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Pathophysiology of dysarthria in cerebral palsy
PETER D NEILSON, NICHOLAS J O'DWYER
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SUMMARY Electromyograms were recorded with hooked-wire electrodes from sixteen lip, tongue
and jaw muscles in six normal and seven cerebral palsied adult subjects during a variety of speech
and non-speech tasks. The recorded patterns of muscle activity fail to support a number of theories
concerning the pathophysiology of dysarthria in cerebral palsy. There was no indication of weakness
in individual articulator muscles. There was no evidence of uncontrolled sustained background
activity or of abnormal tonic stretch reflex responses in lip or tongue muscles. Primitive or patho-
logical reflexes could not be elicited by orofacial stimulation. No imbalance between positive and
negative oral responses was observed. The view that random involuntary movement disrupts
essentially normal voluntary control in athetosis was not supported. Each cerebral palsied subject
displayed an idiosyncratic pattern of abnormal muscle activity which was reproduced across repeti-
tions of the same phrase, indicating a consistent defect in motor programming.

There has been little experimental verification of
existing theories concerning the pathophysiology of
dysarthria in cerebral palsy. The present study
provides electromyographic (EMG) data in the light
of which these theories can be examined.

Dysarthria in cerebral palsy has been attributed
to impaired control of respiration,1-9 laryngeal
muscles,4 81011 pharyngeal muscles,5 12 opening and
closing of the velopharyngeal port 2 4 10 11 13-17 and
muscles of articulation.'0 17-21 In short, malfunction
has been reported in every aspect of the speech mech-
anism. It would seem that the basic cause of the
speech defect in cerebral palsy is not located in any
one of these systems in particular, but is an under-
lying neuromuscular control problem central to them
all.

The pathophysiology of dysarthria in cerebral
palsy is uncertain but a number of theories are cur-
rent.22 These can be summarised as follows: inefficient
valving of the air stream caused by a generalised
paresis of speech musculature;2-4 abnormalities of
tone due to sustained background activity15 or
spasticity of speech muscles ;5 11 12 23 primitive or
pathological reflexes interfering with articulatory
control ;19 24 imbalance between positive and negative
oral responses caused by cortical lesions;5 25 26 and
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disruption of the voluntary control of speech muscles
by random involuntary activity of the type associated
with athetosis.6 12 15
EMG studies of the speech musculature in cerebral

palsy are practically non-existent.15 17 27 In the
present study EMG activity was recorded simul-
taneously from sixteen lip, tongue and jaw muscles
during both speech and non-speech tasks in normal
and cerebral palsied adult subjects. Certain features
of the muscle activity were found consistently in all
of the cerebral palsied subjects. The purpose of the
present report is to describe these consistent features
with reference to the five theories of dysarthria in
cerebral palsy mentioned above.

Methods

Subjects
The study involved seven young adult cerebral palsied
subjects, aged 19-34 years, and six young adult normal
subjects, aged 20-30 years. All cerebral palsied subjects
were severely disabled in all four limbs. Five were pre-
dominantly athetoid and two were predominantly
spastic. There was no loss of sensation in any of the
subjects. A normal to brisk jaw jerk was present in all
subjects and pouting was present in two. Facial grimacing
was present in all five of the athetoid subjects and a typical
clasp-knife spasticity was present in the lower limbs of
both spastic subjects. All had dysarthric speech to the
extent that either they could just be understood by those
familiar with their speech, while remaining unintelligible
to others, or they were completely unintelligible and
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required a point board for communication. None of the
cerebral palsied subjects was mentally retarded. They all
had normal hearing as revealed by audiometric testing
and they had no difficulty in understanding speech.

Procedure
The method of inserting the electrodes has been described
elsewhere28 and will be mentioned only briefly here. The
recordings were obtained from copper bipolar hooked-
wire electrodes with I mm non-insulated tips. The EMG
signals were amplified in Devices 3160EMG preamplifiers,
displayed on oscilloscopes and recorded on a Philips
Ana-Log 14 FM tape recorder running at a tape speed of
15 inch/s (38-1 cm/s) (frequency response DC-5 kHz). The
subjects' voice signals were recorded on a high quality
audio channel added to the FM tape recorder.

Electrodes were inserted into the following muscles:
levator labii superioris (LLS), zygomaticus major
(ZYG), buccinator (BUCC), risorius (RIS), orbicularis
oris superioris (OOS), orbicularis oris inferioris (001),
depressor anguli oris (DAO), depressor labii inferioris
(DLI), mentalis (MENT), anterior genioglossus (GG),
geniohyoideus (GH), mylohyoideus (MH), anterior belly
of the digastricus (ABD), internal (medial) pterygoid (IP),
tongue intrinsics (INT) and styloglossus (SG). After the
electrodes were inserted into the muscles the subjects
performed a sequence of non-speech gestures for which
they had been trained in front of a mirror before the
experiment started. These gestures were selected to
activate specific "target" muscles and have been described
elsewhere.28 In addition, the subjects were trained to
produce calibration gestures of maximal contraction of
the target muscles; that is, they were asked to carry out
each gesture again but to intensify the contraction to a

maximum degree regardless of activity in neighbouring
muscles. This procedure was designed to produce the
largest possible EMG potentials for any given muscle.
Maximum EMG activity recorded in each muscle was

designated as 100% and activity recorded subsequently
was expressed as a percentage of this maximum level.

After the patterns of EMG activity had been recorded
during the gestures the subjects next repeated a number of
speech samples which they had practised prior to the
experiment and which were written on cards and dis-
played to them during the experiment. Fifteen isolated
words and four test phrases were each repeated either
three or five times and the test sentence "Do all the old
rogues abjure weird ladies" was repeated fifty times by
each subject. The calibration gestures were then repeated
and recorded again so that any changes in theEMG signal
due to movement of the electrodes could be detected. The
few muscles for which movement of the electrodes was

suspected were dropped from the study. Following the
recording of the speech samples and the second calibra-
tion procedure, an investigation of tonic stretch reflexes in
lip, tongue and jaw muscles, which has been described
elsewhere,29 was carried out. On completion of this
investigation all of the calibration gestures were recorded
again.
An attempt was made to elicit primitive and patholo-

gical reflexes in the cerebral palsied subjects, using
techniques similar to those described by Mysak,24
Sheppard30 and Love, Hagerman and Taimi.3' Tickling,
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stroking, rubbing and tapping were applied to the
subjects' head, neck, cheeks, lips, gums, tongue and palate.
The lobes of the ears were rubbed and the nostrils were
tickled. Light stroking with the finger was applied to the
angle of the mouth in an attempt to produce lowering of
the corresponding half of the lower lip and to the lips and
cheeks in an attempt to elicit a rooting response (that is,
turning the head in response to stimulation of the cheek).
For purposes of quantification and visual inspection,

the recorded EMG signals were played back from the tape
recorder at a reduced speed of 31 inch/s 9 4 cm/s to
Grass 5P3 EMG preamplifiers switched to "integrator"
mode, where the signals were full-wave rectified and
low-pass filtered to yield integrated EMG (IEMG)
signals. The time constant of the IEMG filter was modified
to 0-08 s, but with the 4:1 reduction in tape speed this
was equivalent to a time constant of 0-02 s. The IEMG
signals were recorded on a four-channel Grass 5D
polygraph (paper speed 5 or 10 mm/s). The high frequency
filter of the driver amplifier was set at 3 0 Hz which, with
the reduced tape speed, gave an effective filter setting of
12-0 Hz. These time constant and filter settings were
chosen to provide the best compromise between smoothing
the rectified EMG signal and reproducing rapid changes
in muscle activity. Tracings of the unprocessed EMG
signals were obtained by replaying the FM tape recorder
at the reduced speed of 31 inch/s (9 5 cm/s) to a Siemens-
Elema Mingograf (bandwidth 5-0 kHz).

Results

Maximal activity of the target muscles was produced
during the calibration gestures, although in both
subject groups there was often maximal or near
maximal activity in other muscles as well. Moreover,
these maximum contractions were reproduced by
each subject during the course of the experiment, as
described above and the contortions of the face
accompanying them were characteristic of forceful
contractions. Although the voltage levels of the
EMG varied between electrodes, probably because of
variation of spacing between electrode tips within
the muscles, no differences between the groups were
detected in either the magnitude or the quality of the
EMG interference patterns recorded during maximal
activity. The EMG recordings showed the large
amplitude spikes and strong interference patterns
expected during maximal contractions.

Activity in articulator muscles during speech in
cerebral palsied subjects was similar, or more often
greater in amplitude than in the normal controls
(figs 1, 2 and 3). Peak levels of IEMG activity were
usually in the range 30-100% of maximum during
speech in cerebral palsied subjects compared with
peak levels of 5-50% in normal subjects. A muscle
producing a normal level of activity during one test
phrase or word sometimes showed an excessive level
of activity in a different test phrase or word. How-
ever, there was no evidence of a pathological im-
balance in levels of activity between muscles involved
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I live in Emu Plains I live in Emu Plains

Speech _--
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I live in Emu Plains

1 sec

I live in Emu Plains
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Speech L _ _

001

50- .
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Fig 1 IEMG recordings ofa lip closing (OO) and a lip opening (DLI) muscle
from a normal (N) and a predominantly spastic cerebral palsied (CP) subject
during two repetitions of the test phrase "I live in Emu Plains". The 0 0 and 50
marks represent the level ofIEMG activity relative to the maximal activity
recorded during calibration gestures.

Oa that's an ecagle a month

Speech
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Fig 2 IEMG recordings ofa number offacial muscles from a predominantly athetoid
cerebral palsied subject during two repetitions of the test phrase "That's an eagle a month".
The figure illustrates how spasms were clearly detectable in both speech and IEMG
recordings. The 0 0 and 100% marks represent the level ofIEMG activity relative to the
maximal level recorded during calibration gestures. (a) Test phrase disrupted by a
spasm. (b) Repetition of the same test phrase in the absence ofa spasm, where the
pattern ofIEMG activity was still abnormal and the speech dysarthric.
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do all the old rogues abjure wveird ladies do all the old rogues abueweird ladies
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Fig 3 IEMG recordings of twelve lip, tongue andjaw muscles from a predominantly athetoid cerebral palsied
subject during two successive repetitions of the test sentence "Do all the old rogues abjure weird ladies". The
figure illustrates how the abnormal pattern ofIEMG activity was reproduced during repetitions of the same
utterances by the same subject. 0% and 100% marks as in fig 2.

in positive oral responses (lip closing) and muscles IEMG activity often fell to zero or near zero levels
involved in negative oral responses (lip opening) during speech (figs 1, 2 and 3).
(fig 1). No primitive or pathological reflex responses were
There was no evidence of uncontrolled sustained observed in response to tickling, stroking, rubbing or

background activity in any of the muscles studied. tapping the head, neck, cheeks, lips, gums, tongue,
Subjects were able to relax all muscles when they palate, ears or nostrils. No movements of the head,
were not speaking and could modulate the level of rooting, sucking, biting, pouting, movements of the
activity in all muscles during speech. In fact, the lips, jaw deviations, mouth opening or tongue
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Pathophysiology of dysarthria in cerebral palsy

movements were observed in response to such stimu-
lation. A sudden loud noise, such as produced by a
handclap, often produced a startled response.
Although most of the cerebral palsied subjects
experienced spontaneous spasms involving the
speech musculature during the course of the experi-
ment, such spasms were not produced in response to
stimulation of the type mentioned above.
Spasms and other involuntary movements which

occurred spontaneously, such as gagging, tongue
thrusting and coughing, were clearly detectable in
both the speech and IEMG recordings, since speech
was halted transiently and a different pattern of
muscle activity was generated during the involuntary
movement (fig 2a). Many recordings of each test
utterance which were not interrupted in this way
were obtained from each subject (fig 2b). During
these utterances the speech remained dysarthric and
largely unintelligible, and the patterns of IEMG
activity were abnormal (figs 1, 2b and 3).
For any one test utterance each cerebral palsied

subject produced an idiosyncratic pattern of abnor-
mal muscle activity. There was, nevertheless, an
unexpected degree of reproducibility in such abnor-
mal patterns, for repetitions of the same speech
material by the same subject (figs 1 and 3). Except for
occasional disruptions such as in fig 2a, the abnormal
pattern of IEMG activity in each cerebral palsied
subject was reproduced for the fifty repetitions of the
test sentence "Do all the old rogues abjure weird
ladies" (fig 3).

Discussion

As IEMG increases with force of contraction32 33
and the amplitudes of the IEMG recorded during
speech in the cerebral palsied subjects were the same
or higher than in the normal controls, there was
no evidence that dysarthria in these subjects was
caused by weakness of articulator muscles. As
judged from EMG recordings, the cerebral palsied
subjects produced a maximum contraction in each
articulator muscle on request. Thus, there was no
evidence of weakness in individual lip, tongue or
jaw muscles. However, this does not preclude the
possibility that inappropriate contractions of antag-
onist muscles might produce a "functional weakness"
by reducing the effectiveness of the agonist muscles.

Abnormalities of tone of the speech musculature
have been suggested as contributing to dysarth-
ria.'5 23 Spasticity is characterised by abnormalities
of tonic stretch reflexes.34Since, in a previous study at
this laboratory,29 it was demonstrated that tonic
stretch reflex responses are not present in lip or
tongue muscles of either normal or cerebral palsied
subjects, dysarthric speech in cerebral palsy cannot

be caused by spasticity in these muscles. If there is an
abnormal reflex stiffness of lip and tongue muscles in
cerebral palsy, it must be produced by reflexes other
than tonic stretch reflexes. For example, the second
component of the perioral reflex response35 36 has
been shown to have an abnormal amplitude in
athetosis and not to habituate as it does in normal
subjects.15 However, the contribution of the perioral
reflex to mechanical stiffness of the lips has yet to be
elucidated.

Netsell15 suggested that tone is manifest in speech
muscles as a degree of background contraction upon
which speech movements are superimposed. This is
comparable with Leanderson's37 observation that
background activity is increased and sustained in
some facial muscles in Parkinson's disease. In the
present study, however, there was no evidence of
sustained background activity of this kind. It seems
reasonable to conclude that dysarthria in these adult
cerebral palsied subjects is not caused by rigidity due
to sustained background activity in lip, tongue orjaw
muscles.

It has been argued that dysarthria in cerebral palsy
is caused by a variety of released or retained primitive
or pathological reflex responses.19 243038 For this
reason, desensitisation of the orofacial region is
considered important in speech therapy.19 However,
such responses have been shown to decrease with age
and to be absent in many adults with cerebral
palsy.31 Moreover, when such responses are present
they cannot be elicited consistently and there is no
systematic relationship between the number of
abnormal reflexes present and the level of articula-
tory proficiency.31 In the present study, primitive or
pathological reflex responses could not be elicited
in adult subjects by direct orofacial stimulation,
despite the presence of severe dysarthria. It is
apparent, therefore, that primitive or pathological
reflex responses are not the primary cause of dysarth-
ria in adults with cerebral palsy.
The suggestion that dysarthria in cerebral palsy is

caused by an imbalance between positive and
negative oral responses5 26 was not supported in this
study, in that no imbalance in levels of activity was
detected between lip opening and lip closing muscles
during speech.
Although spasms, gagging, tongue thrusts and

coughing interrupted speech, as illustrated in fig 2a,
these cannot constitute the principal cause of dysarth-
ria, since their occurrence was intermittent and
irregular while speech remained dysarthric through-
out. In the absence of such responses the pattern of
abnormal IEMG activity was reproducible in repeti-
tions of the same test utterance by the same subject
(fig 3). This reproducibility was unexpected since
five of the seven cerebral palsied subjects were classi-
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fied on neurological examination as athetoid
dysarthrics. The involuntary movements of athetosis
have not been described as reproducible; on the
contrary, they have been considered to lack fixed
amplitude, rhythmicity or direction39 and have been
described as extremely variable and irregular.404'
The theory that athetoid dysarthria results primarily
from disruption of voluntary articulator control by
superimposed random involuntary movements6 1215
is not supported by our findings. However, this does
not exclude the possibility that speech might be
disrupted by consistently triggered involuntary
movements.
The timing and sequence of muscle activity was

abnormal in each of the cerebral palsied subjects and
discrete use of individual muscles was impaired.
Timing is probably a major factor contributing to
lack of intelligibility in dysarthric speech, as was
concluded previously.42 43 However, the repro-
ducibility of patterns of abnormal muscle activity
suggests that individual cerebral palsied speakers
should make consistent speech errors. This is sup-
ported by the observation that many cerebral palsied
speakers can be understood by those familiar with
their speech patterns while remaining unintelligible
to others. The fact that listeners appear to be able to
learn a "translation code" suggests the feasibility of
developing speech analysis and synthesis devices44 45
to improve intelligibility of speech in cerebral palsy.
The question remains, what is the primary cause of

dysarthria in cerebral palsy? The reproducibility of
patterns of abnormal IEMG activity across repeti-
tions of the same speech material by the same subject
suggests that the same inappropriate motor com-
mands must be formulated centrally each time the
speaker attempts to produce the same utterance.
Dysarthria in cerebral palsy might result, therefore,
from the distortion of motor commands by trans-
mission through damaged descending pathways, or
because appropriate motor commands are not
correctly formulated in the first place. In the latter
case the speech defect can be viewed as a motor
learning deficit, as suggested by Kent and Netsell17
in the case of athetosis. If motor commands are
generated on the basis of previously learned correla-
tions between motor events and their sensory con-

sequences, as argued by many movement control
theorists,46-53 then impairment of sensory-motor
integration processes involved in establishing such
correlations should disrupt the ability to formulate
appropriate motor commands. Periventricular
lesions of the type commonly found in cerebral
palsy5455 could disrupt the flow of neural activity
from the basal ganglia and lateral zones of the cere-

bellum to the motor and premotor cortex,56 and
thereby impair sensory-motor integration in the

Neilson, O'Dwyer

premotor cortex. Since these lesions affect the
immature nervous system, the cerebral palsied infant
may be deprived of normal sensory-motor learning
mechanisms during development of speech. The
residual or compensatory learning processes avail-
able could result in the idiosyncratic abnormal
patterns of muscle activity seen in this study.
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and Medical Research Council of Australia and by a
research grant kindly donated by Mr J Perini. We
wish to thank Mr Neil McLeod and members of the
board of the Spastic Centre of New South Wales for
their support and for providing facilities within the
Spastic Centre Research Unit. We are grateful to
Professor JW Lance who provided neurological
examination reports on each of the cerebral palsied
subjects and made valuable comments on the
manuscript.

References
Wolfe WG. A comprehensive evaluation of fifty cases

of cerebral palsy. J Speech Hearing Dis 1950;15 :234-
51.

2 Hardy JC. Intraoral breath pressure in cerebral palsy.
J Speech Hearing Dis 1961 ;26:309-19.

3Hardy JC. Lung function of athetoid and spastic
quadriplegic children. Dev Med Child Neurol 1964;6:
378-88.

4 Hardy JC. Suggestions for physiological research in
dysarthria. Cortex 1967;3 :128-56.

5 Clement M, Twitchell TE. Dysarthria in cerebral
palsy. J Speech Hearing Dis 1959;24:118-22.

6 Ingram TTS, Barn J. A description and classification of
common speech disorders associated with cerebral
palsy. Cerebral Palsy Bull 1961 ;3 :57-69.

Westlake H, Rutherford D. Speech Therapy for the
Cerebral Palsied. Chicago: National Society for
Crippled Children and Adults, 1961.

8 McDonald E, Chance B. Cerebral Palsy. New Jersey:
Prentice-Hall, 1964.

9 Mysak E. Cerebral palsy speech syndromes. In:
Travis LE, ed. The Handbook of Speech Pathology.
New York: Appleton-Century-Crofts, 1971.

10 Lehiste I. Some acoustic characteristics of dysarthric
speech. Biblthca Phonetica No. 2. Basel: Karger,
1965.

11 Holt KS, Reynell JK. Assessment of Cerebral Palsy.
London: Lloyd-Luke Ltd, 1967.

12 Paine RS, Oppe TE. Neurological examination of
children. Clin Dev Med No 20/21. London: Spastics
Society/Heinemann, 1966.

13 Berry MF, Eisenson J. Speech Disorders, Principles and
Practices of Therapy. New York: Appleton-Century-
Crofts, 1956.

14 Netsell R. Evaluation of velopharyngeal function in
dysarthria. J Speech Hearing Dis 1969;34:1 13-22.

15 Netsell R. Kinesiology studies of dysarthrias. Workshop
on Speech Perception and Production, Stockholm:
Stockholm Univ, 1975.

P
rotected by copyright.

 on M
ay 22, 2023 by guest.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.44.11.1013 on 1 N
ovem

ber 1981. D
ow

nloaded from
 

http://jnnp.bmj.com/


Pathophysiology of dysarthria in cerebral pals.v

16 Lencione RM. The development of communicative
skills. In: Cruickshank WM, ed. Cerebral Palsy. A
Developmental Disability. Syracuse University Press,
1976.

17 Kent RD, Netsell R. Articulatory abnormalities in
athetoid cerebral palsy. J Speech Hearing Dis 1978;
43:353-73.

18 Hixon TJ, Hardy JC. Restricted motility of the speech
articulators in cerebral palsy. J Speech Hearing Dis
1964 ;29 :293-306.

19 Crickmay MC. Speech Therapy and the Bobath
Approach to Cerebral Palsy. Springfield: Charles C
Thomas, 1966.

2(1 Kent RD, Netsell R, Bauer LL. Cineradiographic
assessment of articulatory mobility in dysarthrias.
J Speech Hearing Dis 1975;40:467-80.

21 Farmer A. Stop cognate production patterns in adult
athetotic cerebral-palsied speakers. Folia Phoniat
1977 ;29 :154-62.

22 Darley FL, Aronson AE, Brown JR. Motor Speech
Disorders. Philadelphia: WB Saunders, 1975.

23 Kent RD, Netsell R. A case study of an ataxic dysarth-
ric: Cineradiographic and spectrographic observa-
tions. J Speech Hearing Dis 1975;40:115-34.

24 Mysak E. Dysarthria and oropharyngeal reflexology:
a review. J Speech Hearing Dis 1963;28:252-60.

25 Denny-Brown D. The nature of apraxia. J Ner-v Ment
Dis 1958 ;126:9-32.

26 Twitchell TE. Neurophysiological aspects of con-
genital bilateral athetosis. Program Amer Acad
Neurol 1958 ;10 :22.

27 Netsell R. Speech motor control research in cerebral
palsy. Annual Convention of the American Speech
and Hearing Association. San Francisco, 1978.

28 O'Dwyer NJ, Quinn PT, Guitar BE, Andrews G,
Neilson PD. Procedures for verification of electrode
placement in EMG studies of orofacial and mandib-
ular muscles. J Speech Hearing Res 1981 ;24:273-88.

29 Neilson PD, Andrews G, Guitar BE, Quinn PT. Tonic
stretch reflexes in lip, tongue and jaw muscles. Brain
Res 1979;178:311-27.

30 Sheppard JJ. Cranio-oropharyngeal motor patterns in
dysarthria associated with cerebral palsy. J Speech
Hearing Res 1964;7:373-80.

31 Love RJ, Hagerman EL, Taimi EG. Speech perfor-
mance, dysphagia and oral reflexes in cerebral palsy.
J Speech Hearing Dis 1980;45:45-58.

:12 Lippold OCJ. The relation between integrated action
potentials in a human muscle and its isometric
tension. J Physiol (Lond) 1952;117:492-9.

33 Milner-Brown HS, Stein RB. The relation between
surface electromyogram and muscle force. J Physiol
(Lond) 1975 ;246 :549-69.

34 Lance JW. Symposium synopsis. In: Feldman RG,
Young RR, Koella WP, eds. Spasticity: Disordered
Motor Control. Miami: Symposia Specialists, 1980.

95 Bratzlavsky M. Electrophysiological study of direct and
reflex responses evoked in facial muscles of normal
and polyneuritic subjects. Z Neurol 1972;201 :218-
26.

1019

36 Larson CR, Folkins JW, McLean MD, Muller EM.
Sensitivity of the human perioral reflex to parameters
of mechanical stretch. Brain Res 1978 ;146 :159-64.

37 Leanderson R. On the Functional Organization of
Facial Muscles in Speech. Stockholm: Boktryckeri ab
Thule, 1972.

38 Molnar GE. Clinical aspects of cerebral palsy. Pediat
Ann 1973;2:10-27.

39 Koven LJ, Lamm SS. The athetoid syndrome in
cerebral palsy. Pediatrics 1954;14:181-92.

40 Herz E. Dystonia. 1. Historical review; analysis of
dystonic symptoms and physiologic mechanisms
involved. Arch Neurol Psychiat 1944;51:305-18.

41 Neilson PD. Measurement of involuntary arm move-
ment in athetotic patients. J Neurol Neurosurg
Psychiatry 1974 ;37 :171-77.

42 Huggins AWF. Speech timing and intelligibility. In:
Requin J, ed. Attention and Performance VII.
New Jersey: Lawrence Erlbaum Associates, 1978.

43 Kent RD, Netsell R, Abbs JH. Acoustic characteris-
tics of dysarthria associated with cerebellar disease.
J Speech Hearing Res 1979;22:613-26.

44 Markel JD, Gray AH Jr. Linear Prediction of Speech.
New York: Springer-Verlag, 1976.

45 Rabiner LR, Schafer RW. Digital Processing ofSpeech
Signals. New Jersey: Prentice-Hall, 1978.

46"Bernstein N. The Co-ordination and Regulation of
Movements. Oxford: Pergamon Press, 1967.

4 Held R. Plasticity in sensory-motor systems. Sci Am
1965 ;213 :84-94.

48 MacNeilage PF. Motor control of serial ordering of
speech. Psychol Rev 1970;77:182-96.

49 Adams JA. Issues for a closed-loop theory of motor
learning. In: Stelmach GE, ed. Motor Control.
Issues and Trends. New York: Academic Press. 1976.

50 Pew RW. Human perceptual-motor performance. In:
Kantowitz BH, ed. Human Information Processing:
Tutorials in Performance and Cognition. New Jersey:
Lawrence Erlbaum Associates, 1974.

sj Schmidt RA. Control processes in motor skills. In:
Keogh J, Hutton RS, eds. Exercise and Sports
Sciences Reviews Vol 4. Santa Barbara: Journal
Publishing Affiliates, 1976.

52 Marteniuk RG. The role of eye and head positions in
slow movement execution. In: Stelmach GE, ed.
Information Processing in Motor Control andLearning.
New York: Academic Press, 1978.

53 Kelso JAS, Wallace SA. Conscious mechanisms in
movement. In: Stelmach GE, ed. Information
Processing in Motor Control andLearning. New York:
Academic Press, 1978.

54 Brain WR. Brain's Diseases of the Nervous Systeni.
Revised by JN Walton. New York: Oxford Univer-
sity Press, 1977.

55 Pape KE, Wigglesworth JS. Haemorrhage, ischaemia
and the perinatal brain. Clin Dev Med No 69/70.
London: Spastics International Medical Publica-
tions/Heinemann Medical Books, 1979.

56 Evarts EV. Brain mechanisms of movement. Sci An
1979 ;241:146-56.

P
rotected by copyright.

 on M
ay 22, 2023 by guest.

http://jnnp.bm
j.com

/
J N

eurol N
eurosurg P

sychiatry: first published as 10.1136/jnnp.44.11.1013 on 1 N
ovem

ber 1981. D
ow

nloaded from
 

http://jnnp.bmj.com/

