the
homogeneity of within-cell variance requ:
ANOVA procedure.25

Results

Subject group comparisons
Direct observation of the tracking runs i
cates that motor control in the cerebral
jects was inferior to the able bodied subje
bodied subjects followed the target with
but the waveform of their response was sii
of the stimulus. The cerebral palsied sul
tained the correct range of response and
responses with sufficient speed. How
responses were poorly related to the stimi
they generally failed to reproduce the Stir
form.
The relative root mean square (rms) eri

an overall index of tracking ability. 9 It is
expressing the ratio of the rms error and r
values as a percentage. Application of

Vaughan, Neilson, O'Dwyer
test25 confirmed the significantly poor control over
both muscles in the cerebral palsied subjects com-
pared with the able bodied subjects (p = 0-001). How-
ever, there was no significant difference between
masseter (relative rms error, 247%) and orbicularis
oris superioris (relative rms error, 260%) for the cere-
bral palsied group (p > 01.) Similarly, no difference
could be detected between masseter (relative rms
error, 118%) and orbicularis oris superioris (relative
rms error 114%) for the able bodied subjects
(p > 01).
The poor tracking in the cerebral palsied subjects

could not be ascribed to an inability to understand the
nature of the task. They could appreciate precisely0.8 1.0 what was required of them and could explain what
they were attempting to do. It was evident (see fig 2)

er in all that they could activate and relax both muscles and
could modulate the contraction level over the appro-
priate range for the tracking task. In fact, as can be

uare function, seen in fig 3a, the cerebral palsied subjects producednse powerand. '
dered for fre- a dynamic response which was much larger in power
bandwidth of than that of the stimulus. Moreover, this total
ecessarily lim- response power was much larger than that of the able
er dropped to bodied subjects (subject factor, p < 0.001), whose
ng. A spectral response power was similar to the stimulus power.
ise to reduce Coherence for the cerebral palsied subjects was
ncy resolution much lower than that for the able bodied subjects
nstraints. (subject factor, p < 0 001; fig 3b). Coherence for the
4OVA), with cerebral palsied subjects remained below 0 2 for all
,performance frequencies, indicating that only a small proportion
tctor ANOVA (< 20%) of their response was linearly related to the
ct group The stimulus. The largely remnant responses of the cere-
)herence were bral palsied subjects (fig 3c) add completely to the
rd in normally error. In contrast, the able bodied subjects had coher-
condition of ence values of about 0-6 up to 0-25Hz, above which
ired for the they dropped steadily with increasing frequency (fig

3b). A much larger proportion of their response
power, therefore, was linearly related to the simulus.
Similarly, their remnant response power was
significantly less than that for the cerebral palsied
subjects (subject factor, p < 0-001; fig 3c).

in fig 2 indi-
palsied sub- Muscle group andfrequency band comparisons
cts. The able All power spectra varied significantly with frequency
a time delay (frequency factor, p < = 0-01) and these frequency
milar to that characteristics varied differently over the two subject
bjects main- groups (subject-frequency interaction, p < 0 001). No
varied their significant difference was detected between masseter
vever, their and orbicularis oris superioris in total response
ulus, so that power, coherence, or remnant power (muscle factor,
mulus wave- p > 0 55). Moreover, the frequency characteristics did

not differ between the two muscles (muscle-frequency
ror provides interaction, p > 0-22).
obtained by
rns stimulus
Student's t

Cerebral palsied subjects
In the two factor ANOVA on the cerebral palsied
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Fig 2 Typical plots of the subjects' responses (empty circles) to the stimulus (filled circles) during tracking for (a) able
bodied, and (b) cerebral palsied subjects. Vertical calibration represents 40% and 50% ofmaximum contraction. The traces
show a 20-second segment of tracking with masseter.

subjects the coherence was found to be lower for
orbicularis oris superioris than masseter, but the
difference was not statistically significant (muscle
factor, p = 0 08; fig 3b). The total response and rem-

nant were marginally -greater for the orbicularis oris
superioris than masseter, as seen in figs 3a and c, but
again these differences were not significant (muscle
factor, p = 0-09, 0-08 respectively). The total response
and remnant varied with frequency (frequency factor,
p < 0-001), but the coherence was fairly constant
across frequencies (frequency factor, p = 0-53; fig 3b).
The two muscles had similar frequency characteristics
for all spectra, so that the muscle-frequency inter-
actions were not significant (p > 0-35).

Able bodied subjects
The two factor analysis of the able bodied subjects
revealed a small difference in total response and a

larger difference in coherence between the two muscles
(muscle factor, p = 0-05, 0-03 respectively; fig 3a, b),
while the remnant was similar for both muscles
(muscle factor, p = 0-45; fig 3c). The frequency char-
acteristics for the total response were similar for both
muscles (muscle-frequency interaction, p = 0-49), but
varied between the two muscles for the coherence and
remnant (muscle-frequency interaction, p = 0-04,
0-03 respectively).
As can be seen in fig 4a, the gain was similar for

both muscles (muscle factor, p = 0-4) and it varied
similarly with frequency in both muscles (muscle-
frequency inte-raction, p = 0 8). The phase lags, on the
other hand, were different in the two muscles, as can

be seen in fig 4b (muscle factor, p < 0-001). The vari-
ation of phase with frequency, however, did not differ
significantly between the two muscles (muscle-
frequency interaction, p = 0 25).

Discussion

The total response power of the cerebral palsied sub-
jects covered a similar frequency range to that of the
able bodied subjects but was of much greater mag-

nitude. It is evident, therefore, that the problem in the
cerebral palsied subjects is not an inability to activate
the muscles nor to vary the level of activity. The
timing and gradation of these variations in level of
activity, however, are inappropriate to achieve the
subject's goal, in this case, to keep the response

marker aligned with the target. Muscle spasms which
resulted in contractions outside the prescribed range

of 30-60%/o of maximum voluntary contraction
(causing the response marker to be maintained at the
extreme of its range ofdeflection) were present in eight
of the 20 cerebral palsied tracking runs and clearly
disrupted tracking control. Such spasms, however,
accounted for less than 4% of the total error and
tracking control was still very poor in their absence.
The primary abnormality appears to consist of
inappropriate voluntary activity rather than
involuntarv contractions. This lack of voluntary con-

trol is reflected in the fact that their muscle response
contained variations of the same frequency and ampli-
tude as the stimulus but nevertheless, were poorly
related to the stimulus.
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Fig 3 (a) Total response power, (b) Coherence square
function, and (c) Remnant response power, against
frequency, for masseter (solid line) and orbicularis oris
superioris (dashed line), in the cerebral palsied (o) and able
bodied (0) subjects. Stimulus signal power is also shown in
(a) (dotted line). Frequency in Hz; power in arbitrary
units, coherence has no units. All curves are averaged across
the 10 subjects in each group.

Since tonic stretch reflexes were not involved in the
control of orbicularis oris superioris during the
tracking task, the motor dysfunction in this muscle in
the cerebral palsied subjects cannot be attributed to
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Fig 4 (a) Gain, and (b) Phase lag, against frequency, for
masseter (solid line) and orbicularis oris superioris (dashed
line) in the able bodied subjects. Frequency in Hz, Gain has
no units, Phase lag in degrees. All curves are averaged
across the lJ able bodied subjects.

abnormal reflexes. The same is probably true of mas-
seter, despite the presence of tonic stretch reflexes in
this muscle, since the controlled variable in the present
study was IEMG during isometric contractions. The
use of isometric IEMG activity minimises stretch
reflex input. Moreover, the influence of adjacent mus-
cles and the effects of orofacial biomechanics also are
minimised in this experimental paradigm. Thus,
isometric IEMG activity provides a relatively direct
measure of voluntary control of a single muscle. In
any event, whatever the role of tonic stretch reflexes in
masseter, its control was no poorer than that of
orbicularis oris superioris. If anything, the trend was
in the opposite direction in the cerebral palsied sub-
jects. Similar findings were reported by Barlow and
Abbs,26 who compared motor impairment in lip,
tongue, and jaw muscles in cerebral palsied subjects
using force stability during steady isometric con-
tractions as the controlled variable.
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Motor control deficits of orofacial muscles in cerebral palsy
Although their muscle responses covered a similar

frequency range, the two groups nevertheless dis-
played different frequency characteristics, or dynamic
properties. That is, the distribution of total response
power, remnant power, and coherence across fre-
quencies differed between the groups (fig 3). This sug-
gests that the dysfunction in the cerebral palsied
subjects was altering physiological processes under-
lying voluntary control of isometric tension. Since
both muscles displayed similar frequency character-
istics within each group, the same mechanism was
likely to be producing the dysfunction in both muscles
in the cerebral palsied subjects, despite the presence of
tonic stretch reflexes in one of the muscles and their
absence in the other.

In the able bodied subjects, control of masseter was
slightly superior to that of orbicularis oris superioris.
This superiority was most evident in the smaller phase
lag for masseter. The phase lag reflects the time
required to analyse sensory information and to for-
mulate an appropriate motor response. Practice or
training leads to a reduction in this phase lag, as well
as an increase in the gain towards unity and a smaller
remnant.19 27 Able bodied subjects have extensive
experience in controlling jaw closing tension during
biting and chewing, whereas lip pressure control as
employed here is a more novel task. This may account
for the superior performance of masseter.
The similarly poor control of orbicularis oris supe-

rioris and masseter in the cerebral palsied subjects
clearly fails to support a predominant role for stretch
reflex abnormalities in determining their motor
impairment and this illustrates the dissociation which
can occur between the level of spasticity and volun-
tary control deficit in these subjects. This result
extends the findings or earlier studies which reported
similar conclusions.59 18 26 In light of these findings,
the physiological processes underlying voluntary con-
trol ofmovement perhaps may assume a predominant
role. We have proposed previously9 that the primary
abnormality underlying the motor impairment in
cerebral palsy is an inability to learn the relationships
between the motor commands to muscles and the
resulting perceptual consequences of the movement.
Such perceptual-motor learning forms the basis of
movement control and the aquisition of motor skill.
Its disruption results, not in an inability to move, but
in a lack of control of movement. The poorly con-
trolled muscle responses observed in the present study
are consistent with this proposal.
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