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Abstract The present study investigated how muscle fatigue influences single degree-of-freedom elbow flexion movements and their associated patterns of phasic muscle activation. Maximal unfatigued voluntary isometric elbow flexor and extensor joint torque was measured at the beginning of the experiment. Subjects then performed elbow flexion movements over two distances as fast as possible, and movements over the longer distance at an intentionally slower speed. The slower speed was close to what would become the maximal speed in the fatigued state. Subjects then performed a fatiguing protocol of 20 sustained isometric flexion contractions of 25 s duration with 5 s rest at 50% maximal unfatigued voluntary force. After a recovery period they repeated the movements. The fatigue protocol was successful in inducing muscle fatigue, the evidence being decreased isometric maximal joint torque of over 20%. Fatigued movements had lower peak muscle torque and speed. Our principal finding was of changes in the timing of the D.M. Corcos (✉) · J. Wilding School of Kinesiology (M/C 194), University of Illinois at Chicago, 901 West Roosevelt Road, Chicago, IL 60680, USA e-mail: [email protected] Tel.: +1-312-3551708, Fax: +1-312-3552305 D.M. Corcos Department of Psychology, University of Illinois at Chicago, Chicago, IL 60680, USA D.M. Corcos Department of Neurological Sciences, Rush Medical College, Chicago, IL 60612, USA H.-Y. Jiang Department of Speech-Language Pathology, University of Toronto, 6 Queen's Park Crescent West, Toronto, Ontario M5S 3H2, USA J. Wilding Department of Physical Therapy and Human Movement Sciences, Northwestern University Medical School, Chicago, IL 60611, USA G.L. Gottlieb NeuroMuscular Research Center, Boston University, 19 Deerfield Street, Boston, MA 02215, USA



phasic patterns of fatigued muscle activation. There was an increase in the duration of the agonist burst and a delay in the timing of the antagonist muscle as measured by the centroid of the EMG signals. We conclude that these changes serve as partial but incomplete, centrally driven compensation for fatigue induced changes in muscle function. An additional, unexpected finding was how small an effect fatigue had on movement performance when using a recovery time of 10 min that is long enough to allow muscle membrane conduction velocity to return to normal. This raises questions concerning the behavioral significance of classical laboratory studies of human fatigue mechanisms. Keywords Motor control · Fatigue · Electromyography · Movement · Neural control



Introduction Motor control models help us relate changes in movement task to predictable changes in EMG pattern. For example, movements of longer distances or with heavier loads are associated with longer and larger agonist EMG bursts and delayed antagonist muscle activation (Berardelli et al. 1984; Gottlieb et al. 1989; Pfann et al. 1998). Movements performed over the same distance that are made more quickly are associated with larger, more steeply rising EMG bursts and earlier antagonist activation (Mustard and Lee 1987; Corcos et al. 1989). These studies changed movement by instruction or external conditions such as load, target position or target size. Movement also changes when muscles fatigue, a condition deliberately avoided in the studies cited above. Here we raise the question of whether, to reduce the kinematic consequences of muscle fatigue, there are compensatory neural adaptations that modify muscle activation patterns. If so, are those changes predictable from studies of unfatigued movement? There is much research on the neural mechanisms that underlie muscle fatigue (Gandevia et al. 1995b). Most
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studies examine changes in the electromyogram during steady state isometric contractions (Bigland-Ritchie et al. 1983b; Marsden et al. 1983; Garland et al. 1994; cf. Enoka and Stuart 1992), whereas relatively few studies have addressed changes that occur during movement. Berardelli and colleagues (1984), and Tschoepe et al. (1994) found fatigue induced slowing and increased the duration of the first agonist EMG burst. They suggested that the increase in the duration of the first agonist burst partially compensates for the decrease in maximal motoneuron firing frequency that had been observed in isometric contractions (Bigland-Ritchie et al. 1983a). Some recent studies, however, suggest that motor unit firing rates can increase during fatigue (Miller et al. 1996), and fire at very short interspike intervals (Griffin et al. 1998). Lucidi and Lehman (1992) found that although the kinematics of the movement after an hour of recovery were not distinguishable from those made before the fatiguing task, there remained an increase in the width of the first agonist burst. All three studies that investigated the time course of the agonist EMG suggest that fatigue causes changes in the temporal profile of the agonist electromyogram and, if the fatigue is great enough and the recovery interval is not too long, a slowing of the movements. The present study was intended to test three hypotheses related to the effects of muscle fatigue on patterns of muscle activation and movement performance. The first is that the way the CNS compensates for fatigue-induced muscle weakness is similar to its compensation for a heavier load. In both cases, we postulate that there are similar changes in the patterns of muscle activation to increase or maintain force output. These changes are prolongation of agonist activation, delay of antagonist activation and an increase in the peak amplitude of the agonist EMG with no change in the rate of rise of agonist muscle activation. This strategy, which we have termed a speed insensitive strategy (Gottlieb et al. 1989) for controlling movement distance as well as controlling load changes in unfatigued muscle, does not preserve movement time and therefore is an incomplete compensation for changing task conditions. The rationale for this hypothesis is based in part on previous studies showing fatigue induced temporal changes in agonist and antagonist EMG waveforms. We tested a second hypothesis that the EMG compensation under fatigued conditions would be greater for short movements than for long movements but that the reduction in peak velocity would be greater for long movements than for short ones. The rationale is that because short movements need lower forces and use less muscle activation, additional motor units might be available for compensatory recruitment. This is based on previous studies that have shown EMG increases for submaximal isometric contractions (Kirsch and Rymer 1987), and additional motor units being recruited in submaximal isotonic tasks (Miller et al. 1996). We tested a third hypothesis that the increase in agonist duration observed during fatigue would not be observed for unfatigued movements that were intentionally slowed to a fatigued speed. The rationale for this hypothesis is that the



neural control signals associated with weakness induced by neuromuscular fatigue are different from those associated with intentional reductions in movement speed.



Materials and methods Subjects Eight male subjects were used in this study. Males were selected because in laboratory protocols, they fatigue more rapidly than females (Scalzitti 1994). Our subjects were between the ages of 21 and 33 years, in good health, and without any history of joint or neuromuscular disease. They performed elbow flexion isometric and isotonic contractions and elbow extension isometric contractions with their right arms in the horizontal plane. All subjects gave informed consent according to University IRB protocols before participation in the experiment. Equipment A manipulandum was used to support the subject's forearm and restrict movement to one degree of freedom. A capacitative transducer on the axis of rotation of the manipulandum measured angular displacement. Joint acceleration was measured by a piezoresistive accelerometer mounted 47.6 cm from the center of rotation. A torque transducer was attached to the manipulandum. A torque motor was used to move the manipulandum so that the moment of inertia of each subject's forearm could be measured. Joint velocity was computed from the measured angle. Pairs of pediatric EKG electrodes were placed 2 cm apart over the bellies of the biceps brachii, and the lateral and long heads of triceps to measure the EMG signals that were amplified (×1600) and band pass filtered (60–300 Hz). Joint angle, acceleration and the EMG signals were digitized with 12-bit resolution by a data acquisition computer at a rate of 1000/s. Procedure The subject sat in a chair with his right arm abducted 90° away from his body on the manipulandum on which he grasped a vertical handle. The elbow joint was aligned with the rotational axis of the manipulandum. The manipulandum was locked in place for isometric contractions and rotated freely when movements were performed. A weight of 20 lb was added to the end of the manipulandum to increase the moment of inertia of the manipulandum to 2.28 kg.m2 in order to increase the force requirements during the movement and thus accentuate the effects of neuromuscular fatigue. Pilot experiments had shown that if the force requirements of the task are low, fatigue had little effect on either mechanical or EMG parameters. In addition, our previous work has shown that the EMG patterns of movements performed against both small and large inertias are qualitatively the same. The quantitative difference is that the EMG bursts are longer and larger for larger inertias, and the antagonist is delayed (Gottlieb et al. 1989). A computer monitor was located in front of the subject. There was a cursor on the monitor to display the angular position of the manipulandum and give the subject feedback about the movement. A narrow green marker on the screen represented the starting position. A broad red marker was located as a target at the desired angular distance. The width of the broad marker corresponded to 9° of angular elbow rotation in all the experiments reported here. Subjects were instructed that when a computer-generated tone sounded, they should accurately move to the target zone as quickly as possible. They were asked to perform the following tasks. Maximal and 50% of maximal isometric contractions The manipulandum was locked in place at 90°. The subject performed four isometric flexions and four isometric extensions at



3 100% of his maximal voluntary contraction (MVC), and then four isometric flexions and four isometric extensions at 50% of the just measured maximal torque. The purpose of measuring 100% MVC torque was to determine the extent to which fatigue reduces maximal voluntary torque. The purpose of measuring 50% MVC was to be able to determine whether contractile fatigue has occurred. Contractile fatigue would result in an increase in EMG at a given level of torque (Kirsch and Rymer 1987).



Isometric fatigue protocol repetition 2 The subject repeated the fatigue protocol but did only 11 repetitions since the protocol was quite painful. These 11 repetitions were intended to restore the muscle's fatigued state. Rest period 2 The subject rested for the same interval as in Rest period 1 above.



Fast unfatigued flexion The subject performed 11 voluntary elbow flexions over 20° (55–75°, 0° being full elbow extension) and over 60° (55–115°) as fast as possible. The purpose of this was to determine the unfatigued mechanical and EMG parameters of fast voluntary movements over two fixed distances.



Fast fatigued flexions at distance 2



Intentionally slowed unfatigued flexion



Fatigued maximal isometric and 50% isometric



The subject performed 20 flexions of 60° at a speed that was 10% less than the unfatigued maximum velocity for the 60° distance. The purpose of this was to collect data in which speed was intentionally reduced in order to compare these data with movements in which speed was reduced by fatigue. Pilot studies had shown that our fatigue protocol for the longer movement distance reduced peak movement velocity by approximately 10%. The effect of fatigue on peak velocity was less than 10% for the shorter movements, and so we chose not to conduct this experiment at the shorter distances. To assist the subject, we monitored peak velocity and reported its value to the subject after each movement, along with encouragement, if necessary, to move faster or slower.



The subject again performed four isometric flexions and four isometric extensions at 100% of his maximal voluntary contraction (MVC), and then at 50% of his unfatigued MVC. The protocol developed by Kirsch and Rymer (1987) produces significant muscle fatigue. Fatigue causes a fall in the mean frequency of the EMG spectrum as a consequence of changes in conduction velocity in the muscle fibers. However, Kirsch and Rymer (1987) showed that 10 min of rest following the fatigue protocol returns the mean power frequency of the EMG signal to the prefatigue levels in both the biceps and the brachialis muscles. Thus, after 10 min, any changes in the electromyogram induced by fatigue can be attributed to factors other than changes in conduction velocity. Subjects practiced the whole experimental protocol once before they took part in the experiment. The time interval between practice and experiment was at least 48 h. Subjects did not do any intensive exercise before they participated in the experiment.



Isometric fatigue protocol repetition 1 The fatigue protocol consisted of 20 repetitions of a 50% MVC isometric flexion at the elbow joint for 25 s, followed by 5 s of rest between the repetitions.



The subject performed 11 voluntary elbow flexion movements as fast as possible over either 20° or 60°, whichever distance was not performed under Fast fatigue flexions above.



Data analysis Rest period 1 After the fatigue protocol, the subject rested for ten minutes to allow muscle membrane conduction velocity to return to normal values (Kirsch and Rymer 1987). In another group of four subjects, we used only a 2-min recovery period. We used two recovery time periods so that we could both minimize the effects of recovery time on motor performance (2-min recovery protocol), and collect data in which the EMG signal is not affected by changes in conduction velocity (10-min recovery protocol). Since the shorter recovery period causes ambiguities in interpreting EMG changes, the EMG signal is not analyzed for this recovery time period. However, the magnitude of the kinematic changes was larger for the shorter recovery interval and allows us to demonstrate the effectiveness of this fatigue protocol. Fast fatigued flexions at distance 1 The subject performed 11 voluntary elbow flexion movements as fast as possible either over 20° or over 60°. The order in which the distances were performed was counterbalanced such that half of the subjects performed the 20° movement before the 60° movement. These movements were analyzed to determine the mechanical and EMG parameters of fatigued muscle when completing voluntary movements.



The digitized EMG signals were full wave rectified and filtered with a 10-ms moving average window for plotting the EMG time series data (Fig. 1, Fig. 2, Fig. 5). The data in these figures were all aligned with respect to the onset of the agonist EMG. The following parameters were calculated. Isometric parameters 1. Maximal elbow torque (Nm): the maximal elbow torque in the isometric contraction. 2. Integrated EMG (arbitrary unit): the EMG was integrated over 200 ms centered about the time of peak isometric elbow torque. We chose this time interval since it was the longest time interval that all subjects maintained a steady-state maximum contraction in the fatigued condition. 3. Torque/EMG ratio: the peak of the torque in the 50% isometric condition divided by the EMG integrated over 200 ms centered about the time of peak isometric elbow torque. One data set was lost to equipment malfunction, and so these data were only collected on seven subjects. Movement parameters 1. Movement time (ms): the time interval from 1% of peak acceleration to the time when the velocity falls to 5% of peak velocity. 2. Peak velocity (Vmax–deg/s): The largest value of movement velocity.



4 3. Peak elbow torque (Nm): for voluntary movement, elbow torque was the maximum muscle torque during the acceleration phase of the movement. Elbow torque was calculated by multiplying acceleration by the effective moment of inertia (forearm plus manipulandum). 4. Q30 (arbitrary unit): the integral of the agonist EMG signal from the visually marked onset to 30 ms thereafter. This parameter is used to characterize the initial slope of the agonist EMG burst. 5. Qag (arbitrary unit): the integral of the agonist EMG from the marked onset to the time of peak velocity. This parameter is used to characterize the area of the first agonist EMG burst which is responsible for the limb accelerating towards the target. 6. Qant (arbitrary unit): the integral of the antagonist EMG from the marked onset of the agonist burst to the end of the movement (the distance at which velocity drops below 5% of Vmax). This parameter is used to characterize the area of the antagonist burst. 7. Agonist EMG peak amplitude (arbitrary unit): the EMG peak amplitude was measured as the maximal value in the filtered and averaged agonist burst. 8. Cant ms: the centroid of the antagonist burst. This value is calculated by the following equation: (1) u (t)=1 if emg(t)≥K emgmax u (t)=0 if emg(t) 
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