The differences in the times of these effects on shivering and on the subcutaneous temperature suggest
that the changes in cold shivering do not take place through thermoreceptive reflexes from the integument of
the body, but thatthey are the results of the direct action of the drugs on the central mechanism of thermoregula-
tion. Usually all the effects of intraventricular injection of adrenergic drugs on cold shivering and on the sub-
cutaneous temperature arose bilaterally and simultaneously, but in some experiments the effect appeared
sooner on the contralateral side.

The results suggest that noradrenalin in cats can behave as the mediator in the activating and inhibitory
neuronal systems responsible for the central regulation of cold shivering. The activating effect of noradrenalin
in this case is mediated through a-adrenergic and its inhibitory effect through g-adrenergic receptors.
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DEPENDENCE OF ELECTRICAL ACTIVITY OF A
MUSCLE ON ITS LENGTH DURING DEVELOPMENT
OF A CONSTANT FORCE

T. B. Kireeva UDC 612.743:612.741

The dependence of the integral electromyogram (EMG) on the length of the muscle during the
development of constant force was investigated in relation to the human biceps brachii muscle,
while performing flexion at the elbow in a horizontal plane against a constant force of resis-
tance. Bothwith a static load and during movement the integral EMG is increased several
times during shortening of the muscle. The causes of the increase in electrical activity are
discussed.

KEY WORDS: biceps brachii muscle; integral electromyogram; change in length.

In so far as the force developed by a muscle during contraction is a linear function of its excitation, the
surface electromyogram (EMG), which reflects the level of excitation, can also characterize its strength. In
most investigations [1, 4, 9] during isometric contraction of the muscle a near-linear relationship was ob-
tained between the integral EMG and force for small loads. Attempts to extend this result to movements with
a change in length of the muscle showed that the relationship is influenced in particular by the character of the
movements (shortening or lengthening of the muscle) [3, 11]. The dependence of electrical activity of the
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Fig. 1. Scheme of experiment (A) and points of attachment of biceps brachii muscle (B).

muscle on its length during the development of a constant force has not been investigated quantitatively, for
most workers used a constant external moment applied to the muscle, whereas the force changed with a change
of angle at the joint, i.e., with a change in length of the muscle [14]. Only in one investigation, on muscles of
the stump of a human arm, in which skin and muscle canals had been formed, was it shown that during isc~
metric contraction with maximal force the electrical activity of the shortened muscle was considerably greater
than that of the stretched muscle [6]. Since that investigation was performed under static conditions on trau-
matized muscles, it was decided to obtain experimental data on the amplitude of the EMG in relation to muscle
length during the development of constant force both under static conditions and during movement.

The results of such experiments using the biceps brachii muscle are described in this paper.

EXPERIMENTAL METHOD

Flexion of the arm at the elbow, performed in the horizontal plane, was studied. The subjects were
seated with the arm resting on a support (Fig. 1A). The absence of hinges for the forearm reduced the inertia
of the system. The elbow itself acted as the hinge. For convenience of the subject the forearm was supported
by a special sling around the hand. The point of suspension lay above the axis of the joint. During the experi-
ment the subject's hand was in a position of semipronation, in which flexion is produced mainly by the biceps
brachii muscle [8, 12]. A strain gauge (ring-shaped) was secured to the hand to record the force. So that dur-
ing flexion of the elbow the force, and not the moment acting on the muscle, remained constant, rubber bands
about 6 m in total length, creating a resistance of 1 kg force, were attached so that in all investigations of the
static positions and during movement the direction of the force acting on the muscle was virtually parallel to
the direction of the muscle tendon (Fig. 1B). In reality, because of the nonlinear properties of rubber, the
force varied by 20%. The angle at the elbow was measured by means of a potentiometric transducer. >Move-
ment began from an angle of 170° and ended at an angle of 50-55°. Measurements under static conditions were
carried out every 20°. Changes in length of the biceps muscle were determined from the known relationship
[8]. For the amplitude of movements specified above the changes in length were about 20%. The EMG was
derived from flat surface electrodes, amplified, and led to an integrator. For the amplitudes of input signal
studied, the properties of the integrator were linear. In some experiments activity of the antagonist muscle —
triceps — also was recorded. Eight clinically healthy subjects took part in the experiments. For each subject
no fewer than 20 recordings under static and 50 to 60 under dynamic conditions were made.

EXPERIMENTAL RESULTS AND DISCUSSION

The great variability of the data required a large number of recordings, which were grouped on the basis
of speed. Very rapid (ballistic) movements were not investigated, for they have a different type of activity
from the slow movements: Two volleys of activity, separated by a period of silence, are observed in the agon-
ist, and the volley of activity of the antagonist appears during the period of silence of the agonist [2].

Under static conditions, with a decrease in length of the muscle the integral EMG rises (Fig. 24). For
the length of the muscle corresponding to an angle of flexion at the elbow of 55°, the integral EMG was not less
than three times greater in amplitude than when the length of the muscle corresponded to an angle 0of 160°. With an
increase in the load the curve was steeper and the scatter of the experimental points greater. The integral
EMG as a function of length of the muscle (angle at the joint), averaged for speeds from 26 to 43 deg/sec (hot-
tom curve) and from 74 to 88 deg/sec (top curve) is shown in Fig. 2B. Clearly the electrical activity of the
shortened muscle when developing the same force was 5 to 10 times greater than that of the stretched muscle;
the curve corresponding to higher speeds of movement also was steeper. A typical record of flexion at the
elbow is given in Fig. 3A. The dependence on speed for all lengths of the muscles is shown in Fig. 3B.
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Fig. 2. Integral EMG (IEMG) as a function of length of muscle under static
conditions and during movement. Forearm completely extended at the el-
bow, i.e., maximal length of muscle corresponding to an angle of 180°. In
A: static conditions, crosses — load 1 kg, points — load 4 kg; in B: move-
ment at speeds of between 26 and 43 deg/sec (bottom curve) and between
74 and 88 deg/sec (top curve).
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Fig. 3. Typical record of flexion at elbow (A) and of IEMG as a function of speed of movement
(B). In A: 1) record of movement (angle at elbow); 2) EMG of biceps muscle; 3) IEMG; 4) force
developed by muscle; in B: on left — length of muscle 342 mm (angle at elbow 110%; on right —
length of muscle 332 mm (angle 90°).
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Both during static loading and during movement the integral EMG thus increases in amplitude several
times with shortening of the muscle.

Although the experimental conditions were chosen so as to ensure constancy of the external force, be-
cause of the nonlinear properties of rubber the force of resistance created by it was 20% greater for the
shortened muscle than for the stretched muscle. The force developed by the muscle may also be influenced by
the activity of the antagonist, for in this case the agonist has to overcome not only the load, but also the re-
sistance of the antagonist. However, recording the EMG of the triceps muscle in these experiments did not
reveal its activity, a result which agrees with observations by other workers [8, 10]. Forces of friction in the
joint can evidently be disregarded [13], but the role of viscoelastic forces during movement must be taken into
account. With an increase in the speed of movement to 3.5 radians/sec, the passive forces of resistance to
movement almost doubled to reach 34 N [8].

The external force of resistance to movement was thus increased by 20%, friction in the joints can be
disregarded, passive forces were not more than doubled during the movement, but electrical activity under
these conditions increased by several times. The results cannot therefore be described purely by an increase
in the load on the muscle.

Of the five muscles contributing to flexion of the forearm at the elbow (the biceps brachii, brachialis,
brachioradialis, pronator teres, and extensor carpi longus), only the biceps was investigated. However, it has
been shown [10] that during flexion of the elbow against resistance the activity of the biceps, brachialis, and
brachioradialis muscles show identical changes. The increase in electrical activity of the biceps muscle
could therefore not be due to a redistribution of activity among the agonist muscles.

The increase in amplitude of the integral EMG during shortening of the muscle might be attributable to
an increase in the potential of the muscle fibers on account of their thickening. Observations of this sort have
been made on the isolated frog muscle fiber [5]. However this effect is small. The electrical activity of the
fiber falls by 25-30% in response to its stretching by 50%, and under the experimental conditions used the
length of the muscle changed by only 20% (from 110 to 90% of the resting length), whereas the increase in IEMG
amounted to hundreds of percent,

Investigations have shown that the stronger the muscle (i.e., the greater the load it can lift), the smaller
the electrical activity recorded while supporting a given load. Maintenance of the same force in a relaxed
muscle is accompanied by an increase in the number of actively functioning motor units, and in the frequency
and synchronization of their activity [1, 7]. Presumably during shortening of the muscle its maximal force
falls. For that reason, during movement with shortening of the muscle, the involvement of additional motor
units is necessary to maintain a constant force. It can be postulated that the program preceding the beginning
of a movement and calculated on the basis of a constant force of resistance must incorporate the recruiting of
additional motor units during shortening of the muscle, and this can take place both directly via « pathways and
also with the use of the mechanism of o~y contraction.
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