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Two methods of measuring muscle tone applied in
patients with decerebrate rigidity
S A TSEMENTZIS, F J GILLINGHAM,
A GORDON, AND M D LAKIE

From the Departments of Surgical Neurology and Clinical Neurophysiology,
University of Edinburgh, Edinburgh

SUMMARY Two methods were used to measure muscle tone in patients with decerebrate
rigidity. In the first method forces of square waveform were applied and the calculated com-
pliance of the joint was used as an index of rigidity. Oscillatory transients were seen at the
same frequency as the physiological tremor. The range of normal variation in compliance was
large and the values measured in the patients fluctuated markedly which limited the value of
this index. In the second method, where forces of sinusoidal waveform were employed, the
resonant frequency of the joint was measured and used as an index of rigidity. This
index proved reliable and reproducible.

Muscle tone is normally estimated by the sub-
jective assessment of the resistance encountered
when a limb is passively moved. This, however, is
liable to human error, the more so when normal
physiological variations in muscle tone often
occur. Instrumentation which would reproduce
the manoeuvres adopted in the clinical assessment
of muscle tone is highly desirable.
There are two traditional techniques for the

measurement of muscle tone: (1) the monitoring
of electromyographic activity (EMG), based on
the principle that increased muscle contraction is
associated with increased electrical activity under
physiological conditions (Hoefer and Putnam,
1940; Levine et al., 1964), and (2) the measure-
ment of the resistance of a passively moved limb,
with or without EMG recording (Brumlic and
Boshes, 1961; Webster, 1964; Nashold, 1966).
The advantages and limitations of both methods

have been discussed in the symposia on skeletal
muscle hypertonia (Levine, 1964) and on Parkin-
son's disease (Nashold and Huber, 1966).
Whereas the evaluation of the force changes

which result from imposed position changes of a
limb has been commonly used for the measure-
ment of muscle tone, Roberts (1963) first appreci-
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ated the importance of selecting force rather than
position changes as the independent variable. In
experiments on decerebrate cats he showed that
the imposition of changes in length on muscles
produced irregular and unpredictable fluctuations
in tension. In contrast, the responses to changes in
the applied force were much more consistent.

Wilkie (1950) has shown that the velocity of the
movement and the EMG response are both de-
pendent on the frequency and amplitude of the
applied force. Granit (1970) and Jansen and Rud-
jord (1964) have shown that the muscle receptors
of a cat are responsive to changes in force rather
than in position. This has also been shown to be
the case for at least some of the corticospinal
neurones in man (Evarts, 1967).

Sinusoidal forces have also been used success-
fully for the evaluation of the dynamic properties
of the muscle receptors and of the stretch reflex
(Jansen and Rack, 1966; Terzuolo and Poppele,
1968). Bertholz and Metral (1970) applied sinus-
oidal forces to the forearm under visual control
of limb position in order to make a frequency
analysis of the neuromuscular control mechanisms
of the elbow joint. Joyce et al. (1974) used a fly-
wheel device to apply sinusoidal displacement
rather than force to the elbow, but displacement
and force are not equivalent in nonlinear systems,
such as the skeletomuscular (Machin and Pringle,
1960; Roberts, 1963). Similarly, displacement
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rather than force was measured by Duggan and
McLellan (1973) in their study of the resonant
frequency of the elbow and evaluation of its
muscle tone. Agarwal and Gottlieb (1975) ex-
amined the effects of forced low frequency sinus-
oidal oscillations on the ankle joint of normal
subjects but this method presented problems due
to the action of gravity on the limb under
examination.

In the present study we quantified decerebrate
rigidity by measuring in the wrist the changes in
the displacement and its angular velocity which
resulted from variations in an applied torque,
either sinusoidal or square in waveform.
The method was developed in the Department

of Clinical Neurophysiology, University of Edin-
burgh, and has been used successfully for the
study of the servocontrol of the posture of the
normal human wrist (Walsh, 1970a, 1973) and
jaw (Walsh, 1970b). It has also been used in the
study of tremor (Walsh, 1969) and clonus (Walsh,
1971; Harris and Walsh, 1972). It is much more
versatile than previous devices and is applicable
to virtually any distal joint, Whereas other con-
temporary methods are investigating length
changes in response to imposed tension changes,
this method was designed to allow the muscle to
"choose" whether to keep its length constant and
allow its tension to fluctuate, or to keep the ten-
sion constant and allow its length to fluctuate.

Subjects and methods

Thirteen head-injured patients with decerebrate
rigidity were selected for study as having a well-
developed rigidity on clinical assessment. Ten of
the cases were investigated in the acute stage of
decerebrate rigidity-that is, as soon as possible
after surgery and a short interval on mechanical
ventilation in order to stabilise the arterial gas
tensions. When instrumentation had been set up
and several measurements of muscle tone had been
obtained the relaxant drugs were allowed to wear
off. Decerebrate rigidity soon developed and
measurements were repeated over a period, at the
end of which the patient was returned to
mechanical ventilation.
The other three cases, who suffered from post-

traumatic hydrocephalus, still exhibited severe
decerebrate rigidity three to four weeks after
injury. They were examined repeatedly and also
provided the opportunity to study the effects on
rigidity of diazepam (10 mg intramuscularly or
continuously by intravenous infusions of 5-10 mg/
kg body weight/24 hours) and chlorpromazine

hydrochloride (repeated doses of 25-50 mg intra-
muscularly).
Twenty-four volunteers were used as control

subjects. They were divided into two groups in
order to determine whether forces of square (10
subjects) or sinusoidal (14 subjects) waveform
would give the more reliable and consistent results.
The period of study was limited to 20-30 minutes
on each subject because measurements of muscle
tone are highly susceptible to the onset of fatigue.
A printed circuit motor was used to apply alter-

nating torques to the wrist. This device is quite
different from the conventional electric motor in
various aspects.
The printed motor's armature is a formation of

many flat copper wires connected together in a
pancake configuration and embedded in heat re-
sistant plastic to form a disc. Brushes which
deliver the supply power to the motor press against
one side of the disc and run on the flat surface
of the protruding copper wires thereby acting as a
commutator for the system (fig 1). The in-
ductance of the armature is trivial because there
is no iron in its magnetic circuit and this allows
the development of rapidly generated forces. The
armature has low inertia and so affects the mech-
anical properties of the limb minimally. The ar-
rangement of the copper wires allows the printed
motor to run smoothly at all speeds, eliminating
cogging effects. The torque generated by the motor
is directly proportional to the current applied to
it by a transistorised power amplifier.

, ~~~~~~~Handlever

Printed - Carbon brushes
motor ,-r ii

Fig 1 Schematic cut-away view of a torque
generator and arrangement for testing muscle tone
of the right wrist. The wrist is firmly bandaged to a
splint and attached co-axially with the torque
generator. The motion is in the horizontal plane.
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Since a precise control of force is required, a
feedback loop was used so that errors in the force
were compensated automatically by adjusting the
current supply to the motor. Sine, square, or tri-
angular waves can be supplied by an appropriate
waveform generator, and thus a variety of torque
patterns can be provided.
A conductive plastic potentiometer was coupled

to one end of the motor spindle while the other
end was coupled to the examined limb through a
specially made metal splint. The limb was strapped
firmly to avoid losses of the motion. The motion
of the joint of the limb was in the horizontal
plane. The hand was attached to the spindle so
that the wrist joint and the printed motor were
co-axial (fig 1). The potentiometer recorded the
angular position of the limb. The velocity was
registered by means of an operational amplifier.
Surface electromyographic recordings were ac-
complished by using suction cup rubber electrodes
filled with jelly and attached over the flexor and
extensor muscles of the limb, two over each muscle
group 50 mm apart.
The torque, position, velocity, and EMG data

were all graphically displayed by means of a
Minograph ink jet recorder. The method has been
described in more detail by Walsh (1974).

Results

LOW FREQUENCY ABRUPTLY REVERSING TORQUES OF

SQUARE WAVEFORM

Normal control subjects
Torque-position changes By means of slow square
waves of displacement of constant amplitude, and

reversing abruptly from extension to flexion and
vice versa every few seconds, torques were de-
livered to the hand. As seen in the position trace,
the hand moved in the same direction until a
steady level was reached after an initial overshoot
followed by a few decrementing oscillations. In a
fully relaxed subject the amplitude of these oscil-
lations was greater in flexion of the hand than in
extension and their frequency varied from 1.5-
2.0 Hz in flexion and 1.0-1.5 Hz in extension.
When the subject stiffened voluntarily, the dis-

placement of the hand was reduced and it was
virtually fixed in the middle position. The fre-
quency of the oscillations was increased pro-
portionally to the degree of effort (ranging from
3.0-8.9 Hz) while their amplitude was greatly re-
duced. The first oscillation was the largest and
brought the hand back to its starting point almost
immediately.
Electromyography When reciprocating forces
were applied to the wrists of the relaxed subjects,
myotatic activity-that is, a burst of electrical
activity of a stretched muscle-was observed
mainly in the extensor muscles. Moderately stiff
voluntary contraction against a background of
tonic activity enhanced the myotatic activity,
mainly in the extensor muscles during flexion and
less so in the flexors during extension (fig 2). Out
of 10 subjects, seven showed definite myotatic
activity of the extensors and only four of the flexor
muscles. Myotatic activity was most prominent
as the torque was reversed and it was directly
affected by the torque. As assessed on the EMG,
greater forces produced greater activity. Myotatic
activity disappeared when the subject was maxi-
mally stiff.

Lt 5s
Torque ,~~~~~~~~~~~~
Position

11~~~~~~~~~~~~~~~~~~~~~~~ 0 rod

Velocity

E MG extensors

Flexors

c

I 5 N.m

Fig 2 Myotatic activity seen in both extensor and flexor muscles of the forearm
produced by the application of an abruptly reversing torque of square waveform in a
normal relaxed wrist.
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Instead of showing the usual myotatic activity,
two relaxed subjects to whom square reciprocating
forces were applied developed shortening reactions
(Sherrington, 1909). Removal of tension some-
times caused reappearance of muscular activity
after a short interval and without obvious change
in the mechanical parameters (torque, position,
and velocity) to account for this phenomenon.
The average amplitude of electrical activity of

the extensor muscles was 9 ,sV and 11 xV for the
flexors on voluntary relaxation. This activity,
however, was increased at maximal stiffening up to
144 tsV in the extensors and 95 [tV in the flexors,
a significant shift of balance towards the exten-
sors (table 1).
Measurement of muscle tone Joint compliance,
defined as the ratio of displacement to applied
force, reflects changes in muscle tone. A normally
relaxed joint moves easily and has high com-
pliance, whereas the compliance of a tense or rigid
limb is low.
The angular displacement of the wrist (measured

in radians, rads) per unit of applied torque (New-
ton metres, N.m), was calculated. This is, the com-
pliance of the system and is used as an index of
muscle tone. (In this case, 1.0 rad displacement
per 0.35 N.m on the recorder, represents a com-
pliance of 2.86 rad/N.m.)
The EMG was also monitored and its amplitude

(in microvolts, ,uV) was correlated with compliance
values (table 1).
Summarised results from 10 normal volunteers

are presented in table 1. The average compliance
of all subjects during voluntary full relaxation was
2.06 rad/N.m. During maximal stiffening this
was reduced to 0.43 rad/N.m. The scatter, how-
ever, among individuals was great; the SD was
+0.84 rad/N.m during relaxation and +b0.20 rad/
N.m during stiffening. This means that the resist-
ance to passive movement differs considerably
between individuals. Occupation, age, or sex did
not affect these results. This variability in the
baseline compliance during relaxation is reflected
in the wide range of changes in compliance when
the subject went maximally stiff. When compliance
values during relaxation were plotted against
similar values at maximal stiffening an overlap
was found.

Patients with decerebrate rigidity
Torque-position changes The wrist, initially at
rest in the midposition, moved in the same direc-
tion as the applied torque-that is, from extension
to flexion and vice versa. This displacement
reached a steady level after an overshoot and
decrementing oscillations as with the control
subjects. When the patient relaxed spontaneously,
the EMG activity was minimal and the oscillations
were of the same amplitude and frequency as in
the control subjects. During a severe decerebrate
spasm, however, oscillations of greater frequency
(up to 12 Hz) were recorded than in the control
subjects while their amplitude was similar (fig 3).
When inertia was added to the hand of one patient

Table 1 Summarised results of wrist compliance and EMG activity of the forearm muscles of 10 normal
volunteers during voluntary full relexation and maximal stiffening

Subject Age Sex Wrist* Torque Compliance EMG (forearm muscles)
(yr) (N m) (rad/N.m) (sV)

Relaxed Stiff Relaxed Stiff
(Extensors/Flexors) (Extensors/Flexors)

ST 32 M R 0.7 1.34 0.18 30/ 0 128/ 86
PB 24 M R 0.6 0.61 0.08 18/ 8 84/113
JW 23 F R 0.6 2.39 0.54 0/ 5 164/ 47
PH 21 M R 0.6 1.67 0.38 0/13 138/ 72

L 0.5 1.87 0.50 14/16 179/ 43
GF 24 M L 0.6 3.30 0.71 11/13 115/ 75
GW 18 F L 0.6 2.87 0.64 5/18 152/ 53

R 0.6 2.88 0.53 6/14 170/ 91
GW 45 M R 0.7 3.14 0.72 0/21 175/109

L 0.5 3.09 0.65 0/21 137/109
SP 26 F L 0.6 2.00 0.36 15/ 2 185/100

R 0.4 2.22 0.36 0/ 0 148/177
MMcC 19 F L 0.5 0.88 0.10 0/ 4 112/114
ML 25 M R 0.7 1.20 0.29 17/11 152/109

L 0.6 1.11 0.41 14/11 125/122
Mean 2.06 0.43 8.7/10.5 144.4/94.7
+ 0.84 0.20 9.0/ 7.0 28.4/34.4

t: 0.6, P<0.5 (df28) t: 4.3, P<0.001 (df28)

*R=right, L=left.
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Torque

Position

Velocity

EMG extensors

.~~~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~~~~~~- N. m

=-*--_-

I l O Rad
10 Rodc

I 50,uV

Rectified EMG

Flexors I 50,uV

Fig 3 Oscillatory transients at 3-3.5 Hz during spontaneous relaxation increasing up to 11-12 Hz during
decerebrate rigidity. Wrist compliance (displacement/torque) is reduced in proportion to the degree of
rigidity.

by adding iron weights to the crank, the oscillatory
frequency was decreased in inverse proportion to
the inertia-that is the greater the inertia the
more the reduction in oscillatory frequency and
vice versa. With the subject rigid the oscillation
frequency was 7.78 Hz; the mean frequency was

6.81 Hz when 0.0025 kg.m2 was added to the
system, with 0.005 kg.m2 it was 5.93 Hz and with
0.01 kg.m2 the mean frequency was reduced to
3.83 Hz. Throughout the period of recording the
EMG of flexor and extensor muscles of the fore-
arm remained unchanged.
Electromyography Simultaneous study of the
EMG at rest showed myotatic activity which was
more pronounced in the extensor than in the flexor
muscles in all patients but one who showed the

reverse. Myotatic activity was observed only when
rigidity was minimal against a background of tonic
muscle discharge. During decerebrate spasms no

myotatic activity was present, although not in-
frequently myotatic activity preceded the tonic
discharge (Granit, 1975). Forces too small to elicit
stretch responses in the normal subjects pro-
duced detectable stretch responses in decerebrate
subjects.

Shortening reactions were observed in only four
patients. They were brief and intermittent and the
electrical activity of both muscle groups was small.
Measurement of rigidity Wrist compliance was
calculated in all patients with decerebrate rigidity;
summarised results are presented in table 2. Mean
compliance during spontaneous relaxation was

Table 2 Summarised results of left wrist compliance and EMG activity of forearm muscles of patients with
decerebrate rigidity during spontaneous relaxation, relaxation achieved by pharmacological agents, and
decerebrate rigidity

Case Age Sex Torque Joint compliance (rad/N.m) and EMG activity offorearm muscles (I V; extensors/flexors)
(yr) (N.m)

Spontaneous relaxation Relaxation produced by Decerebrate rigidity

(rad/N.m) (,u V) Pancuronium Diazepam Chlorpromazine (rad/N.m) (vs V)
bromide hydrochloride

(rad/N.m)(us V) (rad/N.m)(G V) (rad/N.m) (,s V)

BS 25 M 0.6 2.88 22/28 4.78 4/7 1.51 128/ 96
AB 10 M 0.9 0.96 10/10 1.25 3/2 0.09 151/11
IL 19 M 0.9 1.23 17/17 1.64 0/6 0.16 158/119
JW 8 F 0.9 1.93 14/15 2.85 4/3 0.28 150/160
GMcD 58 M 0.5 2.68 34/31 4.27 4/4 0.60 213/170
DC 27 M 0.5 2.67 32/17 2.90 8/10 2.84 9/23 0.46 240/ 58
MJ 9 M 0.9 0.89 5/12 0.75 5/ 9 0.10 50/168
SC 14 M 0.9 1.21 27/ 9 1.35 3/0 0.10 120/ 79
AM 8 M 0.9 2.95 21/ 7 3.29 7/2 0.46 125/109
GB 53 M 0.9 1.17 7/ 5 1.32 0/0 0.10 133/ 79
AN 26 M 0.5 3.00 18/ 0 3.36 7/0 0.47 126/110
DT 20 F 0.9 3.09 18/10 4.23 4/1 3.53 12/ 6 0.39 210/ 70
NMcL 18 M 0.5 2.79 22/ 6 2.61 10/ 0 0.25 119/ 58

Mean 2.11 19.0/13.0 2.83 4.0/3.0 2.39 8.0/8.0 2.73 10.0/12.0 0.38 148.0/107.0
± 0.88 8.9/ 8.8 1.36 2.3/2.5 1.45 3.5/2.0 0.16 0.7/16.2 0.38 49.5/ 39.2

Student's t test: 1.77 1.53+ 1.00 0.45+ 0.95+ 2.43(*)
P<0.1 P<0.01 P<0.2 P<0.5 P<0.2 P<0.025

* =significant.
+ =as compared with values at spontaneous relaxation.
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2.11 rad/N.m+0.88 whereas during maximal
rigidity this was reduced to 0.38 rad/N.m+0.38.
The scatter among individuals as with the normal
subjects, was great in both conditions and there
was an overlap in the values.
During muscular paralysis with pancuronium

bromide the compliance was insignificantly
(t: 1.53, P<0.1) increased (2.83 rad/N.m+1.36)
from its value during spontaneous relaxation.
Diazepam and chlorpromazine were less effective
than the pancuronium, but which of the two is
more effective in reducing rigidity can not be
decided definitely because of the small number of
samples.

SINUSOIDAL TORQUES OF LOGARITHMICALLY
VARYING FREQUENCY
Preliminary study
When a sinusoidal torque of varying frequency is
applied to a joint the amplitude of the resulting
movement is greatest at a particular frequency
because of a "resonance" phenomenon at a fre-
quency correlated with the compliance (Walsh,
1973).
As the velocity of a joint's movement is deter-

mined by the frequency and amplitude of the
applied sinusoidal force, it is necessary to investi-
gate the relationships between (a) torque and re-
sonance in the joint, (b) torque frequency and
resonance, and (c) sweep length (an interval during
which a suitable range of torque frequencies is
applied) and resonance.
The wrist joint was selected for the study as

being most accessible and presenting fewer mech-
anical problems than other peripheral joints.

Fourteen normal subjects, six males and eight
females, of different handedness and widely differ-
ing body build and occupation were studied.

Sinusoidal torques were delivered to the hand
which, therefore, oscillated with approximately
the same phase. The peak force could be set at any
level from 0.1-0.9 N.m, which is enough to agitate
a human wrist vigorously, and the frequency was
automatically swept frcm 1.5-21.5 Hz in a known
time interval. Two sweep rates were used: (1)
sweep rate of 1/3 octave per second-that is, the
frequency doubling every three seconds over a
range from 1.5 to 16.0 Hz (a scan of this range
thus taking about eight seconds), or (2) a sweep
of 1/12 octave per second (about 22 seconds per
scan).
Effect of torque on resonance: When in a relaxed
state all subjects showed a characteristic resonance
of the wrist. Above a certain force threshold this
resonant frequency remained constant; there was

9 30-

c 2 8-

L 26-

4, 2.4-

I 2.21

2-
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Females

0 0

Males

0

o 0
0

G0O 015
Change point torque (N.m)

* a

S

0 20 025

Fig 4 Torque-resonance relation-h p between sexes.
Males have a higher changeover value (threshold)
than females, with no overlap in the values except
for the anomalously low value in one case
(-=mean for both sexes).

no significant difference (R'=36, P<0.1) between
males (average resonance 2.33 Hz) and females
(average resonance 2.42 Hz). Below the torque
threshold value, the resonant frequency varied in-
versely with the torque. The threshold force value
in males was 0.203 N.m. It was significantly lower
in females at 0.134 N.m (at the 1% level using a
Wilcoxon Rank Sum test) and there was no over-
lap in the values (figs 3 and 4). One subject,
however, (WM, 29 yr, male) showed an anom-
alously low threshold. Even so, there was no
overlap with the female values. In a few cases at
very high torques (.0.5 N.m) the frequency devi-
ated from its constant value at a lower level.
When inertia was added to a female hand in an
attempt to simulate a male hand the threshold
moved in a direction opposite to that anticipated.
Body build and occupation did not affect these
results. The handedness of the subjects was also
investigated but no consistent threshold differences
were found between the two hands.

Five brothers, aged 5.5-13 years, were also in-
vestigated. All except the eldest showed a female
resonance pattern. The latter, who was pubertal,
showed a typical male pattern.
When subjects went as stiff as possible their

resonant frequency was raised significantly, and
then torque variations were without effect on the
resonance of the wrist.
Effect of torque frequency on resonance When
two different ranges of torque frequencies were
applied consecutively, one being double the other,
the resonant frequency remained unchanged.
Effect of sweep speed on resonance Conversely,
by keeping the range of torque frequency constant
but varying the sweep speed so that a scan of
1.5-16 Hz was applied during 5, 10, or 15 seconds
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Fig 5 Torque-resonance relationship in a normal
wrist. Rise in resonant frequency as torque is
reduced below a threshold level.

the critical resonant frequency remained un-

changed. The "envelope", however, was smoother
when the sweep was longer (fig 5).

It appeared from this study that the system be-
haves linearly with moderate torques and becomes
nonlinear when the torque is reduced below a

threshold level which is different in men and
women. This may reflect a difference or differences
in the joint itself or in the associated tendons or

muscles. The observation that one small group of
prepubertal male children showed a female pattern
of reaction suggests that endocrine factors must be
taken into consideration. This is to be investi-
gated further. The fact that by loading a female's
hand, its torque threshold value moved in a direc-
tion opposite to that predicted, shows that there is
not a simple mechanical explanation for this.
The nonlinear response of the system to low

torques indicates that the system is heavily
damped.

Normal subjects
Logarithmically modulated sinusoidal torques were

applied to the wrist. In a relaxed subject, when
torques of decreasing frequencies were used at a

constant level of 0.5 N.m, the amplitude of the
oscillations of the displacement and velocity trac-
ing increased smoothly and peaked at resonance.
When torques of increasing frequencies were ap-
plied at a constant torque value, they started with

large excursions and after the critical resonant
frequency had been attained, the amplitude of the
oscillations of both the position and velocity trac-
ings was reduced by half or a third, the so-called
"jump effect" (Walsh, 1974). This effect was
usually produced by using large torques. The
longer the sweep, the more obvious was the effect.
The jump effect appeared in nine out of 14
subjects, but in a few of them it appeared in
only one hand. It always appeared at torque
frequencies between 2.5-3.0 Hz, a range just
above the critical resonant frequency of the hand.
The jump effect did not appear when the person
went stiff voluntarily and thus increased the joint's
natural frequency.

Resonance frequency Sinusoidal torques of con-
stant amplitude (0.25 N.m) and logarithmically
modulated frequency (ranging from 1.5-21.5 Hz)
were delivered to both wrists of each of the 14
volunteers. The wrist, therefore, oscillated with the
same phase. Resonance of the joint was recognised
when the amplitude of its movement was greatest;
the torque frequency at which this occurred was
recorded. The resonant frequency (RF) was
measured from the "envelope" of the angular
velocity trace; the higher the resonant frequency
the greater the rigidity and vice versa.
When the subject was relaxed, the rate of

oscillation of the joint was low, the amplitude
was large, and the EMG activity was absent or
intermittent (fig 6). When the wrist was stiffened
deliberately the rate increased, the amplitude was
greatly reduced, and the EMG activity became
continuous and enhanced in both flexor and ex-
tensor muscles. All of these variations were pro-
portional to the degree of effort (fig 7).
The mean RF while the subjects were fully

relaxed was 2.3±+0.2 Hz (range 2.0-2.8 Hz).
When the subjects were partially stiff the mean
RF increased, varying from 4.8-6.0 Hz, and
stiffening the wrist as much as possible raised the
mean RF to 10.3-+1.3 Hz (range 8.3-12.5 Hz).

Patients with decerebrate rigidity
Resonant frequency Sinusoidal torques of con-
stant amplitude 0.32 to 0.41 Nm, swept at fre-
quencies similar to the controls, were delivered to
the joint under examination.
During decerebrate rigidity the amplitude was

reduced and both the RF and the EMG activity
increased. When a patient was relaxed (spontane-
ously or pharmacologically), the amplitude was
great, the RF ) is low, and the EMG showed
little activity.
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Fig 6 Effect of sweep on resonance. By keeping the range of torque frequency
constant but varying the sweep length the critical resonant frequency remains
unchanged. The longer the sweep (top trace) the smoother the "envelope"; by
reducing the sweep length (bottom traces) a sudden reduction of amplitude "jump
effect") is produced.

Torque t / 0 N.m
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I 1 0 rod
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Fig 7 Sinusoidal constant torques of logarithmically increasing frequency are applied to a normal wrist.
Resonance of the joint is recognised when the amplitude of itv movement is greatest. The resonant
frequency, which is measured from the "envelope" of the velocity trace, varies with muscle tone. Increase
in muscle tone by stiffening the wrist voluntarily elevated the resonant frequency, and both extensor and
flexor activity according to the degree of effort: wrist fully relaxed (left trace), partially stilff (middle trace),
and as stiff as possible (right trace).

The RF during periods of greatest rigidity,
spontaneous relaxation and paralysis is presented
in detail in table 3. Two groups were distinguished
according to the degree of rigidity. In group 1

(cases with severe rigidity), the mean RF was

9.1±+ 1.5 Hz (range 7.4-11 Hz). During spon-
taneous relaxation, however, the mean RF was

reduced to 2.9+fr0.56 Hz (range 2.3-3.7 Hz). In
group 2 (cases with moderate rigidity) the mean

RF was 5.3+0.8 Hz (range 4.0-6.1 Hz), while
during spontaneous relaxation it was reduced to
2.4+0.3 Hz (range 2.2-2.8 Hz).
The difference in the mean RF of groups 1 and

2 during rigidity, spontaneous relaxation, and
"curarisation" was highly significant, significant,
and not significant respectively (table 4).
The difference between the mean RF of the

control group and that of groups 1 and 2 during
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I

s

10 N.m

10 rod

of
.A-

gmmb&u-

32

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.43.1.25 on 1 January 1980. D
ow

nloaded from
 

http://jnnp.bmj.com/


Two methods of measuring muscle tone applied in patients with decerebrate rigidity

Table 3 Measurement of muscle tone during severe (group 1) and moderate (group 2) acute decerebrate
rigidity, spontaneous relaxation of the rigidity, and muscle paralysis. The resonant frequency was
measured from the "envelope" of the angular velocity trace; the higher the values the higher the degree of
rigidity

Gtoup Case Torque Resonant frequency* Increase in conpliance
(Nm)

Decebrate Spontaneous Relaxation by Spontaneous Relaxation by
rigidity relaxation relaxation
(Hz) (Hz) P D CPM ( %) P D CPM

(Hz) (Hz) (Hz) (5%) (5%) (/%)
I BS 0.32 10.50 3.72 1.83 684 3194

AB 0.40 7.76 2.33 1.90 1008 1564
IL 0.32 7.43 2.71 1.91 650 1413
JW 0.32 10.33 2.44 1.90 1689 2848
GMcD 0.32 11.12 2.86 1.89 1405 3357
DC 0.40 8.37 3.49 2.12 2.24 471 1452 1291
Mi 0.41 8.20 3.44 2.19 466 1298

2 SC 0.41 4.02 2.00 1.56 320 770
AN 0.33 5.51 2.59 1.88 349 758
GB 0.41 4.67 2.37 1.90 288 500
AM 0.34 5.54 2.25 1.89 505 758
DT 0.34 5.43 2.84 1.81 264 800

0.34 6.09 2.50 1.80 490 1042 788
NMcL 0.41 6.18 2.67 2.37 433 586

P=pancuronium bromide; D=diazepam; CPM=chlorpromazine hydrochloride.
(*)=Mean resonant frequency of 20 normal wrists was 2.34 Hz (range 2.0-2.86); SD +0.24.

Table 4 Difference in the mean resonant frequency
(dMRF) between groups I and 2 during decerebrate
rigidity (DR), spontaneous relaxation (SR), and
curarisation (Cu)

DR SR Cu

dMRF (Hz) 3.76 0.44 0.11
df 12 12 9
t 5.87 2.30 1.07
p < 0.001 < 0.50 < 0.20

Table 5 Difference (d) in the mean resonant
frequency (MRF) between the control (N) MRF and
that of groups I and 2 during spontaneous relaxation
after decerebrate rigidity

Spontaneous relaxation

1 2 N

MRF (Hz) 2.99 2.45 2.34
d (Hz) 0.65 0.11
df 25 25
t 4.35 0.97
p < 0.001 < 0.20

spontaneous relaxation was highly significant
and not significantly respectively (table 5).
The increase in compliance of the relaxed limb

as compared with the maximally rigid limb was

considerable and was greatest in the paralysed
limb (Table 3). Compliance was calculated as

being proportional to the reciprocal of the square
of the resonant frequency (Thomson, 1964).

Effect of muscle relaxants on resonant frequency
In all cases (11/13) to whom it was administered
pancuronium abolished decerebrate rigidity within
two minutes approximately. This was tested
clinically and verified on EMG. When muscle
paralysis had been accomplished the RF was
significantly decreased and varied from 1.3-
1.9 Hz (mean RF 1.8+0.17 Hz). The level of
relaxation was significantly higher than that ob-
tained with diazepam (t =2.63, p<0.025) and
chlorpromazine (t= 3.60, p<0.005). Diazepam was
given in three cases whose mean RF was reduced
(2.1+40.14 Hz) and chlorpromazine in two cases
whose mean RF was reduced to 2.25 Hz (table 3).
The level of relaxation achieved with both drugs
was not significantly different (t= 1.38, p<0.2),
especially with chlorpromazine it was unstable and
the patient required frequent, repeated doses to
maintain muscular relaxation.

Discussion

LOW FREQUENCY SQUARE WAVEFORM TORQUES
Bursts of motor unit activity (8-12 Hz) from
various skeletal muscles during voluntary con-
tractions have been observed in EMG studies by
many investigators. A physiological tremor of
8-12 Hz has been recorded during such muscle
contractions from the extended third digit
(Lippold, 1970), the partially extended flexed
forearm (Fox and Randall, 1970), and the soleus
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during "quiet standing" (Morri, 1973). The tremor
frequency may be decreased by adding mass as in
the experiments of Fox and Randall (1970), or be
relatively little affected by load (Robson, 1959).
These observations suggest that there are two
types of tremor-in one the frequency is load-
dependent, in the other it is not.
The oscillatory transients observed after sudden

displacement of the wrist in the normal subjects
during contraction and in the patients exhibiting
decerebrate rigidity were in the range 8-12 Hz. It
is likely that they represent a masked tremor, the
mechanism of which may possibly be the same as
in overt tremor. If this is the case the tremor
appears to be load-dependent as it decreases on
adding mass to the system. Oscillatory transients
have been seen and studied extensively in
mechanical servo systems when they were sub-
jected to sudden displacement. This effect is
called "ringing or howling" and appears when the
system becomes unstable (Bayliss, 1966).
The passively displaced hand resists movements

because of (a) inertia, (b) viscoelastic properties
of its muscles and joints (essentially what we
describe as muscle tone), and (c) its stretch reflex
activity. All these three processes affect the wrist
compliance. As inertia remained unaltered, the
wrist compliance was dependent on viscoelasticity
and reflex activity. Although compliance has been
widely used in mechanical systems as an index of
elasticity, its measurement in complex biological
systems presents problems. The great scatter of
compliance values between individuals which we
saw in our study is a serious disadvantage with
regard to its use as an accurate and reliable index
of muscle tone. Marked fluctuations in muscle tone
may yet fall within the wide range of normal
variation, especially as previous studies of the
state of our patients were not available for
comparison.

SINUSOIDAL TORQUES OF LOGARITHMICALLY VARYING
FREQUENCY
A servo control system oscillates when its input
is oscillated over a suitable range of frequencies.
If the input amplitude is kept constant while the
frequency is varied, the output amplitude increases
to a maximum value, ie resonance occurs, when
the input frequency is near the natural frequency
of the oscillating system (Cunningham, 1958).

Since the mass of the hand remains unchanged,
its resonant frequency depends on the viscoelastic
resistance with which the soft tissue of the system
reacts to the displacement. This resistance, which
is the muscle tone, cannot, however, be measured

directly during oscillatory movements as factors
such as the force required to move the mass of
the hand, complicate the measurement. When
resonance occurs, however, the inertia caused by
the mass is balanced by the viscoelastic properties
of the limb and the elastic resistance can be
measured directly. In other words, at resonance
the resonant frequency is the "natural frequency"
of the system.
The RF of the wrist in a few normal relaxed

subjects, as described by Walsh (1977), varied
between 2.0 and 2.5 Hz. Maximal clenching of
the fist raised it to 13.0 Hz, whereas in a pro-
fessional pianist it reached 16.0 Hz.
The observation that during spontaneous relaxa-

tion in cases with decerebrate rigidity the RF was
higher than in normal relaxed subjects, indicates
that although the muscles appear to be at rest
between spasms, this is not, in fact, the case.
On mechanical ventilation and curarisation the

RF fell to well below 2.0 Hz, less than was seen
in any of our volunteer subjects or in any
decerebrate patient after either diazepam or
chlorpromazine. It has been reported that in a
very few normal, paralysed subjects the RF did
not fall below 2.0 Hz (Walsh, 1977). This suggests
that pancuronium is more effective in the decere-
brate patient than in the normal subject but Walsh
agrees (personal communication, 1978) that his
findings may have been anomalous and certainly
insufficient in number for valid conclusions to be
drawn.
A value of less than 2.0 Hz for the RF of the

wrist thus appears to be distinctly unusual under
any normal circumstances. The method may be
useful in the clinical assessment of muscular
hypotonia as well as of rigidity. Estimation of
muscle tone by measuring the RF is reliable and
reproducible, and has a theoretical basis in current
concepts of neuromuscular control mechanisms.

COMPARISON OF THE TWO METHODS
A disadvantage of the resonance method as com-
pared with applying a simple step function (square
wave) is that the measurement takes longer to
accomplish, and the system thus measured may
vary its level of function during the period of
measurement. This is particularly true of sharply
resonant systems where a bias may be introduced
if the rate of change of frequency during the
sweep is too great. The duration of sweep used
in this study (eight seconds) represents a com-
promise between the requirements of accuracy and
speed. The technique has been validated by using
different sweep speeds as described.
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The use of square waves allows a continuous
sequence of measurements of displacement from
which estimates of tone are obtained, so that in
spite of the wide scatter of results useful esti-
mates of changes in tone can be obtained.
We consider that the difference in tonicity

measurements obtained by the two methods is the
result of differences in the phenomena measured.
It is unlikely that inertia or viscoelasticity will
alter, so it must be a difference in stretch reflex
activity. This has been shown to be produced
when square waveform torques produced a sudden
displacement of the hand whereas with sinusoidal
torques myotatic activity was not observed. It is
known that this reflex activity is load-dependent
and the threshold for eliciting it is much lower
in spastic and decerebrate cases (Matthews and
Stein, 1969).
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