













Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Antagonist muscle activity during human forearm ... - Research

ing torque should be predictable on the basis of the knowledge of ... Some of the results have been reported ..... The left-hand column of Table 1 provides the. 

















 Télécharger le PDF 






 1MB taille
 1 téléchargements
 335 vues






 commentaire





 Report
























Ex ment BranResearch



Exp Brain Res (1987) 67:391-401



9 Springer-Verlag 1987



Antagonist muscle activity during human forearm movements under varying kinematic and loading conditions G.M. Karst and Z. Hasan Department of Physiology,Universityof Arizona, Tucson, AZ 85724, USA



Summary. During the performance of unidirectional, single-joint movements it is known that muscle activation is not confined to the agonist, but is generally seen in the antagonist as well, appearing as a burst of antagonist activity if the movement is quite rapid. We have studied the integral over time of antagonist electromyographic activity (Eant) during forearm movements encompassing a wide range of movement speeds, amplitudes and inertial loads, with two intents: first, to provide an empirical description of the dependence of Ean t o n kinematic and loading parameters which would be valid over a several hundred-fold range of Eant; and second, to test the hypothesis that Ean t is related to the torque necessary for braking the movement. With respect to the first aim, we found that for all subjects Eant was correlated with a simple algebraic expression dependent upon peak velocity, movement amplitude and total moment of inertia, when each of these movement parameters was varied either singly or in combination. Although a more complex algebraic expression, in which exponents for each parameter were optimized for a given subject, provided marginally better correlations with Eant, we prefer the simpler expression on the grounds that it provides similar correlations without requiring a different form for each subject. With respect to the second aim of the study, the braking hypothesis was supported by the fact that the simple expression could be interpreted as representing the average net torque required for braking. However, in experiments in which an external torque was provided to assist in braking, antagonist muscle activity was not reduced as much as would be expected if provision of braking torque was the sole function of antagonist activity. We conclude that: (1) antagonist activity varies with kinematic parameters and inertial load in accordance Offprint requests to: Z. Hasan (address see above)



with the requirements for braking the limb, but (2) the activity may in fact provide a multiple of the torque that is required for braking alone, with excess activity presumably offset by concurrent agonist activity. Possible roles of such cocontraction are discussed.



Key words: Voluntary movement - Antagonist muscle - EMG - Inertial loads - Braking hypothesis



Introduction Attempts to elucidate the strategies underlying the control of volitional movements have often focused on rapid, target-directed, single-joint movements. During such movements a characteristic pattern of alternating agonist and antagonist activation is usually observed (Hallett and Marsden 1979; Lestienne 1979; Brown and Cooke 1981; Benecke et al. 1985). The pattern consists of an initial burst of electromyographic (EMG) activity in the agonist muscles, followed by an antagonist burst and a second period of agonist activity. The antagonist EMG burst in this "triphasic" pattern, however, often exhibits a temporal overlap with agonist activity. Modification or absence of the classical triphasic pattern has also been described, especially in the case of less rapid movements (Freund and Biidingen 1978; Lestienne 1979; Hallett and Marsden 1979; Brown and Cooke 1981; Marsden et al. 1983; Hasan and Enoka 1985). There can be little doubt that the initial agonist burst underlies the muscular force that gets the limb moving, a notion that is supported by measurements of the amplitude and duration of the first agonist burst in relation to various movement parameters and loading conditions (Hallett and Marsden 1979; Lestienne 1979; Berardelli et al. 1984; Brown and



392 Cooke 1984; Flament et al. 1984; Gielen et al. 1985). In contrast, the available information regarding the antagonist and second agonist bursts is more sparse and generally less conclusive. With regard to antagonist EMG activity, the principal focus of this study, a review of the available literature points toward several limitations in analyzing the relationship between antagonist activity and movement characteristics and in comparing results of the various studies addressing this issue. Quantification of antagonist activity predicated upon identification of burst onset and termination may limit the range of kinematic and loading conditions analyzed (Brown and Cooke 1981) or preclude analysis of data from certain subjects (Hallett and Marsden 1979) in the absence of distinctly burst-like antagonist EMG activity. Other factors which may influence interpretation of associations between kinematics and antagonist EMG activity include the analysis of individual movement records (Marsden et al. 1983; Flament et al. 1984) as opposed to averaging several trials (Lestienne 1979; Brown and Cooke 1981), the choice of criteria for acceptance and/or averaging of data, the instructions given to the subject (Brown and Cooke 1981; Waters and Strick 1981; Meinck et al. 1984), and the inherent variability of the antagonist burst from trial to trial (Wierzbicka et al. 1986). Nevertheless, certain associations between movement parameters and antagonist activity have been reported consistently (Hasan et al. 1985). The integral over time of antagonist EMG is greater for higher speeds of movement (Hallet and Marsden 1979; Lestienne 1979; Marsden et al. 1983; Brown and Cooke 1981; Flament et al. 1984; Gielen et al. 1985), and also for increased inertial loading (Lestienne 1979; Marsden et al. 1983; Flament et al. 1984). Moreover, when movements of the same peak velocity and with the same inertial load are compared, a greater amplitude of movement is associated with reduced antagonist EMG activity (Marsden et al. 1983; Flament et al. 1984). In addition to changes in the size of the EMG burst, the onset latency of the antagonist burst has also been reported to change as a function of both amplitude and velocity (Lestienne 1979; Brown and Cooke 1981; Marsden et al. 1983), but does not change in relation to varying inertial loads, if the other parameters remain the same (Lestienne 1979). While these observations describe the relationship between antagonist EMG activity and movement characteristics in cases where a single movement parameter is varied, the effect of combinations of such variations is less clear. For example, in experiments in which the subject is instructed to perform all movements "as fast as possible", antago-



nist EMG activity has been reported to be independent of movement amplitude (Hallett and Marsden 1979; Brown and Cooke 1981). This finding does not necessarily conflict with the previously described inverse relationship between movement amplitude and antagonist activity when peak velocity is held constant, since the peak velocity of movements performed under this paradigm did not remain constant but increased linearly with movement amplitude (Brown and Cooke 1981). This example illustrates the interactive effects of various movement parameters which must be taken into account when describing antagonist activity over a broad range of movements. The primary aim of this study was to describe the combined effects of variations in movement amplitude, velocity and inertial load upon antagonist activity. Since we were interested in studying a broad range of these parameters of movement, we chose to include not only those movements for which the antagonist activity was clearly burst like, but also movements for which antagonist activity did not occur as a distinct burst. As outlined below, the data were analyzed in order to test whether the variation of antagonist activity with different movement parameters was consistent with the idea that this activity is appropriate for braking the movement. As a further test of the braking hypothesis, we examined the reduction in antagonist activity when an externally applied braking torque was present during movement. It is obvious that the moving body segment attains its maximum kinetic energy when the movement velocity reaches its peak value. This energy, by definition of kinetic energy, is given by: IVpk2/2 (where I = moment of inertia and Vpk ---- peak angular velocity). The braking process, whatever its mechanism, reduces the kinetic energy to zero at the completion of the movement. Therefore the work necessary for braking must equal IVpk2/2. If A is the amplitude of the movement, A/2 can be taken as an approximation for the angular displacement over which the velocity is reduced from Vpk to zero. If we let B denote the average braking torque (averaged over the distance covered during the latter half of the movement), then the work done by the braking torque is BA/2. Therefore BA/2 --- IVpk2/2. Whence B = IVpk2/A. This simple derivation shows that the average braking torque should be predictable on the basis of the knowledge of IVpk2/A, without requiring the knowledge of I, Vpk, and A separately. The braking hypothesis is tested in the present report by plotting the integral over time (Eant) of the observed antagonist EMG on the ordinate axis in a



393 g r a p h i n w h i c h t h e a b s c i s s a r e p r e s e n t s IVpk2/A. I f t h e relationship thus plotted, whatever the form, turns out to be the same irrespective of which movement parameters (I, g p k , A ) a r e v a r i e d , s i n g l y o r i n combination, then the braking hypothesis would be supported. Some of the results have been reported p r e v i o u s l y i n a b s t r a c t f o r m ( K a r s t a n d H a s a n 1986).



Methods Six volunteers from among the students and staff of the University of Arizona were recruited as subjects and their informed consent was obtained. Each subject completed a single testing session during which a total of 120 to 230 elbow movements were performed over the course of 2 to 3 h, with frequent rests allowed between trials. All subjects performed flexion movements, with one subiect performing both flexion and extension, and all movements were carried out using the right arm, which was the dominant arm in all but one case (subject $3). Subjects were seated comfortably in a chair with the right upper arm supported in a horizontal position by an adjustable collar. The forearm and wrist, padded by a soft splint, were attached firmly to the apparatus, with the forearm in neutral position. The apparatus, which has been described elsewhere (Hasan and Enoka 1985), allowed elbow flexion and extension movements in a sagittal plane around a fixed axis of rotation. For the present experiments, a steel bar (1 m) was fixed at its center to the axis of rotation, allowing for symmetrical attachment of weights. In this manner, the moment of inertia of the apparatus about the axis of rotation could be increased by as much as 0.59 kg 9 m 2 without producing any net torque. In addition, an external torque could be applied to the elbow by suspending a weight from a pulley which was also attached to the axis of rotation. Subjects were given standardized written instructions as well as verbal instructions prior to and throughout the experiment. It was emphasized that performance of the movement with distinct starting and stopping points was more important than absolute accuracy in reaching the target position. All subjects were able to perform the task easily after 5-10 practice trials which were carried out for each loading condition prior to data collection. On a few occasions when the subject failed to perform a smooth movement, the trial was not included in the analysis. Subjects were told to perform movements at a variety of speeds, with occasional verbal cues to insure a sufficient velocity range for each experimental condition. All six subjects performed a series of movement trials in which visual targets for starting and stopping positions were provided by a mechanical pointer attached to the movement apparatus. The starting position corresponded to an elbow angle of approximately 120 degrees, and the targets for movement termination were placed at either i5 or 30 degrees from the initial position. The width of each target corresponded to 5 degrees of joint rotation. After receiving verbal instructions concerning the speed of the desired movement, the subject positioned the limb in the starting zone and, cued by an audio signal from the computer, performed a movement, relaxing after receiving a second audio cue signalling completion of the 1.28 s sampling period. In addition to the targetdirected movements, four subjects also performed a series of movements in which only the initial limb position was specified, the subject being free to choose any movement amplitude. Subiects were encouraged to perform these movements at a variety of amplitudes as well as at varying speeds, with emphasis



once again placed upon performing the movements with distinct starting and stopping points. Six loading conditions were employed, which differed in the amount of added inertia and external torque. Without any external torque, movements were performed with added inertial loads of 0.0, 0.33 and 0.59 kg 9 m 2. Movements were also performed in the presence of a 3.6 N 9 m torque, in which case the added inertias were 0.03, 0.36, and 0.62 kg 9 m 2. These latter values include the inertial contribution of the weight used to generate the external torque, which was always applied in a direction opposing the agonist and assisting the antagonist. The moment of inertia of the frame, position transducer, pulley, splint and attachments was experimentally determined by observing the frequency of oscillation of the system when attached to a spring of known stiffness. This experimentally derived value amounted to 0.04 kg 9 m 2. The moment of inertia of the moving segment of the arm was estimated for each subject based upon anthropometric measurements. The principal moment of inertia of the forearm about the transverse axis of the elbow joint was determined by averaging estimates obtained in two ways. One estimate was derived from the multiple regression equations reported by Hinrichs (1985), which are based on the data of Chandler et al. (1975), and utilize girth and length measurements of the forearm itself. The other estimate utilized the height and weight of the subject to find the segmental inertia following the method of Zatsiorsky and Seluyanov (1983). The calculated moment of inertia of the forearm alone averaged 0.02 (range 0.01-0.03) kg 9 m 2 for the six subjects. As for the moment of inertia of the hand, the above cited sources provided estimates for rotations about the wrist axis only. The value for rotations about the elbow joint was estimated by calculating hand mass based on height and weight (Zatsiorsky and Seluyanov 1983) and multiplying the mass by the square of the distance from the axis of elbow rotation to the center of mass of the hand, as estimated following the procedure of Chandler et al. (1975). Calculated in this manner, the moment of inertia of the hand about the elbow axis averaged 0.04 (range 0.03-0.05) kg 9 m 2 for the six participants in this study. Based on the calculations described above, the total moment of inertia (I) for the limb and apparatus averaged 0.1 (range 0.08-0.12) kg 9 m 2 for the six subjects under the condition of no added inertia, and 0.69 (range 0.6%0.71) kg 9 m 2 for the condition of highest added inertia, with slightly higher moments of inertia in the presence of the external torque, as noted earlier. Bipolar EMG recordings were obtained from the biceps and triceps brachii muscles of the right arm using pairs of stainless steel electrodes (1 cm diameter) spaced 1-2 cm apart. The outputs of the two EMG channels (after rectification and filtering), and of the angular displacement transducer were sampled at 10 ms intervals by a microcomputer linked to a 12-bit analog-to-digital converter. EMG and position data were displayed directly on an oscilloscope prior to digitization, and a high resolution graphics system provided on-line display of digitized biceps and triceps EMG signals as well as position and velocity traces. Peak velocity and movement amplitude for each trial were digitally displayed to the investigators, who provided verbal cues to the subject to insure that the movement trials encompassed a large range of those variables. Off-line analysis of the digitized data was largely automated, utilizing computer algorithms to determine movement onset and termination, peak velocity (Vpk), amplitude of movement (A) and area of the integrated EMG (Eant) of the antagonist during movement. The velocity profile of each trial was obtained by digital differentiation of the position data, which allowed the determination of peak velocity as well as movement onset (defined as the point at which velocity initially exceeded 20 degrees/s, i.e., 0.35 rad/s) and termination (similarly defined as the point where
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1A, B. Forearm position (flexion upward) and rectified, filtered EMG signals from triceps and biceps brachii during two movement trials of similar amplitude (A = 0.58 and 0.50 rad for A, B, respectively) and peak velocity (Vpk = 2.32 and 2.16 rad/s for A, B, respectively) under identical loading conditions (I = 0.45 kg 9 m2). The vertical solid lines represent movement onset and termination as determined by computer algorithm based on the first derivative of the digitized position signal. The sampling periods for determination of the baseline antagonist EMG activity and the period over which the antagonist EMG activity was integrated are indicated by Tbas and Tint, respectively. Subject: $2 Fig.



velocity was reduced to less than 20 degrees/s). Movement amplitude was defined as the difference in position between movement onset and termination. In order to minimize subjectivity, which seemed inevitable in a visual determination of EMG burst onset and termination, and to allow for analysis of trials in which the antagonist did not show burst-like EMG activity, the antagonist EMG activity was quantified by digitally integrating the EMG signal over the period from 100 ms prior to movement onset until termination of movement. This time period for the integration of the antagonist EMG (labelled Tint in Fig. 1) was chosen to. insure that any activity relevant to the movement was included in the analysis, despite electromechanical delays. The "baseline" EMG level, corresponding to a relaxed state of the antagonist muscle, was averaged over the 100 ms period labelled Tb,~ in Fig. 1, and was subtracted prior to integration.



Results



Figure 1 illustrates forearm position and rectified, filtered EMG signals from the biceps and triceps brachii during two elbow flexion movements of similar amplitude and peak velocity performed by the same subject with an identical inertial load (total inertia: I = 0.45 kg 9 m2). Comparison of the EMG activity associated with these two movements of similar trajectory illustrates two typical features of the raw data records of these experiments. First, even in trials such as these, where there are fairly distinct bursts of antagonist EMG activity, variations of the classical three-burst pattern are seen. For example, in Fig. 1A there is a prolonged slight increase in antagonist (triceps) EMG above the baseline preceding the bulk of antagonist EMG



activity, which is replaced by a small burst (indicated by a vertical arrow) in the trial represented by Fig. lB. Trials in which combinations of low speed, large amplitude, or low inertial loads were involved frequently showed antagonist EMG activity which was not burst-like in nature. Secondly, as demonstrated by these two trials, movements with relatively similar trajectories sometimes displayed quite dissimilar patterns of EMG activity, particularly with regard to the degree of cocontraction of the agonist and antagonist muscles seen after termination of movement. Since most subjects exhibited post-movement cocontraction of agonist and antagonist muscles on at least some trials (e.g., Fig. 1B), we considered the possibility that such an EMG pattern might be indicative of a different strategy for completing the movement, as compared with otherwise similar trials in which no significant antagonist EMG activity followed termination of the movement. In order to determine whether the presence of significant cocontraction of agonist and antagonist following the termination of movement was indicative of a change in strategy which might also affect the degree of cocontraction and thus the degree of antagonist activity during the movement, antagonist activity during the first 200 ms following termination of movment was quantified, Those trials exhibiting significant post-movement antagonist activity (defined as postmovement average EMG exceeding ten times the standard deviation of the resting baseline level) were compared with trials which did not meet this criterion. Five of the six subjects showed no apparent differences in E~nt when we compared trials with similar kinematic and loading conditions but dissimilar patterns of post-movement antagonist activity. One subject ($3) did appear to exhibit slightly greater Eant during those movements which were associated with higher postmovement antagonist activity. In light of these findings, we decided to analyze the antagonist EMG during movement without regard to the degree of agonist-antagonist cocontraction following movement termination.
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Fig. 2. A The relationship between integrated antagonist EMG area (Ea.t) and peak velocity (Vpk) of elbow flexion for subject $1. Each symbol represents a single elbow flexion movement of approximately 0.54 (range 0.4%0.59) radians under one of two different inertial loading conditions (!~ = 0.0 and 9 = 0.33 kg 9 m z added inertia). Eant increases with Vpk, and is greater for inertially loaded movements at a given Vvk. B Data for the same subject as in A, for movements of two different amplitudes performed without added inertia. Each symbol represents a single elbow flexion movement. Open symbols are for trials with average amplitude A = 0.27 (range 0.23-0.30) radians; filled symbols are for trials with average A = 0.54 (range 0.4%0.59) radians. Eant is greater for the smaller A, if Vpk does not change



In order to examine a wide range of movement amplitudes and peak velocities for each of the three inertial-loading conditions and two movement amplitudes used during the target-directed series of movements, subjects were instructed to perform movements under each condition at a wide variety of velocities. Typically, these movements were performed over amplitudes (A) of approximately 0.27 and 0.54 rad, and the peak velocity (Vpk) spanned a range of 0.7 to 6.9 rad/s. Added forearm inertia was varied from 0.0 to 0.59 kg 9 m 2, resulting in a range of total inertia (I) from approximately 0.1 to 0.7 kg 9 m;, varying slightly among the subjects due to morphological differences among them. While subsequent data are presented for elbow flexion movements only, one subject ($6) performed both flexion and extension movements. Results were qualitatively similar regardless of the direction of limb movement, confirming previous observations by Gielen et al. (1985). Figure 2A illustrates the relationship between Eant and Vpk for elbow flexion movements of approximately 0.54 rad performed at a variety of velocities and under two different inertial loading conditions (I = 0.08 and I = 0.41 kg 9 m2). Under both conditions, Ean t appears to increase with increasing Vpk, and higher inertia is associated with a substantial



increase in Eant at a given Vpk. These results, which were consistent for all six subjects, are in agreement with those of Lestienne (1979), who reported a similar increase in antagonist EMG activity with inertial loading. If, however, the inertial load of the limb remained unchanged while the subject performed movements of two different amplitudes (approximately 0.27 and 0.54 rad) at a variety of velocities, there was a clear trend toward greater values for Ean t during smaller amplitude movements at a given Vpk. Figure 2B illustrates this trend by displaying data from the same subject as in Fig. 2A, but in this case the two symbols represent different movement amplitudes. Greater Ean t for smaller movements was observed for all subjects. Similar findings have been reported for rapid movements of the human forearm (Lestienne 1979; Marsden et al. 1983; Gielen et al. 1985) and thumb (Marsden et al. 1983), as well as for forearm movements in the monkey (Flament et al. 1984). While the data presented above describe the effect of changing Vpk when one other movement variable (I or A) is modified, we sought to characterize a more concise and broadly applicable relationship between Eant and movement parameters. Several expressions involving different combinations of the
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Fig. 3A, B. Data for 2 subjects (S1 and $2) demonstrating the relationship between Ean, (in ,aV . s) and [Vpk2 A J (in N 9 m) over a broad range of movement amplitudes and velocities for each of three different inertial loading conditions. Each symbol represents a single movement trial with an added inertial load of 0.0 ( 0 ) , 0.33 ([]) or 0.59 (O) kg 9 m 2. Straight line indicates the linear regression of log Earn on log IVpk2 A I for each subject. Note that I is the sum of the added inertial load and the moment of inertia of the subject's forearm and hand as well as the apparatus. (For zero added inertia, I = 0.08 and 0.12 k g . m 2 for subjects $1 and $2 respectively)



movement parameters were tested to determine how well such expressions would serve as predictors of Ean t o v e r a broad range of kinematic and loading conditions. Two such expressions are discussed in this report, beginning with the expression IVpk2/A, which, as argued in the Introduction, should represent the average torque necessary for braking the movement. The data are displayed in Fig. 3. In Fig. 3, as in all subsequently presented data, we have included movements directed to specific visual targets (including those for which the data points are plotted in Fig. 2A and B) together with movements for which only the initial limb position was specified. For these latter movements, the subject was free to vary the amplitude from trial to trial, receiving only verbal guidance from the investigators in order to insure that the movement trials encompassed a sufficiently broad range of movement amplitudes and velocities. Based upon comparison of the correlations obtained from plots such as those in Fig. 3, inclusion of trials without specified end points did not appear to alter the strength of the relationship between Eant and [Vpk2/A seen for those trials in which the end point was specified. (For the data shown in Fig. 3, the r values based upon only the specified-target movements were 0.92 and 0.78 for subjects S1 and $2, respectively, as opposed to 0.87 and 0.82 when movements without specified end-points were included in the analysis.) By including these less constrained movements along with those previously described, the data encompass a greater kinematic range. For example, amplitudes range from 0.07-0.80 and 0.17-1.09 rad for data in Fig. 3A and 3B, respectively, while corresponding Vpk ranges are 0.6--5.7 and 0.6-8.6 rad/s.



Table 1. Linear regression correlation coefficients for double logarithmic plot of Eant vs two different movement descriptors Subject



Correlation coefficient for IVpk2A -1 for IaVpkbA c



$1 $2 $3 $4 $5 $6



0.87 0.82 0.58 0.82 0.71 0.89



0.94 0.91 0.73 0.89 0.76 0.90



Figure 3 displays plots of Eant against IVpk2/A for two subjects. Since Eant typically spanned a range of greater than 500-fold in these experiments, we have chosen to display the data on double logarithmic plots. In doing so, the trials for which Eant was zero are omitted in Fig. 3 and subsequent figures. (For the subject whose data are shown in Fig. 3A, there was only 1 trial in which Eant was 0, with the corresponding value of IVpk2/A being 0.43 Nm, while for the subject whose data are shown in Fig. 3B, there were 4 trials with z e r o Eant, corresponding to values of IVpka/A ranging from 0.69 to 1.48 Nm) In Fig. 3, each symbol type represents a particular value of I, whereas Vpk and A were varied for
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Fig. 4A, B. Data from the same subjects and movement trials as in Fig. 3A, B, but with the abscissa values derived by individually fitting each subjects data to an expression of the form h IaVpkbAc (I in kg . m 2, Vpk in rad/s and A in rad; h, a, b and c are constants). Symbols as in Fig. 3



each I. As demonstrated in the Introduction, IVpkZ/A represents the average braking torque required. It is reasonable to assume that Ean t should be related to the braking torque produced by the antagonist, but we make no specific assumptions regarding the form of this relationship. According to the braking hypothesis advanced in the Introduction, the data points for different values of Vpk , A and I would be expected to lie on the same curve on these plots. As the observed relationship between Ean t and IVpk2/A for these data appears to be described by a power function, the data can be fitted by a straight line in these double logarithmic plots. This linearity, though not specifically predicted by the hypothesis, nevertheless allows an assessment of the goodness of fit in terms of a single parameter, the correlation coefficient, r. The left-hand column of Table 1 provides the correlation coefficients for all 6 subjects when the data are plotted as in Fig. 3. In fact, over most of the range of the data, a linear regression provides a surprisingly good fit to the data points, as judged from the correlation coefficients (r = 0.87 and 0.82 for Fig. 3A, B, respectively). As seen in Table 1, data from four of the six subjects showed similar correlations. The lowest correlation (r = 0.58) corresponded to subject $3, the subject who showed the greatest degree of post-movement cocontraction of agonist and antagonist, and the only subject whose non-dominant arm was tested. (For subjects S1



through $6, respectively, the slopes of the regression lines were 2.04, 2.32, 1.78, 2.23, 1.82, and 3.17.) The possibility that an expression different from IVpk2/A might be a better predictor of Eant was examined by testing other expressions in the same manner. These included expressions involving other movement parameters, as well as an expression of the form Eant = h I a Vpkb A c. For the latter expression, values for h, a, b and c which would minimize the mean square deviation on a double logarithmic plot between Eant and IaVpkbAc were calculated for each subject's data. The analysis described above, using IVpk2/A, can be seen as a special case of this type of multiple regression with the contraints b/a = 2, c/a = -1. In the case of the subject for whom data are shown in Fig. 3A, the previous analysis led to the regression line (as plotted in Fig. 3A) whose equation is given by: Nan t = 468(I Vpk 2 A - I ) 2"045. The regression analysis with free exponents (a, b and c) leads, for the same data, to the following equation of best fit: Ean t = 355(I2"33Vpk3"95 A-2.77),



which can also be written as: Ban t = 355(I gpk 1"7 A-1"19) 2"33. This function is represented by the straight line on the double logarithmic coordinates of Fig. 4A. Figure 4 demonstrates the results of the curvefitting procedure applied to the same data as in Fig. 3, while Table 1 provides a comparison of the
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Fig. 5A, B. Data from the same subjects as in Fig. 3A, B, but for trials in which an external torque of 3.6 N - m opposes elbow flexion. Plots as in Fig. 3. Each symbol represents an individual trial performed with an added inertial load of either 0.03 (~), 0.36 ([~) or 0.62 (9 kg - m z. The straight line (identical to the regression line shown in Fig. 3) indicates the relationship seen during trials without an external torque opposing the flexion movement. The curved line represents the expected relationship if the externally applied 3.6 N .m torque was fully utilized as a substitute for antagonist muscle braking force. Most of the data points lie between these two lines



correlation coefficients obtained for each of the six subjects using both the simple expression (I Vpk2 A -I, as seen on the left-hand side of the table) and the individualized expressions of the form I a V p k b A c ( o n the right-hand side). As expected, the correlation coefficients are improved by substituting the exponents derived by this individualized curve-fitting procedure in place of the fixed exponents in the expression I Vpk2 A -1. However, the degree of improvement in the correlation obtained using the latter procedure is relatively modest in most cases, with five of the six subjects showing only minimal increases in r values for the individualized expressions (see Table 1). Furthermore, the values of the exponents a, b and c derived in this manner differ among subjects, and are not readily interpretable within the framework of commonly applied biomechanical principles. Based upon these considerations, we conclude that the exponents chosen in the original expression (I Vpk2 A -1) provide an adequate approximation for the purposes of this study. Five of the subjects also performed approximately one half of the movement trials under conditions in which an external torque of 3.6 N . m , applied to the movement apparatus via a weight and pulley arrangement, tended to extend the elbow throughout the pre- and post-movement periods as well as during the course of the movement. As the



purpose of these opposing torque trials was to determine whether the addition of a net torque operating in the same direction as that provided by the antagonist muscle would alter the activity of that muscle, the results of these trials were then plotted in the same manner as the previous trials for easy comparison. Figure 5A, B presents data from the same subjects as in Fig. 3A, B, with each data point in this case representing a trial in which the opposing torque of 3.6 N 9 m was present. The abscissa for each point once again represents the expression I Vpk2 A -1, just as in Fig. 3, and the straight line is the same as the regression line in Fig. 3 for each subject. Thus, if the opposing torque had no effect whatsoever on the Eant during movement, the data points in Fig. 5 would be expected to cluster about the regression line as in Fig. 3. The results shown for the two subjects in Fig. 5A, B, as for those of the other three subjects who performed movement trials under these conditions, demonstrate that Ean t is generally smaller in the presence of the external torque than in its absence. Symbols in Fig. 5 remain consistent with those in previous plots, indicating the inertial load for each trial. Ranges and means for Vpk and A are comparable to those of the trials depicted in Fig. 3. Assuming that the antagonist acts, in whole or in part, to provide a braking force during these move-
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ments, one would expect that the presence of the external torque acting to assist the antagonist would tend to reduce the need for antagonist activation accordingly. This expectation was tested quantitatively as follows. In the absence of external torque, as described above, the data of Fig. 3A were fitted by the equation: Eant --- 468(I Vpk2 A-l) 2'045. The application of an external braking torque of 3.6 N 9 m should reduce the needed braking torque from (I gpk 2 A -1) to (I Vpk2 A -1) - 3.6 N . m. It follows that, for this subject, Eant in the presence of the external torque should vary as: Eant --- 468((I gpk 2 Aq)-3.6) 2"~ This function is plotted as the curved line in Fig. 5A. The data points in Fig. 5A lie neither on the straight line (which corresponds to the regression line for the data in the absence of external torque) nor on the curved line (the predicted regression line in the presence of external torque). This suggests that, while the presence of an external braking torque does tend to decrease antagonist activity associated with the movement, the degree of reduction is less than that which would be expected if full advantage of the external torque was taken for braking the movement. This conclusion is supported by the data of all subjects who were tested in this paradigm, including the data of subject $2, as shown in Fig. 5B. These results are consistent with the possibility that Eant, in the absence of external torque, represents muscular activity that is in excess of the minimum needed for braking, suggesting that even if the external torque were sufficient for braking, some antagonist activity would persist. This excess activity, which presumably is counteracted by co-activation of the agonists, varies nevertheless with I Vpk2 A -1 in the absence of external torque, i.e., it remains proportional to the average net torque required for braking.



Discussion



Our results demonstrate that an expression based upon the moment of inertia, peak velocity, and movement amplitude can be predictably related to integrated area of the antagonist EMG during movement. It may appear somewhat surprising that such a simple expression may be successfully utilized, in light of various other factors which might be expected to affect the degree of needed antagonist activity for a given movement. Examples of such factors include the following: Passive viscoelastic properties may be expected to provide a varying proportion of the braking force, depending on peak velocity (Lestienne



1979; Wierzbicka et al. 1986) and, due to nonlinearity of these passive forces over the range of motion, depending on the absolute joint angle at movement termination as well (Marsden et al. 1983). Variations in the timing of antagonist activity (Lestienne 1979; Marsden et al. 1983; Gielen et al. 1985) or the velocity profile (Corcos et al. 1986) could alter the effectiveness of the antagonist burst in accordance with force-velocity and length-tension relationships. Changes in the length of the lever arm during movement would also play a role. Finally, variations in strategy, such as those suggested by the varying degrees of post-movement cocontraction seen during these experiments, or changes in instruction, such as the alternation between specified and non-specified movement end points used in these experiments, might be expected to result in varying degrees of cocontraction during the movement, thus altering the antagonist activity independently of changes in movement kinematics. However, despite the fact that these (and no doubt, other) factors were not specifically dealt with in developing the expression reported here, we were able to empirically derive a surprisingly consistent relationship between movement parameters and antagonist EMG activity. This finding does not suggest that other factors, such as those mentioned above, have no effect on the degree of antagonist activity seen during movement. It does suggest that, when examining movements encompassing such large ranges of velocities, amplitudes and inertial loads, effects which might be important for a small sub-class of those movements (e.g. the effect of passive braking in low velocity, low inertial load movements) do not greatly affect the determination of more global relationships such as the one described here. The scatter seen in the data points on the plot of Eant against IVpk2A-1 could be due merely to the expression chosen for the abscissa. This possibility was explored through the use of the curve-fitting procedure described in Results. While the procedure of individually fitting the expression h IaVpkbAc to each subject's data provides an individualized expression which more accurately predicts gant, the degree of improvement was modest for most subjects (see Table 1). While this curve-fitting procedure provides a somewhat improved empirical fit of the data, the simpler expression (IVpk2A-1) has the advantages of being applicable across subjects and of having units of torque. As these latter considerations are more important in the context of this experiment, we have chosen to use the expression IVpk2A-1 for all further comparisons. However, it is possible that the inclusion of alternative or additional kinematic parameters might provide a more precise predictor of
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antagonist activity, especially over small portions of the parameter spectrum. The utility of the expression presented here lies in its applicability over a wide range of movements and in cases where changes are occurring in multiple kinematic and loading variables simultaneously. In addition to developing an empirical relationship between movement parameters and Eant, we sought to test the hypothesis that the main function of the antagonist during rapid, single-joint movements is to brake the limb. In performing a discrete movement such as the elbow flexion movements studied here, it is obvious that, once accelerated by activity of the agonist muscle, some combination of opposing forces must act to bring the limb to a halt. While passive viscoelastic forces provide sufficient force to halt the limb under movement conditions which require only small braking forces (Lestienne 1979), demands for increased deceleration require greater opposing forces, which logically must be supplied by the antagonist. This braking action by the antagonist is supported by our finding that the expression IVpk2A -1, representing the average braking torque needed for deceleration, correlates with Eant for a large range of elbow movement conditions. However, while supporting braking as a function of the antagonist, such a correlation does not imply that braking is the only function. In fact, the results obtained in the presence of an external torque which tended to brake the movement, thus assisting the antagonist, suggest that only a portion of the antagonist activity is directly related to braking, since Eant was found to be greater than would be expected when the requirement for muscle-mediated braking was reduced. Another proposed function of the antagonist during such movements, particularly with respect to the frequently observed overlap of agonist and antagonist activation, is to increase joint stiffness in order to facilitate more precise control of the terminal phase of movement (Ghez et al. 1983), promote stability (Hogan 1984), or minimize "effort" (Hasan 1986). While the experiments described here do not directly bear on these proposals, the observations of agonist-antagonist overlap, combined with the presence of Eant activity which appears greater than that needed for braking alone, would be consistent with an increased requirement for joint stiffness which scales with the inertial torque of the limb. Another interesting, though infrequently discussed, possible role of the antagonist during rapid limb movements is to aid in counteracting the centrifugal force which may tend to force apart the articulating surfaces of the joint. In such cases, the centripetal force needed to preserve joint congruency may be provided either



passively via the ligaments and joint capsule, or actively by the muscles crossing the joint. While the joint capsule and ligaments surrounding the elbow may indeed be sufficient to prevent gross dislocation of the joint, they may not be sufficient to maintain joint congruency when the joint is in a mid-range position (MacConaill and Basmajian 1977; but see Stern 1971). If one of the constraints of active movement is to maintain normal joint congruency in order to minimize damage to the joint surfaces, muscular activity in excess of that needed solely to provide the net torque for acceleration and deceleration may be necessary whenever the angular velocity of movement is sufficiently high. We feel that these possible roles of antagonist activity deserve further consideration in light of our observations.
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