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The Control of Rapid Limb Movement in the Cat II. Scaling of Isometric Force Adjustments C. Ghez and D. Vicario The Rockefeller University, 1230 York Avenue, New York, NY 10021, U. S. A.



Summary. In the previous study it was shown that cats were capable of making rapid and accurate adjustments in the force they applied to a lever in accord with information provided by a compensatory display. In the present study, isometric responses were examined in greater detail to determine 1. if a general control policy (or model) governing responses of different magnitudes could be inferred from the relations among output parameters and 2. if the earliest output measures were scaled to the preceding sensory events. The force adjustments elicited by the sudden motion of the display showed a linear relation between the peak force and the peak of its first derivative, dF/dt. Similarly, the peak d2F/dt 2 was a linear function of dF/dt. By contrast, the times required to achieve the peak force and the peak dF/dt were largely independent of their magnitudes. These adjustments were produced by a burst of E M G activity in agonist muscles which coincided with the rising phase of dF/dt. The observations suggest that such motor outputs are determined by a pulse-step control policy. The amplitude of the pulse would control the rate of rise of dF/dt (and therefore also the peak force since the rising phase of dF/dt was of constant duration), and the step would control the level of the terminal steady state force. Both the peak force and the preceding peak dF/dt were highly correlated with the amplitude of the perturbation. Changes in display gain, which altered the required relation between input and output magnitudes, resulted in a gradual readjustment of the output parameters. It was concluded that the motor outputs were scaled from their inception to requirements dictated by the initial sensory information. The selection by the cat of the appropriate scaling function was contingent upon its previous experience with the device. Key words: Cat - Tracking - Isometric force - Pulse-step control. Offprint requests to: Dr. C, Ghez (address see above) 0 0 1 4 - 4 8 1 9 / 7 8 / 0 0 3 3 / 0 1 9 1 / $ 2.40
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The previous paper (Ghez and Vicario, 1978b) introduced a new tracking paradigm which uses a compensatory display. A general account was given of the adjustments in limb position and force exerted by feline subjects following sudden target perturbations, and the factors governing the response latency were described. Perturbations shifting the display in one or another direction elicited either flexor or extensor responses at brief latency. The position of the display could be made a function of either the cat's limb position or force. According to the parameter the animal was required to control, the final position or the force was a function of the magnitude of the perturbation. While the short response latency suggested that the response topography appropriate to the stimulus was preset, it could not be stated whether its magnitude was similarly predetermined. These responses could have resulted from an output which, although directionally specific, might have been initially undifferentiated and only later become scaled to the requirements dictated by ongoing sensory events. Alternatively the output might be controlled by a pulse width policy as proposed for the oculomotor system (Bahill et al., 1975). The present study was undertaken to better characterize the motor output in order to determine 1. how the response magnitude is specified by underlying central commands, 2. whether the earliest output parameters show a proportional relation to the final ones, and 3. the time necessary for the animals to correctly adjust the metrics of the required input-output transformations. These questions were studied under isometric conditions where lag times between neuromuscular events and their mechanical consequences are minimized, and where a close correspondence exists between electromyographic ( E M G ) activity in agonist muscles and their force output (Bouisset, 1971). In the past, tracking paradigms have been used extensively to study the control of limb position in human subjects (Poulton, 1974; Welford, 1968). It is important, however, to recognize that the rapid changes in limb position which may follow muscle contraction pose special problems for neural control. These result from the nonlinear changes in muscle tension with changes in length (Rack and Westbury, 1970; Grillner, 1972; Nichols and Houk, 1976), and the actions of muscle afferents in both agonist and antagonist (Soechting et al., 1976; Ghez and Vicario, in preparation). In addition, the central nervous system must adapt its strategy to either prevent or counteract the consequences of the momentum achieved during movement (Ghez and Vicario, in preparation). Since neural output can only control muscle tension, an isometric task provides a simpler condition for studying the time course and features of motor responses. Preliminary results have been reported (Ghez and Vicario, 1977).



Methods



Three adult cats were used. Restraints, apparatus and training procedure were described in the previous paper. In brief, the animal was immobilizedby rigidlyfixingits head and left humerus to an external frame. Its forearm was strapped in a splint attached to the lever of a manipulandum which was prevented from rotating by a locking mechanism. Facing the cat was a compensatory display indicating the difference between the force it applied to the lever and a target level. The gain of this error display could be varied by the experimenter. During discrete trial intervals, the cat centered
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the display by applying the appropriate force to the lever. Perturbations of the target voltage, moving the display, elicited corrective adjustments in the force applied by the cat. A feeder, incorporated in the display, was released for a brief interval following the realignment. Target perturbations, strain gauge voltage and its first derivative (obtained by electronic differentiation, time constant l msec), display angle and the electromyograms from brachialis and triceps muscles were recorded on magnetic tape and analyzed later. The magnitude and timing of the parameters under study were measured from single trials displayed on a storage oscilloscope. In four experiments, the integrated EMG of the agonist muscles was measured from the onset of their activity until the peak rate of force change (integrator time constant 100 msec). Only target perturbations requiring increases in extensor force were investigated. Preliminary studies showed that the same principles governed motor responses made in both flexor and extensor directions; however, the cats were not capable of exerting as much force in flexion as in extension since their forearm flexor muscles are less developed than their extensors. In most instances force adjustments were made from a neutral initial level of one requiring modest contraction of the extensor muscles. The findings reported in the present study were based on examination of approximately 8,000 responses made by the cats during some 30 experimental sessions. Although the performance of one cat was studied more extensively, the characteristics of the other animals' performance were similar.



Results



1. Configuration of Isometric Force Adjustments T h e traces in Figure 1 illustrate the characteristic features of the force adjustments following a step change in target level. Two consecutive trials are shown superimposed. A b o u t 60 msec following the p e r t u r b a t i o n a burst o f E M G activity occurs in the agonist muscle (triceps). D u r i n g this burst of activity, the rate of force change (dF/dt) increases to its p e a k value. T h e ensuing change in the force level itself shows some degree o f o v e r s h o o t before stabilizing close to the new target level. It should be n o t e d that the abrupt change in target voltage results in a slower change in the display angle and that both the burst of E M G activity and the rising phase o f d F / d t p r e c e d e its maximal excursion. T h e configuration of the rate of force change was used to classify the response since it was characteristic that each p e a k in d F / d t was associated with a burst o f E M G activity during its rising phase. F o u r m a j o r patterns were distinguished and are shown in Figure 2A. In type 'a' responses, d F / d t increases m o n o t o n i c a l l y to a p e a k and declines rapidly thereafter. This configuration was seen in 1 0 - 3 0 % o f the responses and was associated with only one burst of activity in the agonist E M G . R e s p o n s e s of types ' b ' and 'c' show a secondary p e a k s u p e r i m p o s e d on either the rising (type 'b') or the falling phase (type 'c') of dF/dt. In these cases separate bursts of E M G activity were associated with each of the peaks. In type 'd', the d F / d t shows a plateau c o r r e s p o n d i n g to a linearly rising segment o f the force trace itself. T h e most c o m m o n configuration was type 'c', occurring in approximately 4 0 - 6 0 % of the responses. T y p e 'd' responses and ones with m o r e c o m p l e x configurations (constituting about 2 0 % of responses) were not analyzed systematically. In four experiments, the integrated value of the E M G activity a c c o m p a n y i n g the rising phase o f d F / d t in type 'a' and 'c' was determined. In these cases the p e a k d F / d t was a linear function of the integrated value of the E M G activity occurring during this phase. A n e x a m p l e of this relation for a g r o u p of type 'a'
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Fig. 1. Isometric responses to two equal step changes in target level. Upper traces: target and force levels. Second traces: corresponding changes in dF/dt. Third traces: change in display angle corresponding to change in target level and in subsequent force applied to the lever. The dashed line indicates the shift of the display to the same target perturbation when the animal's limb was removed from the manipulandum (uncompensated perturbation). The bottom trace shows the triceps EMG. The correspondence between the burst of EMG activity and the rising phase of dF/dt should be noted



movements obtained on 1 day is shown in Figure 2B. In this and other cases the duration of the E M G burst did not correlate with either the peak force or the peak dF/dt. In the examples illustrated in Figures 1 and 2, the initial force level was such as to require only minimal contraction of agonist muscles. Under these conditions, any activity occasionally present in the antagonists ceased altogether at the onset of the burst in the agonist EMG. When the initial force level required a net flexor force and tonic contraction of the antagonist, the E M G activity of these muscles fell silent prior to any activity in the agonist. The general features of the force changes were, however, identical in the two cases.



2. Relationship Between Response Parameters Invariably, and without regard to the response configuration, the relationship between the peak force and the peak dF/dt remained linear over the range of
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2J2F IntegratedEMG/ArbitraryUnits) Fig. 2. A Response types. The upper and lower traces show the configuration of the force and rate of force change respectively. See text for explanation. Horizontal calibration: 50 msec; vertical calibration: 0.5 N/sec. B Relation between integrated EMG activity in the initial burst at the onset of force change and the corresponding peak dF/dt for 'a' type movements. EMG burst duration 25.4 + 6.5 msec (mean +_S.D.)



force the animals were required to produce (0-5 Newtons). This is illustrated for type 'a' and 'c' responses in Figure 3A. The slope of the relation is somewhat shallower for type 'c' adjustments since, in this case, a portion of the peak force was generated by a later burst of E M G acitivty. A m o n g type 'a' and 'c' responses there was a similar relationship between the peak dF/dt and the peak dZF/dt 2 as shown in Figure 3B. For adjustments of type 'a', where a single burst of E M G was responsible for the transition from one force level to the other, increases in the peak force and in the peak dF/dt were achieved without a significant increase in the time from onset to p e a k value of these parameters. These relations are illustrated in Figure 3C and D (filled symbols) and in the insert in Figure 3A. For adjustments other than type 'a', slight increases were often observed in the time from onset to p e a k force and less frequently in the time from onset to peak dF/dt as illustrated for type 'c' responses in one cat session in Figure 3C and 3D. When responses of types 'a', 'b' and 'c' were considered together, the average slope of this increase in the time to peak force with increases in peak force was 7 msec/Newton (range - 5 to +20). These parameters were significantly correlated in only 5 of 10 days examined in the same cat. The relation between the time to p e a k dF/dt and the peak dF/dt had an average slope of 5 msec/Newton/second ( r a n g e - 0 . 5 to 13.8) and the correlation coefficient was significant in only 3 of 12 days. The average time from onset to peak force was 114 msec (range 55-200) across days, and the average time from onset to peak dF/dt was 48 msec (range 24-72).
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Fig. 3. Relations between output parameters9 A Relation between peak force achieved and peak dF/dt. Inset shows sample records of forces and dF/dt for type 'a' movements of different size. Horizontal calibration: 50 msec; Vertical calibration: 0.5 N, 12.5 N/sec. B Relation between peak dF/dt and peak d2F/dt2. C Relation between force and the time between the first change in dF/dt to the peak force9 D Relation between the peak dF/dt and the time from onset to peak. Type 'a' adjustments: filled circles and solid line (least squares regression line). Type 'c' adjustments: open symbols and dashed line



T h e r e l a t i o n s h i p b e t w e e n t h e p e a k force a n d that o f d F / d t was n o t d e p e n d e n t u p o n t h e n a t u r e o f t h e i n f o r m a t i o n which t h e a n i m a l u s e d t o g e n e r a t e its m o t o r o u t p u t . It was similar w h e n t h e a n i m a l a d j u s t e d t h e force in r e l a t i o n to a static i n s t e a d o f a m o v i n g display. This was a s c e r t a i n e d by i n t e r p o s i n g a shield b e t w e e n t h e a n i m a l a n d t h e device d u r i n g t h e i n i t i a l a l i g n m e n t a n d r e m o v i n g it after t h e p e r t u r b a t i o n h a d shifted t h e d i s p l a y to a n e w position. W h e n the p e r t u r b a t i o n c o n s i s t e d o f a slow r a m p (lasting 5 sec), the a n i m a l a d j u s t e d t h e force in a series o f successive a p p r o x i m a t i o n s e a c h o f w h i c h was c h a r a c t e r i z e d b y a similar r e l a t i o n b e t w e e n the force c h a n g e a n d its first derivative.
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Fig. 4. Relations between perturbation amplitude and output parameters. A Relation between force required by the perturbation (abscissa) and the peak force. B Relation between the force required and the peak rate of force change. In both cases the correlation coefficient was statistically significant. Type 'a' responses are filled squares. Other types ('b' and 'c') are filled circles. All points were fitted by the least squares line (dashed line)



3. Response Scaling When perturbations were randomly varied in amplitude from trial to trial, the magnitudes of both the initial force adjustment and the peak dF/dt were significantly correlated with that of the perturbation. Figure 4A shows the relation between the force required by the perturbation and the force produced during the initial adjustment measured when dF/dt returned to zero in a series of adjustments of type 'a', 'b', and 'c'. The points were fitted with the least squares line, but it should be noted that in the intermediate range the points lie above a 45 ~ line passing through the origin and show the characteristic overshoot. In the high range there is some evidence of saturation which may represent a boundary effect (Buck, 1976) although other explanations were not excluded. The data illustrated in Figure 4B show, for the same adjustments, the relation between the force required by the perturbation and the peak dF/dt. Although there was a significant correlation between the two parameters, more scatter is evident among these points than in those of Figure 4A and the difference in the values of the correlation coefficients was significant (p < 0.01, Sokal and R o l l 1969). Since the animals always initiated their responses while the display was in motion, the question arose whether their accuracy increased when the response time was longer and more information may thus have been available. To examine this question, the absolute error (the difference between the force required by the perturbation and the peak force produced) and the response
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Fig. 5. Rescaling of force output following changes in display gain. Perturbation amplitudes were maintained constant and thus required the animal to make adjustments of similar amplitude following each perturbation. The display gain was either increased (A) or decreased (B) by a factor of two. The change was introduced while the animal was making the initial alignment prior to the perturbation. The numbers on the abscissa represent the trial number before (controls) and after the display gain change. The points and bars are the mean force error and its standard error in 4 runs



t i m e (the i n t e r v a l b e t w e e n t h e p e r t u r b a t i o n a n d t h e first c h a n g e in d F / d t ) w e r e e x a m i n e d for 600 m o v e m e n t s , e l i c i t e d by p e r t u r b a t i o n s of c o n s t a n t a m p l i t u d e in t h e c o u r s e o f five daily sessions. S c a t t e r d i a g r a m s w e r e t h e n p l o t t e d a n d t h e c o r r e l a t i o n coefficients d e t e r m i n e d for e a c h o f t h e daily sessions. T h e r a n g e o f r e s p o n s e times was f r o m 4 5 - 1 3 0 msec. In 4 o f the 5 days t h e a b s o l u t e e r r o r a n d the r e s p o n s e t i m e w e r e n o t c o r r e l a t e d . In the c o u r s e o f 1 day, h o w e v e r , a w e a k r e l a t i o n d i d exist (n = 109, r = 0.20, p < 0.05).



4. Rescaling T h e r e l a t i o n b e t w e e n t h e initial p a r a m e t e r s o f d i s p l a y m o t i o n a n d t h e m a g n i t u d e o f t h e ensuing r e s p o n s e was c o n t i n g e n t o n t h e a n i m a l ' s p r e c e d i n g e x p e r i e n c e with t h e device. This was a s c e r t a i n e d b y c h a n g i n g the gain o f t h e d i s p l a y while the a n i m a l was p e r f o r m i n g t h e initial a l i g n m e n t , awaiting the p e r t u r b a t i o n . Such c h a n g e s in gain a l t e r e d t h e e x c u r s i o n o f the d i s p l a y c o r r e s p o n d i n g to a given a m p l i t u d e o f p e r t u r b a t i o n as well as to the force r e s p o n s e m a d e b y the cat. Thus,
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the perturbation following an increase in display gain appeared to the animal to require a larger response than was in fact necessary. A decrease in gain produced the reverse effect. Figure 5 illustrates the results of two experiments in which the animal was presented with perturbations in target level of constant amplitude but where the display gain was either increased (Fig. 5A) or decreased (Fig. 5B) from its normal value by a factor of two. Each point represents the mean force error and its standard error during four successive runs, expressed as the percentage difference between the force required for alignment and the initial peak force generated by the animal. In Figure 5A the first responses following a twofold increase in display gain were approximately twice the size of responses made during the control interval. Over a period of several trials, the magnitude of the initial force elicited by the perturbations decreased progressively. Similarly, when the display gain was reduced by one half (Fig. 5B), the initial adjustments following the change in gain were reduced by about one half from those made in earlier trials. In general, the animals required 10-20 trials before their responses returned to control levels. When both the target perturbation and the display gain were changed concurrently, in such a fashion as to maintain unchanged the amount of excursion of the display, but changing the required response, the animal relearned the metrics of the required relation between input and output over a similar number of trials (not illustrated). It should be emphasized that the learning of these new metric relations was not associated with any change in the response latency which remained dependent only on the amplitude of the display motion and dF/dt generated by the animal (Ghez and Vicario, 1978b, Fig. 4C and D).



Discussion



Two phases can be distinguished within the rapid adjustments in isometric force performed by the animals: an initial dynamic phase was responsible for the transition to the new level, and a second phase determined the steady state force which may be the isometric equivalent of a new posture. The present study was concerned primarily with the factors governing the initial dynamic events. The linearity of the relationship between the initial force change and the peak value of its first derivative suggests that the response pattern is stereotyped in its general configuration, and that force adjustments of different magnitudes are related to one another by scaling factors. Because of the marked low pass characteristics of skeletal muscles (Partridge, 1965), the neural output responsible for these different force adjustments could not have merely paralleled the change in force level. Instead, the lags and decreased gain introduced by muscle mechanics (Partridge, 1965) require that the dynamic phase be determined by an increased firing frequency of individual motor units, and the transient recruitment of additional motoneurons above the levels producing the terminal steady state force. This conclusion is supported by the observations of Tanji and Kato (1973) and Biidingen and Freund (1976). In type ~ adjustments, where a single burst of agonist EMG activity during the rising phase of dF/dt was responsible for the initial peak force, responses of
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increased magnitude did not require additional time to be achieved. Rather, the integrated value of the burst of EMG activity and the slope of dF/dt (and peak dZF/dt 2) increased progressively while the duration of the burst of agonist activity remained unchanged. Thus in a' first approximation, these motor outputs may be described by a pulse-step model in which the dynamic phase of the adjustment is controlled by the height (amplitude) of a proposed control pulse. The duration of this control pulse approximates that of the rising phase of dF/dt and remains essentially constant. Its amplitude directly controls the rate of increase of dF/dt and thereby also the ensuing peak force. The terminal steady state force is assumed to be governed by a step increase in neural output. In adjustments of other than type 'a', the presence of secondary peaks of dF/dt may indicate additional control pulses updating the initial output and improving the accuracy of the initial response. Nevertheless, the same control policy (i.e., pulse height modulation) appeared to apply overall since the times to their peaks were largely independent of the magnitudes of either the force or its derivatives when all types were grouped. Pulse-step models have also been proposed to underlie the control of saccadic eye movements (Robinson, 1964, 1970, 1973; Bahill et al., 1975). In that system however, saccadic amplitude is primarily governed by the "width" (duration) of a pulsatile output of oculomotor neurons firing at near maximal frequency (Robinson, 1970; Bahill et al., 1975). Width control is sometimes seen in rapid limb displacements and the factors which determine it will be discussed in a later paper of this series (Ghez and Vicario, in prep.). In the case of limb muscles, the discharge of Golgi tendon organs (Houk et al., 1970) and the resulting disynaptic inhibition of motor neurons (Eccles et al., 1957), following the initial increase in isometric muscle tension, are likely to contribute to the abrupt cessation of agonist EMG activity at the time of the peak dF/dt. Constraints determined by these and other (Burke and Rudomin, 1977) segmental mechanisms may therefore favor a pulse height control policy for the initial phase of the force adjustments. It is important to recognize that the implementation of this control policy requires that the subjects have prior information about the mechanical properties of their muscles and the final force likely to result from a brief burst of neural output. The a~tivity of muscle afferents may play a major role in providing this information. These findings suggest that in rapid voluntary muscle contraction descending commands, in addition to controlling the final force, may contribute specifically to the control of the derivatives of force. The phasic neurons of the motor cortex (Smith et al., 1975) and the red nucleus (Ghez and Vicario, 1978a), whose discharge frequency parallels dF/dt, may have this function. Whatever the mechanism, dynamic control of dF/dt is important to overcome the low pass characteristics of skeletal muscle (Partridge, 1965) which would otherwise severely limit the performance of rapid movements. The force adjustments elicited by motion of the display were scaled from their very inception to demands set by the initial sensory events. Derivatives of display motion provided sufficient information for the animals to both initiate their response and scale its magnitude. The cats could also make adjustments
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with similar a c c u r a c y to the s u d d e n a p p e a r a n c e o f the d i s p l a y in an e c c e n t r i c p o s i t i o n a n d in r e s p o n s e to slow r a m p p e r t u r b a t i o n s . U n d e r t h e s e c o n d i t i o n s a l i g n m e n t o f the d i s p l a y r e q u i r e d a d i f f e r e n t r e l a t i o n b e t w e e n i n p u t a n d o u t p u t p a r a m e t e r s , and, with a little practice, t h e a n i m a l s w e r e c a p a b l e o f d e t e r m i n i n g it. This suggests t h a t t h e a n i m a l s effectively l e a r n e d the r e s p o n s e p r o p e r t i e s o f t h e device itself a n d w e r e c a p a b l e o f e s t i m a t i n g the final force r e q u i r e d a c c o r d i n g to t h e context. Such a c a p a c i t y s h o u l d n o t b e s u r p r i s i n g in a p r e d a t o r such as the cat w h o s e v e r y survival r e q u i r e s it to p r e d i c t t h e p o s i t i o n o f m o v i n g prey. Since t h e r e s p o n s e l a t e n c i e s w e r e always v e r y short ( G h e z a n d V i c a r i o , 1978b), it s e e m s likely t h a t t h e m e t r i c s o f t h e t r a n s f o r m a t i o n b e t w e e n i n p u t a n d o u t p u t a r e set p r i o r to t h e stimulus itself. This n o t i o n r e c e i v e s s u p p o r t f r o m t h e fact t h a t t h e l a t e n c i e s w e r e n o t a f f e c t e d b y the n e c e s s i t y for t h e a n i m a l to e s t i m a t e m a g n i t u d e f r o m trial to trial ( G h e z a n d Vicario, 1978b). M o r e o v e r , w h e n t h e gain o f t h e d i s p l a y was a l t e r e d , t h e r e s c a l i n g o f t h e m o t o r r e s p o n s e s r e q u i r e d 1 0 - 2 0 trials. O n the basis o f p r e v i o u s e x p e r i e n c e , t h e s u b j e c t s d e t e r m i n e d the t r a n s f e r f u n c t i o n a p p r o p r i a t e for scaling t h e i r r e s p o n s e m a g n i t u d e . W h i l e t h e activity o f n e u r o n s within i n p u t a n d o u t p u t c h a n n e l s is likely to r e m a i n s c a l e d to i n p u t a n d o u t p u t p a r a m e t e r s ( G h e z a n d v i c a r i o , 1978a), t h e e x i s t e n c e o f i n t e r c a l a t e d n e u r o n s s h o w i n g a d a p t i v e c h a n g e s m a y b e p o s t u l a t e d . T h e r e s p o n s e s o f such n e u r o n s a r e likely to reflect t h e c h a n g e s in t h e t r a n s f e r function r e q u i r e d for successful p e r f o r m a n c e u n d e r n e w c o n d i t i o n s . Acknowledgements. This study was supported by NIH grants NS 10705 and NS 12730. C. Ghez was
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(1978)) indicate that rapid isometric contractions in human subjects are characterized by a similar relation between peak force and dF/dt as that reported here in the cat. This suggests a common control policy in the two species.
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