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AND



CONCLUSIONS



1. The aim of this study was to investigate the role of the antagonist muscle in determining the accuracy of fast, single-joint motor responses to a target. We recently found that Cs/C6 tetraplegic subjects, who lacked voluntary control of their triceps muscle, were less accurate than control subjects in producing fast flexion movements to a target. 2. Two hypotheses are proposed to account for these larger errors: I) the ability of tetraplegic subjects to compensate for errors arising early in the motor response is impaired because of the lack of antagonist muscle activation; or 2) tetraplegic subjects lack antagonist (braking) force, so they must use much smaller accelerative forces when they move, in order to avoid overshooting their target. Because studies have shown that low levels of force are produced with less relative accuracy than larger forces, this relative inaccuracy of force generation by the motor control system at low force levels is responsible for the inaccuracy of tetraplegics’ movements. To test these two hypotheses, we compared the variability of “fast and accurate as possible” force pulses in four control subjects and four C/C6 tetraplegic subjects to targets at 15, 30, and 45% of maximum voluntary contraction. Multiple regression analyses were performed to look for patterns of agonist or antagonist muscle activation consistent with compensatory adjustments for early trajectory errors in both groups of subjects. 3. Force rise time was significantly prolonged in tetraplegic subjects, although there was some overlap between groups. At similar levels of effort, there were no significant differences in constant and variable errors of control and tetraplegic subjects. We also found no consistent statistical evidence for the presence of compensatory electromyographic activity in either group of subjects. Subjects who lacked the ability to make corrections involving the triceps muscle performed as well as subjects with normal triceps strength. This suggests that a corrective mechanism involving the triceps must have a weak role, if any, in these experiments. 4. Together with our observation that lower force targets are indeed associated with larger relative variable errors, in both control and tetraplegic subjects, the above results lead us to conclude that the second hypothesis listed above is more likely correct. The antagonist muscle clearly enables the production of briefer force pulses. In addition, the antagonist indirectly contributes to the accuracy of isotonic movements because antagonist braking allows larger agonist forces to be used. These larger agonist forces are less variable, and produce more accurate movements, than the smaller forces used by tetraplegic subjects.



INTRODUCTION



Variability in repetitive performance of the same motor task, even by a skilled individual, is a characteristic feature of the neuromuscular system. In particular, errors in reaching a target location, which cannot be eliminated even after ex0022-3077/96
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tensive practice (Jaric et al. 1992). have been investigated under various task conditions. It has been shown that the accuracy of slower motor responses aimed at a target is largely influenced by visual (Crossman and Goodeve 1983; Keele and Posner 1968) and/or afferent feedback (Angel 1977; Capaday and Cooke 1981) . However, it remains controversial whether rapid responsesare structured in advance or can be modified during execution. The presence and timing of corrective adjustments to motor efforts have been investigated during tonic torque changes(Cord0 1987)) isometric force pulses (Gordon and Ghez 1987b), and elbow extension movements (Van der Meulen et al. 1990). Others have suggestedneural pathways that could provide for timely corrections of errors arising near the beginning of a motor response(Angel 1976; Cook and Diggles 1984; Pelisson et al. 1986; Prablanc et al. 1986). Various models based on the concept of open-loop and/ or closed-loop control have been proposed to explain the observed variability of fast motor responses, and among these several have proposed a role for the antagonist muscle. Open-loop models associate motor output variability with an inherent variability of control signals generated within the nervous system to drive a limb toward a desired target. The original impulse variability model (Schmidt at al. 1979) was only concerned with the accelerative force pulse and its variability, which was assumedto be proportional to the size of the pulse itself. Later, a more physiologically realistic model was proposed that also recognized the contribution of the antagonist muscle force at a joint (Meyer et al. 1982); however, the effect of the antagonist on responseaccuracy was not specifically addressed.This symmetric impulse variability model assumedidentical time profiles of the accelerative and decelerative components of a net joint torque, and could predict some quantitative features of the speed versus movement accuracy tradeoff previously investigated under experimentally imposed error constraints (Fitts 1954) or time constraints (Schmidt et al. 1979). Practice, through the repetition of the same motor task, leads to enhanced performance in which improvement has been observed in both speed and accuracy of the targeted movement (Gottlieb et al. 1988). Darling and Cooke ( 1987a) have reported also that variability of the entire movement trajectory is reduced with practice; however, this effect was not accompanied by an equivalent decreasein the variability of movement-related electromyographic (EMG) activity, which in fact became more variable as speedof the movement increased (Darling and Cooke 1987b). To ex-
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plain this discrepancy, Darling and Cooke assumed a role for the antagonist muscle in reducing movement variability by means of linkage or correlation between the antagonist and agonist torques. In a proposed model (Darling and Cooke 1987~)) the antagonist muscle force is determined not only by the size of the pulse, as in impulse variability models, but also by strength of correlation, or interdependence, of opposing muscle forces, developed through practice. The ability of the antagonist muscle to compensate for highly variable agonist activation was largely attributed to a learning process that could improve the programming of commands sent to appropriate muscles. It has been suggested recently (Gordon and Ghez 1987b) that the antagonist muscle might reduce the variability of motor responses by means of closed-loop control, through central monitoring of efferent commands and provision of compensatory corrections to errors detected in the early part of the force trajectory. The antagonist could, for example, contract more powerfully to counteract potential overshoot in the case of overly forceful agonist contraction. In the current study we examine force variability when the ability to activate the antagonist muscle is minimal or absent. Our recent work (Wierzbicka and Wiegner 1992) has shown that tetraplegic persons, who have lost voluntary control of their triceps brachii as a result of spinal cord injury at the Cs/Ch cervical level, move more slowly and make larger errors in goal-directed fast elbow flexion movements. Two hypotheses might be proposed to account for these larger errors. I) The ability of tetraplegic subjects to correct errors arising early in the motor response is impaired because of the lack of antagonist muscle activation, thus resulting in larger errors according to the hypothesis of Gordon and Ghez (1987b). 2) Because tetraplegic subjects lack antagonist (braking) force, they are forced to use much smaller forces in the muscles accelerating the limb, in comparison with control subjects, to avoid overshooting the target during movements. These smaller forces have been shown to be associated with increased variability (coefficient of variation) of force from trial to trial (Carlton et al. 1993; Sherwood et al. 1988). According to this hypothesis, this relative inaccuracy of force generation by the motor control system at low force levels is responsible for the inaccuracy of movements made by tetraplegic subjects (see DISCUSSION). To test these two alternative hypotheses, we compared isometric elbow flexion force pulses requiring the same percentage level of maximum voluntary force (MVF) in control subjects and in Cs/C6 tetraplegic subjects. METHODS



Subjects and experimental



tasks



Four male CJC6 tetraplegic subjects, with relatively well-preserved biceps function but little or no voluntary control of triceps, and four male control subjects participated in the study (Table 1) . Subjects were seated comfortably with the shoulder abducted 90”, the elbow supported on a cushioned shelf and flexed 90”, and the forearm strapped to a cast attached to a force transducer mounted at the wrist, -25 cm from the elbow. Subjects made isometric force efforts, pulling toward the body. To isolate the biceps/triceps
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as the source of muscle force, subjects were instructed to “use your elbow as a fulcrum” and not to produce force by means of trunk or shoulder movements. This was less of a concern with tetraplegic subjects, who lacked voluntary control of trunk muscles; the configuration of the apparatus effectively eliminated any contribution of the shoulder muscles to elbow extension force. Surface EMG was recorded from the biceps and triceps muscles with Liberty Mutual MYO-111 electrodes. An oscilloscope screen displayed a target line and the subject’s current force, so subjects had visual feedback of performance on each trial. Subjects practiced making force pulses until they felt comfortable with the task and their speed and accuracy had plateaued; practice time ranged from a few minutes to - 1 h. We did not observe improved performance with successive blocks of trials, but we cannot discard the possibility that more practice might have affected subjects’ ability to compensate for errors. The pulsatile nature of the task was emphasized by instructing subjects not to remain at the target, but to allow force to return to baseline as soon as possible. At the beginning of the experimental session, MVF was measured for biceps and triceps muscles (Table 1 ). Subjects then produced blocks of 50 flexion force pulses at the elbow joint “as fast and accurately as possible” to each of three visual targets: 15, 30, and 45% of MVF ( 150 trials in all); target order was randomized [ 1 tetraplegic subject (suhjcct 2) produced 20 trials per block]. In addition, variability of force pulses at very small effort (5% MVF) was studied in control subjects and in one tetraplegic subject (su&xt 3)) so these subjects performed 200 trials in all. Normalization of target amplitude is necessary because, as several studies have shown (e.g., Sherwood and Schmidt 1980), error is a function of percent of maximal effort, so one cannot compare errors in targets of constant amplitude in sub.jects with differing strength.



Data evaluation Each record was analyzed for peak force ( N ) , peak rate of generation of force (dF/dt, N/s), and peak second derivative of force [ d2F/dt2, N/s’, as used previously (Gordon and Ghez 1987b) as a quantitative measure of early response]. Force rise time was measured from the time when d’F/dt’ reached 5% of its maximum, to peak force. Errors were normalized with respect to the response size (Sanes 1986). Constant error ( average % overshoot of the target level > and variable error (SD of within-sub-ject constant error for a given target) were calculated for each block of trials. Variable error, as used here, differs slightly from coefficient of variation of peak force in that target force is used for normalization in the former case, and mean peak force in the latter case. EMG, sampled at 1 kHz, was rectified and smoothed with the use of a Gaussian smoothing filter with SD = 2 ms. EMG burst widths and areas were calculated by means of an automatic algorithm that detected EMG burst peaks and tracked the burst on both sides until amplitude was down to 5% of peak, which was defined as the beginning and end of the burst. EMG burst width data from every trial were examined by eye by an investigator not familiar with other trial parameters, who corrected obvious errors made by the automatic analysis. In one control subject (sd~jcct 3)) antagonist EMG was not analyzed because of a loosened electrode.



Analysis of’ compensutory responses We conducted a statistical analysis like that used by Gordon and Ghez ( 1987b) to look for corrective adjustments that might occur during the course of generation of a force pulse and could counteract initial trajectory errors to some extent. The reader is referred to that paper for the rationale of Gordon and Ghez and a detailed
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