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Voluntary and reflex control of the biceps brachii
muscle in spastic-athetotic patients
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SUMMARY A cross-correlation technique of analysis was used to measure the transmission charac-
teristics of tonic stretch reflex (TSR) pathways in spastic-athetoid subjects sustaining a voluntary
contraction in the biceps brachii muscle. A comparison was made with the transmission characteris-
tics of normal subjects measured by the same technique. It was found that gain and phase charac-
teristics of spastic patients did not display the large resonant peaks present in normals. It is proposed
that the resonant peaks in the TSR transmission of normal subjects were caused by long loop path-
ways. The absence of these peaks in the spastic patients supports the hypothesis that short-circuiting
of long loop pathways by hyperactive spinal reflexes is part of the mechanism of spasticity.

The tonic vibration reflex (TVR) has been
shown by Matthews (1966) to depend on excita-
tion of primary muscle spindle endings. Investi-
gations of the TVR in man indicate that the re-
flexes observed in spasticity may not simply be
exaggerated normal tonic reflexes (De Gail,
Lance, and Neilson, 1966; Hagbarth and
Eklund, 1968). In normal man the TVR is
slowly augmenting, whereas in spastic man
vibration causes a rapid onset of muscle contrac-
tion similar to that recorded in the decerebrate
cat (Gillies, Burke, and Lance, 1971). It is pro-
posed that hyperactive spinal reflexes may short-
circuit long loop pathways as a part of the
mechanism of spasticity. If this hypothesis is
correct, the tonic stretch reflex (TSR) trans-
mission characteristics measured in spastic
patients should be different from those of normal
subjects.

In patients in whom the TSR is hyperactive an
electromyographic (EMG) response to muscle
stretch can be elicited by passive displacement of
the limb. In relaxed normal subjects, however,
the limb can be moved passively without en-
countering any active resistance from the
muscle. To obtain a response to passive stretch-
ing the reflexes must be activated deliberately.
Voluntary contraction of the muscle under test
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activates the TSR of that muscle in normal sub-
jects (Hammond, 1955; Dewhurst, 1967) but the
EMG responses are difficult to measure separ-
ately because they are mixed with muscle poten-
tials due to the voluntary contraction.
A cross-correlation technique of analysis has

been described (Neilson, 1972b) which separates
the EMG reflex responses from the total electro-
myographic activity. Using this technique, it was
found that the transmission characteristics of
TSR pathways activated by voluntary contraction
in normal subjects were more complex than pre-
viously described for decerebrate cats (Poppele
and Terzuolo, 1968; Rosenthal, McKean,
Roberts, and Terzuolo, 1970) or spinal man
(Burke, Andrews, and Gillies, 1971). It was sug-
gested that the peaks of resonance in the gain and
phase characteristics might be caused by inter-
actions with long loop reflex pathways which
could involve brain-stem, cerebellum, basal
ganglia, and sensorimotor cortex.
The aim of this study is to test the hypothesis

that short-circuiting of long loop pathways is a
part of the mechanism of spasticity. By using the
cross-correlation technique of analysis it is
possible to measure the TSR transmission
characteristics of the biceps brachii muscle in
spastic-athetoid patients while they sustain a
voluntary contraction in the muscle being tested.
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The characteristics obtained can thus be com-
pared and contrasted with those measured pre-
viously in normal subjects using the same tech-
nique (Neilson, 1972b).

METHOD

Ten cerebral palsied (CP) quadriparetic patients were
selected for study because the clinical picture was
predominantly one of spasticity and no athetotic
movement was apparent at rest.
The characteristics for both voluntary and reflex

control of biceps brachii muscle were measured using
the free wheel test, kinaesthetic tracking test, and
limb stabilization test described previously (Neilson,
1972a; 1972b). The range, speed, power, and
accuracy of voluntary arm movement was assessed
for each patient. Subjects lay supine on a couch with
the right arm strapped into a frame which constrained
movement to flexion-extension about the elbow.
Goniometers attached to both arms allowed elbow
angles to be recorded on a Grass polygraph. Beck-
man EMG surface electrodes attached 5 cm apart
ever the biceps muscle of the right arm were used to
record direct EMG and integrated EMG (IEMG).

In the free-wheel test patients were asked to oscil-
late the right arm rhythmically about the 90° position
as rapidly as possible. For the kinaesthetic tracking
test the left arm was moved randomly by the experi-
menter. The subject was required to move the right
arm voluntarily so as to keep left and right elbow
angles aligned to similar positions. Angular positions
of both elbow joints had to be perceived by the
kinaesthetic sensory system so that the right arm
position could be adjusted to nullify the alignment
error. Because of the possible criticism that the
tracking performance may have been limited by the
patient's inability to perceive joint position or by
associated movements of the right arm caused by
passive displacement of the left, voluntary control of
right arm position was also assessed on all subjects
by a visual tracking test. The goniometer attached to
the right arm controlled the vertical position of a
horizontal line on an oscilloscope screen. A second,
not so bright and slightly defocused line on the
screen was randomly driven up and down by the
experimenter. The patient's task was to keep the two
lines superimposed by adjusting the position of the
right elbow angle.
For the limb stabilization test the patient was

instructed to hold the right arm as still as possible in
the 900 position in spite of disturbance torques about
the elbow applied by a stretching machine connected
to the arm frame by a spring. Elbow angle changes
were used as a measure of changes in length of biceps

muscle and reflex responses were recorded as EMG
and IEMG signals.

TECHNIQUES OF ANALYSIS

'Alpha-gamma linkage' emphasizes that voluntary
movement is controlled by a coordinated action of
both alpha and gamma motoneurones (Granit, 1966;
Granit and Kellerth, 1967). It has been proposed that
stretch reflexes might act as a position follow-up
servosystem to contract extrafusal muscle fibres
(Merton, 1953). This servo model could work equally
well if the stretch reflexes were mediated by long loop
pathways in addition to the monosynaptic arc. In-
deed, it has been suggested that the sensitivity of the
monosynaptic reflex arc alone may not be sufficient
for an effective servo action (Matthews, 1966). Since
the TSR has been regarded as a servo control system,
it seems reasonable to borrow a technique of analysis
from control theory to measure the open loop trans-
fer function of the neurological TSR pathways.
Transfer function is a concept which has been well
developed in control theory providing a mathematical
description of the input-output relationship of a
system. The transfer function of a linear system can
be represented graphically by frequency response
curves which consist of gain and phase plotted
against frequency. Frequency response curves have
the advantage that they completely specify the sys-
tem; consequently, any changes in reflex transmission
should be reflected by changes in the curves.
EMG was used as a measure of neuronal output

from TSR pathways. This signal was expected to
contain muscle potentials due to both voluntary and
reflex activity. It was anticipated that voluntary
activity would not be correlated with muscle stretch-
ing and so could be thought of as noise contamina-
ting the reflex signal. Harmonic distortion due to
non-linear TSR transmission could also increase the
amount of EMG activity not correlated with muscle
stretching. Because of this contaminating noise a
statistical method of analysis was used to average
data from one to two minute test runs. Different
frequencies of stretching were used on each run and
correlation functions and power spectra were calcu-
lated using methods described by Jenkins and Watts
(1968). Spectral composition of the signals was thus
measured so that harmonic distortion could be de-
tected and reflex responses could be separated from
the total EMG activity.
The relationship between IEMG of right biceps

muscle and change of right elbow angle, recorded
during the free-wheeling test, was determined using
correlation and spectral analysis. The relationship
provided a description of the input-output charac-
teristics of contractile mechanisms in series with
muscle and limb mechanics.
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The same technique was used to determine the
transfer characteristics between the passively moved
left elbow angle and the voluntarily positioned right
elbow angle measured during the kinaesthetic track-
ing test.

Transmission characteristics of the neurological
pathways concerned with the TSR of voluntarily
contracted biceps muscle were measured during the
limb stabilization test. Spectral analysis was used to
calculate the frequency response curves relating right
elbow angle changes to the IEMG reflex responses
from the right biceps muscle.

RESULTS

FREE-WHEELING When spastic-athetoid patients
were asked to oscillate the right arm back and
forth as rapidly as possible the frequency of
movement varied from subject to subject up to a
maximum of 2-0 Hz (Fig. 1). Simultaneous
recording of EMG from biceps and triceps
muscles showed that in three of the 10 patients
activity in the two muscles alternated and the
antagonistic muscle was completely inactive as
in normal subjects while in the remainder EMG
persisted in the antagonistic muscle. The power
spectrum of elbow angle signal (Fig. 2) recorded
during free-wheeling contained a large peak,
indicating that for all patients the movement was
predominantly at one frequency within the range
0-6-2-0 Hz (mean =1-2 Hz).

140

120-

80

6000
L40

Frequency in Hz

FIG. 2. An auto-power spectrum of a right elbow

joint angle signal recordedfrom a spastic patient free-
wheeling the right arm. The large peak indicates that
the movement was predominantly at a frequency of
10 Hz.

After correcting for the phase lag in the IEMG
signal introduced by the integrating filter (T=
0- 16 sec), the cross-power spectra between IEMG
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FIG. 3. (Top) A graph showing the real component of
the cross-power spectrum between IEMG from right
biceps muscle and right elbow angle changes recorded
from a spastic subject free-wheeling the right arm.
(Bottom) A graph showing the imaginary or quadrature
component of the same cross-power spectrum.
(Middle) An argand diagram illustrating thephase lag
of joint angle flexion movements behind IEMG
activity of biceps muscle at the predominant free-
wheeling frequency. The values of the real and
imaginary components plotted were measuredfrom the
top and bottom graphs respectively. The phase lag has
to be increased by 450 to correct for the phase lag
introduced into the IEMG signal by the integrating
filter.
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(a) (b)
FIG. 4. (a) Section ofpolygraph tracing of left elbow angle, right elbow angle, integrated EMG, and direct
EMG of right biceps brachii muscle of a spastic patient recorded during a kinaesthetic tracking test. (b) Power
spectra of left and right elbow angle signals recordedfrom a spastic patient during a kinaesthetic tracking test.
Passive movements ofthe left arm were not permitted to exceedfrequencies ofabout 1 5 Hz because the patients
could not track at these high speeds.

and elbow angle changes indicated a 180°-270° Amplitude and phase frequency response
phase lag of elbow flexion movement behind curves describing the relationship between the
EMG activity of the biceps muscle (Fig. 3). This coherent components of left and right arm move-
large phase lag was present in nine out of 10
patients tested. The remaining patient had a low
free wheeling frequency (0-6 Hz) and had only a
60 phase lag of elbow flexion behind EMG of 6
biceps.

.5

KINAESTHETIC TRACKING In the kinaesthetic
tracking tests patients were unable to track at *4
high speed and therefore the power spectrum of I /
the passively moved left arm was not permitted 0 .3
to exceed 1-5 Hz (Fig. 4). Tracking performance o
was generally very poor as indicated by the co- u

2
herence functions (Fig. 5). All patients had low 2
coherence between left and right elbow angles at
frequencies of less than 0 3 Hz. The maximum 1
value of the coherence was always less than 0 5
and for all patients it diminished to zero by .1 2 .3 4 5 6 7 8 .1 0
I1-0 Hz. Frequency in Hz
The power spectrum of the misalignment or

error between left and right elbow angles (Fig. 6) FIG. 5. A graph indicating the coherence between leftand right elbow angle signals recordedfrom a spastic
diderenotconiwas peakingatofrequen s weres the patient during a kinaesthetic tracking test. The maxi-
coherence was decreasing toward zero as pre- mum value of 0 5 was the largest value of coherence
viously found in normal subjects (Neilson, measured in all of the ten patients. The coherence
1972a). functions all decrease to zero by afrequency of] 0 Hz.
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FIG. 6. A power spectrum of the error between left
and right elbow angle signals recordedfrom a spastic
patient durinzg a kinaesthetic tracking test.

ments emphasized the differences in performance
between subjects as illustrated in Fig. 7.

Results of the visual tracking tests were simi-
lar to those of kinaesthetic tracking. Thus poor
performance was not due to associated involun-
tary movements of the right limb evoked by pas-
sive displacement of the opposite arm.

LIMB STABILIZATION The EMG responses from
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(a)

biceps brachii muscle to stretch were coherent
with joint angle changes up to 10 0 Hz, the high-
est frequency tested (Fig. 8). As in the previous
tests, the frequency response curves showed
differences between spastic patients. In spite of
these differences the TSR transmission charac-
teristics of all the spastic patients demonstrated
important differences from those measured pre-
viously in normal subjects. The gain curves did
not display large peaks of resonance and the
phase lead of EMG ahead of muscle stretch was
less than in normal subjects. Gain and phase fre-
quency response curves from three spastic
patients have been graphed (Fig. 9) and con-
trasted with those of normal man reported pre-
viously (Neilson, 1972b).

DISCUSSION

FREEWHEELING The fastest voluntary movement
of the arm was 06-2-0 Hz (mean= 1 2 Hz) in
spastic patients compared with 4-0-6-0 Hz in
normal subjects under similar test conditions.
Elbow flexion movements lagged 180-270° in
phase behind EMG activity in the biceps muscle,
suggesting that the maximum speed ofmovement
was limited by the mechanical load on the con-
tractile elements of the muscle. This can be con-
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(b)
FIG. 7. Amplitude and phase frequency response characteristics describing the relationship between left and
right elbow angle signals recordedfrom spastic patients during kinaesthetic tracking tests. The two curves are
from two different patients indicating the differences in tracking performance.
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right elbow angle extension

FIG. 8. Section of a polygraph
flexion tracing showing right elbow

angle changes, IEMG and EMG
= signalsfrom right biceps muscle

integrated EMG recordedfrom a spastic patient
during a limb stabilization test.
IEMG responses were coherent

\_,n<with joint angle changes up to
10-0 Hz, the highest frequency

direct EMG tested.
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FIG. 9. Gain and phase frequency response curves

describinig TSR transmission in three spastic patients,
(a), (b), (c), have been contrasted with the curvesfrom
a normal subject (d). The gain curves of the spastic
patients do not display resonant peaks.
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cluded by analogy with a pendulum, the speed of
movement of which is limited by the mechanical
property of inertia. At high speed the pendulum
displacement lags 1800 in phase behind the dis-
placing force. Similarly, at speeds of movement
limited by limb inertia one would expect joint
angle changes to lag by 180° in phase behind
muscle tension.
The total mechanical load on the contractile

elements of muscle is comprised of muscle visco-
elastic elements, limb inertia, gravitational
forces, and torques developed about the joints by
antagonistic muscles. Voluntary flexion about
the elbow could be opposed by hypersensitive
stretch reflexes in triceps muscle and so the ab-
normal mechanical load on the biceps muscle
may be a consequence of the inability of central
mechanisms to inhibit the TSR of antagonistic
muscles. However in the three patients in whom
the EMG activity of the antagonistic muscle was
completely suppressed, the large phase lag was
still measured. Therefore, some other mechanism
must be invoked to explain the increase in
mechanical load on the biceps muscle. Perhaps
morphological changes in muscle structure
(which may occur within days if a patient main-
tains a fixed posture) may increase the mechanical
load. Whatever the cause, the large phase lag
measured at the low free-wheeling frequency
emphasizes that the relationship between neural
input and shortening of biceps brachii muscle in
spastic-athetotic patients differs from that of
normal subjects.

KINAESTHETIC TRACKING Tracking by spastic
patients generally was very poor. Even at fre-
quencies as low as 0-3 Hz more than 5000 of right
arm movements made during the test were not
correlated with passive movements of the left
arm. This poor correlation was indicated by the
low value ( < 0.5) of the coherence function. The
incoherent movements could perhaps best be
described as inappropriate voluntary move-
ments. Although the cerebral palsied pa-
tients presented a clinical picture of spasticity
with no athetotic movement at rest, the extra
sensitivity of this test may have revealed an
associated athetosis responsible for the in-
appropriate movements.
High speed tracking was not limited by a loss

of stimulus-response synchronization as it was

with normals, but by a dropping off in the ampli-
tude of the response. The absence of a peak in
the error power spectrum shows the absence of
high speed incoherent movements similar to
those demonstrated in normal subjects when
endeavouring to track a signal at high frequency.
For all patients tested the coherence function had
decreased to zero before reaching a frequency of
1 0 Hz.

LIMB STABILIZATION During the limb stabiliza-
tion test IEMG responses were coherent with
joint angle changes up to 10-0 Hz, the highest
frequency tested. For frequencies greater than
1 0 Hz at least, these EMG responses must have
been caused by involuntary or reflex systems,
since it has been shown above that the patients
could not produce a coherent voluntary response
at these frequencies.

Sensitivity of the TSR in spastic patients was
greater than measured in normals but this has
not been emphasized in the graphs, since they
have been normalized to 0 db at 1 0 Hz.
No large peaks of resonance were measured in

the TSR transmission characteristics of spastic
patients. This is a clear and striking difference
from the TSR characteristics of normal subjects
described previously. The gain curves of all
normal subjects displayed sharply tuned peaks.
Such complex reflex transmission cannot be ex-
plained by known spinal pathways. It has been
argued that the resonant peaks are caused by
interactions between long loop paths, which are
activated by voluntary contraction. This argu-
ment is supported by a number of experimental
results. Spinobulbospinal reflexes have been in-
vestigated, confirming the existence of long loop
pathways from cutaneous, joint, and muscle
afferent nerve fibres in the cat, dog, monkey, and
in man (Shimamura and Livingston, 1963;
Shimamura, Mori, Matsushima, and Fujimori,
1964; Shimamura and Akert, 1965). Long latency
(80 msec) EMG responses of tibial muscle to per-
cutaneous stimulation of the tibial nerve in man
was thought to be an example of a long loop re-
flex response (Shimamura et al., 1964). The
magnitude of the response could be greatly aug-
mented by voluntary dorsiflexion of the foot.
This augmentation is consistent with the proposi-
tion that long loop reflexes are activated by
voluntary contraction. H-reflex recovery cycles
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have been shown to exhibit a long latency (50-
100 msec) facilitation which cannot be explained
by spinal processes. Long loop pathways have
been proposed to explain this phenomenon
(Taborikova, Provini, and Decandia, 1966; Yap,
1967). There is ample evidence that pathways
from muscle afferent fibres project to brain-stem,
cerebellum, thalamus, and sensorimotor cortex
(Matthews, Philips, and Rushworth, 1957;
Lundberg and Winsbury, 1960; Oscarsson and
Rosen, 1963; Andersson, Landgren, and Wolsk,
1966; Oscarsson, Rosen, and Sulg, 1966; Jansen,
Poppele, and Terzuolo, 1967; Narabayashi,
Goto, and Kubota, 1968) and also that synaptic
transmission in afferent pathways can be in-
fluenced by supraspinal centres (Kuno and Perl,
1960; Higgins, Partridge, and Glaser, 1962;
Lundberg, 1964; Magladery, 1964; Lundberg,
1967). It therefore seems plausible that when a
man voluntarily contracts a muscle, basal
ganglia, brain-stem, and spinal centres might be
activated which in turn activate long loop reflex
pathways.
Absence of large resonant peaks in the TSR

characteristics of spastic patients indicates that
the reflexes of spasticity are not merely exag-
gerated normal stretch reflexes. The evidence
from this study supports the hypothesis that
exaggerated sensitivity of spinal reflexes in spastic
patients causes them to dominate or short
circuit long loop pathways.
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