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Changes in recruitment threshold of individual motor units of the human biceps 
(caput longum), a multifunctional muscle, were investigated during different tasks, 
i.e., isometric flexion of the elbow, isometric supination of the forearm, and isometric 
exorotation of the humerus of the 110” flexed semiprone horizontal arm. The activity 
of 17 motor units was recorded by means of fine wire electrodes. Some units were 
found that could be recruited only by one force, e.g., flexion. In such cases recruit- 
ment did not depend on other forces. Most units, however, were recruited when a 
linear combination of exerted forces exceeded a certain threshold. The contribution 
of a force to this combination could be different for different motor units. Units 
with a high threshold for flexion tended to show a lower threshold while simulta- 
neously exerting force in another direction. Units with a low threshold for flexion 
were more difficult to recruit under this condition. The findings support the view 
that movements are programmed “directionally.” 

INTRODUCTION 

The recruitment threshold of motor units is determined by intrinsic prop- 
erties of the motoneuron and by the synaptic input. Several studies have 
emphasized the constancy of the recruitment threshold, supporting the view 
that recruitment threshold is mainly determined by motoneuron properties, 
and other studies have shown that synaptic input may vary considerably 
among neurons, suggesting a more important role for the synaptic input 
[for a review see Henneman (11) and Burke (2)]. Recently it was suggested 
that the motoneuron pool is not always homogeneously activated. Several 
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experiments indicate that there are inputs resulting in predominant facili- 
tation of large motoneurons [Kanda et al. (12) (cat), Gamett and Stephens 
(10) (human)]. In multifunctional muscles the order of recruitment can be 
changed consistently by changing the task and thus the direction of the 
exerted force (6, 16, 18). Earlier Person (15) found changes in the recruit- 
ment order at different postures. 

These recent findings suggest that motor unit activity in a multifunctional 
muscle is the result of several inputs, acting simultaneously on the pool 
with different weightings. We investigated whether motor units of the human 
biceps brachii contribute to different tasks, i.e., forces exerted in different 
directions. If not, or if the relative contribution differs for different motor 
units, it is to be concluded that the input of the motoneuronpool is task 
dependent and so different tasks correspond to different inputs. These inputs 
then have different relative weightings for different motor units. 

Three different tasks were examined, namely, (i) isometric flexion/exten- 
sion of the elbow joint, (ii) isometric supination/pronation of the forearm, 
and (iii) isometric exorotation/introrotation of the humerus. 

METHODS 

Subjects were seated comfortably in a dental chair with their right arm 
horizontally abducted and the elbow flexed at an angle of 110”. The upper 
arm was in line with the shoulders. The semiprone wrist of each subject 
was closely fitted in a metal ring by means of dental compound. This ring 
was part of a strain-gauge measuring device (Fig. 1) in which the following 
forces on the wrist could be measured: flexion/extension (force perpendic- 
ular to the forearm in the plane of the arm); supination/pronation; and 
exorotation/introrotation (force perpendicular to the forearm and the plane 
of the arm, thus pointing upward, and downward, respectively). The elbow 
joint was supported under the medial epicondyle. Mechanical cross-talk 
between the strain-gauge systems in the three perpendicular directions was 
negligible (~3%). Action potentials of motor units were recorded by means 
of 25-pm, nylon-coated, fine-wire bipolar electrodes (California Fine Wire 
Co.), inserted just proximal to the end-plate area of the long head of the 
biceps by means of a 0.4-mm hollow needle. The end-plate area was found 
as the place on the muscle belly most sensitive to stimulating the muscle 
with surface electrodes. Four wires were brought in per insertion, each 
hooked over a different distance to ensure the tip of each being differently 
positioned in the muscle belly. Insertion depth of the needle varied from 
2 to 3.5 cm below the skin. 

Measurements were made in seven experiments on three healthy subjects, 
27, 27, and 29 years old. In two experiments wires were inserted at two 
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FIG. 1. Measuring apparatus for the three forces, consisting of three concentric stainless-steel 
rings (a, b, and c). The wrist (d) was tightly clamped in the inner ring (c) by means of dental 
compound. The outer ring (a) was restricted to upward and downward movements, thereby 
bending two horizontal stainless-steel strips on which strain gauges were glued (4) to measure 
exorotation. The middle ring (b) was restricted to horizontal movements in an analogous 
manner, and so measured flexion. Two vertical stainless-steel strips held the inner ring in the 
middle ring. Bending of these strips by rotation of the wrist was also registered by strain gauges 
and gave the supination force. The outer square frame was firmly attached to the table. 

different places in the biceps. The electromyogram (EMG) signal was filtered 
from 320 Hz to 32 kHz. Elimination of the low frequencies diminished the 
contributions of muscle fibers placed further from the electrode, making 
the recording more selective. The sensitivity of the (Medelec) preamplifiers 
was typically between 50 and 200 pV/division (1 division = 0.5 V on the 
oscilloscope). 

The single-fiber EMG and the three measured forces were displayed on 
an oscilloscope in front of the subject. Motor unit activity was also made 
audible. All signals were recorded on tape for further analysis. During the 
experiment, and especially during the analysis of the data, the waveform 
of each motor unit action potential was constantly monitored on a second 
oscilloscope screen to ensure single-unit recording. With the wire electrodes 
used the activity of one to three motor units could be analysed per bi- 
polar lead. 

First the variability in recruitment of each motor unit was determined 
when only one task was carried out: flexion, supination, or exorotation. 
Subjects were asked to maintain a prescribed level of one of the forces (e.g., 
supination) and to keep the other forces zero. As soon as the subject ac- 
complished this task he was asked to slowly increase a force in another 
direction (e.g., flexion). The speed of the contraction was determined by the 
subject and did not show very much variation between subjects. The average 
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time to contract from zero to about 50% of the maximal force was about 
10 s. This experiment was carried out for all combinations of the three tasks 
in a random sequence as long as the recording remained stable. 

RESULTS 

Figure 2a shows that the motor unit investigated contributed to flexion 
force. It was recruited when flexion force exceeded 1.83 Nm. As appears 
in Fig. 2b, however, when a supination force was applied the unit became 
active only if flexion force exceeded 2.15 Nm, whereas it had already become 
active at flexion forces of 0.76 Nm while pronating (Fig. 2~). These effects 
were investigated for a total of 17 motor units for the three subjects com- 
bined. In some experiments it clearly appeared that the same motor unit 
contributed to different tasks; in other experiments completely different 
units became active when different tasks were carried out. 

Some units (e.g., Fig. 3a) could be recruited only by flexion of the arm. 
Recruitment was not influenced by the level of supination or exorotation. 
Some other units (e.g., Fig. 3b) started firing only when supinating or moving 
the wrist upward (exorotation of the humerus). For both tasks the unit was 
recruited at slightly lower torques when the level of flexion was increased. 
Two motor units recorded in different experiments on the same subject are 
shown in Fig. 3c. One motor unit was recruited at lower flexion forces when 
supinating simultaneously (filled circles); the other unit at higher flexion 
forces (open circles). 

When two tasks were performed simultaneously, the variability in the 
force at which a unit became active was about the same as found when 
exerting a force in only one direction. A marked hysteresis was found in 
the firing rate of the motor unit when gradually increasing and decreasing 
muscle tension, in agreement with results reported by Partridge and Huber 
( 14) and Desmedt and Hainaut (7). Some low-threshold units sometimes 
were difficult to silence after contraction. This apparent lowering of thresh- 
old lasted several seconds, as could be seen when the motor unit was re- 
cruited after a short pause (~2 s) again. The effect seemed less when the 
muscles were relaxed completely after each contraction. Care was taken 
that these effects should not affect the experiments, so after each contraction 
the muscles were relaxed and at least 10 s elapsed before the next con- 
traction. 

Threshold forces were found to be very reproducible under these con- 
ditions. It appeared in all experiments that the combination of exerted forces 
needed for recruitment was linear. Units with a high threshold for flexion 
(>2.5 Nm) tended to have this threshold lowered by supination or exoro- 
tation, whereas smaller motor units (threshold for flexion ~2.5 Nm) had 
that threshold raised more often. These effects could be quantified by the 
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FIG. 2. Bipolar wire recording of a motorunit in the human biceps. All forces are isometric. 
Unit 301081-BR5. a-Only flexion was increased slowly while holding the other forces (su- 
pination and exorotation) zero. The unit was recruited at 1.83 Nm. b-A level of 1.25 Nm 
of supination was held while slowly increasing flexion. Now the unit was recruited at 2.15 Nm. 
c-A level of 1.05 Nm of pronation was held. When the flexion force slowly increased, the 
unit started firing at 0.76 Nm. Calibration bar: 1 Nm for each force. Time scale: 1 s. 
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FIG. 4. Slope of the changes in recruitment threshold for flexion when supinating (filled 
circles) or when exorotating (open circles). The slope was calculated from measurements as 
shown in the figure. Units only sensitive for flexion (slope infinite) indicated by upward pointing 
arrows, units not affected by flexion by right pointing arrows. All units with recruitment 
threshold for flexion lower then 2.5 Nm had this threshold raised by supination or exorotation. 
All units recruited at contraction strengths of flexion higher then 2.5 Nm were recruited at 
lower flexion forces while exerting the second task simultaneously. 

slopes of the depicted relations in Fig. 3. These slopes are plotted in Fig. 
4. Five motor units were recruited by flexion forces only. These flexion 
forces were all lower than 1.2 Nm. The influence of exorotation was in- 
vestigated in only five motor units. These measurements showed the same 
trend: exorotation raised the recruitment threshold for flexion for low- 
threshold units, and lowered this threshold for the units with higher func- 
tional threshold for flexion. Sometimes two or three motor units could be 
analysed simultaneously in the same experiment. Here also different slopes 
were found. Until now, no large differences have been found in the case of 
multiple units recorded by a single electrode. However, the number of such 
recordings is small. 

DISCUSSION 

From the experiments it appeared that some motor units in the human 
biceps were activated selectively when different tasks were carried out; others 
contributed to more then one task. We conclude that the distribution of 
the input activity over the motoneuron pool differs for each task. An input 
corresponding to a certain task will in general have a different weighting 
upon different motor units. An interesting fact is that recruitment of a motor 
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unit is accomplished by a linear combination of tasks, and apparently by 
a linear combination of inputs [see also Denier van der Gon (5)]. This linear 
behavior suggests that the weighting factors mentioned are constants and 
that a combination of tasks means addition or subtraction of inputs. 

A notable finding is that inputs corresponding to supination show positive 
weights (negative slopes in Fig. 4) upon those motor units that are recruited 
at high flexion forces. Negative weights were found upon those recruited 
at low flexion forces. There seems to be a close correspondence with the 
findings of Gamett and Stephens (lo), Kanda et al. ( 12) and Burke (2) who 
reported analogous input-dependent phenomena. 

Another interesting finding is that the linear relation found between forces 
that just evoke activity of a motor unit showed the same course with the 
reversal of the direction of the task. For example, pronation shows the same 
weighting factor as does supination (see Fig. 3~). This was measured for 
only a small number of motor units. Sometimes slightly different weightings 
were found. This may be caused by the asymmetrical manner in which the 
wrist exerts forces on the measuring device when the wrist is not clamped 
tightly enough (the styloid process creates a more favorable lever during 
pronation than during supination). Another explanation of the asymmetry 
might be that the use of a different group of muscles gives rise to a different 
activation pattern. 

Our results also indicate that changes in recruitment order may result 
consistently from changes in direction of exerted forces. This was found in 
a proximal muscle, whereas Thomas et al. (16, 18) and Desmedt (6) also 
reported such findings for distal multifunctional muscles of the thumb. 
These findings have implications for the classification of motor units by 
means of their recruitment threshold in multifunctional muscles. The hy- 
pothesis of the size principle may still hold, but due to the nonhomogeneous 
innervation a specification of the exact task of the muscle will be necessary. 

It might be possible that task-dependent inputs activate only part of the 
contributing motoneuron pools, the activation extending over the bound- 
aries of several pools. Fromm and Evarts (9) found neurons in the motor- 
cortex of the monkey with multifunctional properties, whereas Shinoda (17) 
demonstrated projections of corticospinal axons to motoneurons of different 
motoneuron pools. By the determination of averages of rectified EMG ac- 
tivity, triggered on action potentials of monkey motor cortex cells, Fetz et 
al. (8) showed that activity of single cells was associated with the coactivation 
of as many as four arm muscles. They called those muscles the cell’s “motor 
field.” 

It is an open question to what extent afferent fibers of other muscles 
contribute to the nonhomogeneous innervation of the pool. There are many 
reports of muscle afferent fibers projecting to the synergists of that muscle 
[(3), see also (1, 4, 13)]. 
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The data indicate that different movements involving the same muscle 
are “directionally” innervated. 
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