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Strategies That Simplify the Control of Quadrupedal Stance. II. Electromyographic Activity JANE M. MACPHERSON Department of Anatomy, Queen’s University, Kingston, Ontario K7L 3N6, Canada



SUMMARY



AND



CONCLUSIONS



INTRODUCTION



1. This study tested the hypothesis that muscle synergies underlie the invariance in the direction of corrective forces observed following stance perturbations in the horizontal plane. Electromyographic activity was recorded from selected forelimb and hindlimb muscles of cats subjected to horizontal translations of the supporting surface in 16 different directions. The responses of muscles were quantified for each perturbation, and tuning curves were constructed that related the amplitude of muscle response to the direction of platform movement. 2. Muscle tuning curves tended to group into one of two regions, corresponding to the two directions of force vectors. A few muscles showed clearly different recruitment patterns. The same direction of correction force vector was produced by different patterns of muscle activity, and the particular EMG pattern depended on the direction of platform movement. Therefore a simple muscle synergy organization could not account for the invariance in force vector generation. 3. It is concluded that there is a hierarchy of control in the maintenance of stance in which the vector of force exerted against the ground is a high level, task-dependent controlled variable and the selection of muscles to activate in order to produce the vector is controlled at a lower level. It is proposed that muscles are controlled using a modified synergy strategy. In this scheme, a synergy is not simply a fixed group of muscles, constrained to act as a unit. Rather, muscles are organized as a task-dependent synergy that is tuned or modified as needed by the addition or subtraction of other muscles. 218
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The preceding study (23) described the biomechanics of the strategy used by the cat to maintain stance following translation of its supporting surface in any direction in the horizontal plane. Correction of the position of the centre of mass of the animal was accomplished primarily by a hindlimb strategy in which each hindlimb produced a force vector in one of two possible directions. A loaded hindlimb (supporting increased vertical force) produced a force backward and outward, whereas an unloaded hindlimb exerted a forward force. By modulating the amplitude of the correction vector from each limb, a resultant vector was produced that had a direction opposite to that of platform movement. Thus the seemingly difficult task of calculating the correct forces to exert by each of the four limbs to correct for platform movement was reduced to a simple binary choice, i.e., one vector direction or the other. This simplifying strategy involves a command signal at a rather high hierarchical level of motor control, the production of a force vector to be exerted by a limb against the ground. Producing the correct force vector is a problem that requires the control of many lower level parameters, such as the torques to be exerted at each of the limb joints and the activation and inhibition of a great many muscles. What is the nature of the motor command signals that produce the direction-invariant force vectors? Is this seemingly high level strategy merely the result of a simple command signal at a lower level, such as that of muscle activations? One may hypothesize that the CNS could activate one specific muscle group or synergy for each of the two
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vector directions. The amplitude of the force vector would be modulated simply by changing the strength of the command signal to the synergy. Thus the task would be reduced from a high level command specifying forces against the ground, to a relatively low level command specifying one of two muscle synergies. In this context, a synergy is defined as a group of muscles constrained to act as a unit (29, 30). The term muscle synergy has been used extensively by motor physiologists and in several different contexts, and so the definition is somewhat blurred. Bernstein (4) was one of the first to formulate the degrees of freedom problem (see 23, INTRODUCTION) and to propose that the CNS solves this problem by organizing its output in terms of muscle synergies rather than individual muscles. By limiting the number of possible output patterns, the CNS can reduce the number of degrees of freedom that it must control. If a muscle synergy organization is used by the nervous system, then one should be able to observe invariances in muscle groupings within a certain limit of variability in motor behavior. This study tested the hypothesis that a muscle synergy organization underlies the simplifying strategy of the two force vectors that is used to maintain stance following perturbations in the horizontal plane. The muscle synergies were evaluated by measuring the electromyographic (EMG) activity of selected forelimb and hindlimb muscles in cats subjected to small horizontal ramp and hold movements of the supporting surface in each of 16 different directions in the horizontal plane. Portions of this work have appeared in abstract form (22). METHODS



The methods were the same as in the preceding study (23), using the same six cats. In brief, the animals were trained to stand quietly on a platform equipped with four independent triaxial force plates (21). The platform was operated by hydraulic cylinders under computer control and could be translated linearly in any direction in the horizontal plane (25, 31). The direction of platform movement was specified in a polar coordinate system in which 0” was a backward translation and the angle increased in a clockwise manner as viewed from above, such that 90” was a leftward translation (seeFig. 1 in Ref. 23). Pertur-
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bations were delivered during periods of quiet stance and consisted of a ramp and hold linear movement of the platform in each of 16 evenly spaced directions.



EMG recording Once the cats were trained, they were anesthetized with Saffan (alphaxalone-alphadolone, 0.75 ml/kg) and implanted for chronic EMG recording using standard sterile surgical techniques. Muscles were implanted in the left hindlimb and/or forelimb and the muscles selected for this study are listed in Table 1. Each muscle was implanted in at least two cats and usually three. Pairs of Tefloncoated, multistranded stainless steel wires were stitched through each muscle, and the short segment of the wire inside the muscle belly was bared of insulation. The electrode separation was -5 mm. The electrode placement for each muscle was drawn on atlas diagrams during the surgery and care was taken to implant the same muscle region in each cat. The boundaries of the innervation compartments of some muscles can be estimated from surface features. When possible, every attempt was made to identify the compartment boundaries and to place the electrodes well within one compartment only. The electrode leads were accessed through a connector cemented to the skull. EMG signals were amplified and band-pass filtered (200 Hz and 2 kHz) and then full-wave rectified before being passed through a four-pole low-pass filter. The raw EMG signal (band-pass filtered) was monitored on an oscilloscope, whereas the low-pass filtered signal was digitized at a rate of 1,000 samples/s and recorded on-line. The position of the platform and the forces exerted by each paw against the support were simultaneously digitized and recorded. Following each trial of platform movement, the data were displayed on a graphics terminal and examined before being stored on disk.



Data analysis Five trials were recorded for each perturbation in a session, and the data were plotted as rasters and averages during off-line analysis. Four sessions were recorded for each perturbation for a grand total of 20 trials per direction. The EMG signals were analyzed automatically on a trial-bytrial basis. The average activity level and standard deviation were computed from the background recording period of 50 ms. Thresholds of background plus 3 standard deviations (SD) and background minus 1.5 SD were used to find regions of significant increased and decreased activity, respectively. The onset and offset times of these responses were then detected using a cumulative sums technique (11). Search parameters for the onsets and offsets were initially established empir-
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1. Recordedmusclesand their actions* Muscle



Action Hindlimb



muscles



Gluteus medius (GLUT) Caudofemoralis (CDFM) Adductor femoris (ADFM) Anterior biceps femoris (BIFMt) Gracilis (GRAC) Rectus femoris (REFM) Sartorius (anterior& SART) Vastus medialis (VMED) Lateral gastrocnemius (Lg25, LGAS) Tibialis anterior (TIBA) Peroneus longus (PERL)



Thigh extensor/abductor Thigh extensor/abductor Thigh extensor/adductor Thigh extensor/abductor Thigh extensor/adductor, shank flexor Thigh flexor/shank extensor Thigh flexor/shank extensor Shank extensor Foot extensor/shank flexor Foot dorsiflexor/invertor Foot dorsiflexor/evertor Forelimb muscles



Spinodeltoid (SPDL) Acromiodeltoid (ACDL) Latissimus dorsi (cranial, LATS) Pectoralis major (deep, PECS) Triceps brachii (long head, TRLO) Cleidobrachialis (CLBR)



Humerus Humerus Humerus Humerus Humerus Forearm



retractor/outward rotator retractor/outward rotator retractor adductor/retractor retractor/forearm extensor flexor



* Muscle actions based on Crouch (8); TBotterman et al. (5) and English and Weeks ( 14); $Hoffer et al. (18); $English and Letbetter (12, 13).



ically but were held constant for all the analysis. Responseswere required in 60% of recorded trials in order to be included in this report. These analysesprovided a consistent and repeatable measure of EMG activity. The EMG responses were then quantified by summing the deviations from the background level (area under the curve). Only those responsesthat had average latencies 40 ms following onset of platform movement were included in this study. Changes in EMG activity at this latency were considered to be triggered by the perturbation as part of the programmed response for maintaining stance (see Ref. 26 for a more detailed discussion of EMG latencies during postural responses). For excitations, the EMG response was broken down into two epochs. The first area was computed from the beginning of the burst and for a fixed duration of 30 ms. A second area was computed for the whole duration of the period of increased activity. Periods of reduced activity (inhibitions) were analyzed for the full response. The response areaswere averaged for each set of five trials and then the four sets of data were used to generate a grand mean. Within each muscle, the means were normalized to the maximum response of the 16 directions. The normalized data were then plotted as muscle tuning curves in polar coordinates, with the angle representing the direction of translation and the radius being the normalized amplitude of EMG activity. The tuning curves generated for the two excita-



tion periods (the fixed window medium latency response, and the entire response) were virtually identical in form. Therefore, no distinction will be made in the presentation of the results. RESULTS



All the muscles studied responded to translations of the platform in a defined region of the horizontal plane. The tuning curves were broad but normally spanned < 180’ and had a fairly simple, petallike shape (Fig. 1). The EMG responses increased monotonically with increasing angle (direction of translation) to a maximum and then decreased. However, the maximum was not necessarily at the midpoint of the curve (i.e., gracilis, Fig. 1F). There were several hindlimb muscles for which the responses coincided with the region of one force vector direction or the other, suggesting synergic organization. However, other muscles had distinctly different tuning curves that could not be related to just one vector direction. Even for those muscles that appeared to act together, there were subtle differences between them that suggested some independence of control. Forelimb muscle tuning curves were more independent of each other than were the
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FIG. 1. Tuning curves of left hindlimb extensors and force vectors in polar coordinates. A-F: normalized EMG amplitude (radius) is plotted against direction of platform movement (angle). G: amplitude of the horizontal force vector. In the shaded region, from 157 to 293 O,direction of correction vector was 45 O.H vertical force amplitude. The limb was loaded in the shaded region, from 180 to 3 15 O. GLUT, gluteus medius; BIFM, anterior biceps femoris; ADFM, adductor femoris; LGAS, lateral gastrocnemius; VMED, vastus medialis; GRAC, gracilis.



hindlimb ones, and even when a constant vector was exerted by a forelimb, there was often no correspondence between the region of vector generation and the tuning curves of specific muscles.
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Hindlimb EA4Gs In Fig. 1 are illustrated the tuning curves of several limb extensors (A-F). Also shown are the force vector tuning curves for the limb with the recorded muscles (Fig. 1, G and H). The tuning curves for these muscles were remarkably similar from cat to cat. In Fig. 1G is plotted the magnitude of the correction force vector in the horizontal plane (radius) against the direction of platform movement (angle) for the left hindlimb. For translations between 157 and 293’ (upper right quadrant), this hindlimb generated a correction force with a constant direction near 45’. The amplitude of the vector increased to a maximum for translations of 225’ and then decreased. Similarly, for translations between 337 and 135’ (lower left quadrant), the left hindlimb produced a forward force against the ground (direction near 180”) with an amplitude that increased to a maximum and then decreased. The switchover points from one vector direction to another were associated with minimum amplitude of the vector (see Fig. 8B in Ref. 23 for a plot of vector directions). The vertical force tuning curve in Fig. 1H shows that the left hindlimb was loaded (increased vertical force) for translations between 180 and 3 15 O and unloaded for translations between 0 and 135’. It is noteworthy that at 157”, there was no change in vertical force, even though the limb was still producing a small, but significant, backward and outward horizontal correction vector (Fig. 1G). Also, there was still considerable loading of the hindlimb at 3 15 O, when the horizontal plane vector was minimal and at the switchover point for direction. A comparison of the force tuning curves with the muscle response tuning curves reveals that activation of several of the hip extensors as well as vastus medialis and lateral gastrocnemius coincided with the generation of the 45’ correction vector and the loading of the limb (Fig. 1). The caudofemoralis tuning curve (not illustrated) was identical to that of gluteus medius. Three of the hip extensors, gluteus medius (Fig. lA), anterior biceps (lB), and caudofemoralis are also classed as abductors, whereas the fourth, adductor femoris (1 C’) is an adductor. An exception in the distribution of EMG responses was gracilis (Fig. 1F), a hip extensor and ad-
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ductor. Although the tuning curve of this muscle overlapped with the other hip extensors, it was different both in its extent and in its angle of maximum response. These differences are shown more clearly in Fig. 2 in which the tuning curves of gluteus medius and gracilis from cat I are drawn on the same graph. The gluteus curve lies primarily in the upper right quadrant with a maximum at 225 O,whereas the gracilis curve is symmetrical about the sagittal plane, with a maximum at 180’. Averaged EMG traces that are representative for each direction of translation are plotted at the ends of the respective axes, with the gluteus trace on top and the gracilis trace below. For the translation at 135 O, gracilis showed a strong response, whereas gluteus was silent. As the translation direction increased from 180 to 225 O, the gluteus response increased in amplitude while the gra-



cilis response decreased. It is clear that these two muscles were recruited differently. There were subtle differences in recruitment pattern for the muscles that had similar tuning curves. Some of these differences are illustrated in Fig. 3 in which the ‘averaged EMG traces of five muscles are plotted for six different directions of translation. Also plotted are the vertical force records from the left hindlimb. At 113’ the hip, knee, and ankle extensors showed significant decrease in activity following the perturbation and the hindlimb was unloaded. A similar pattern was observed at 135 O, however, adductor femoris was not inhibited and showed no significant change in activity level, even though the limb was again unloaded. At 157O there was strong activation of gluteus medius and adductor femoris, whereas anterior biceps showed no change. Both vastus medialis and



180



FIG. 2. Tuning curves of gluteus medius (GLUT) and gracilis (GRAC) from cat 1. The 100% response level is represented by the GRAC data point on the 180° axis. Each axis is extended outward to point to representative traces of averaged EMG activity of gluteus medius (above) and gracilis (below), recorded for the respective direction. Each trace represents 500 ms of data.
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FIG. 3. EMG responses to 6 directions of platform movement. Averaged traces for 5 hindlimb muscles are plotted, as well as the-vertical force trace for the left hindlimb (LH-Fz). The direction of translation is indicated by the polar axes inset above each set of curves. At the bottom of each column is the horizontal displacement of platform (POSN). Shaded areas indicate significant regions of excitation or inhibition as determined by the analysis described in the text (METHODS). Note how the pattern of muscles that are excited and inhibited changed with direction of platform movement, particularly between 157 and 270”, when correction vector was always in the 45” direction. See legend to Fig. 1 for definitions of abbreviations.



lateral gastrocnemius were again inhibited. No change was observed in vertical force, although the limb did produce the horizontal plane 45’ correction vector at this angle. For translations at 203 O,the limb was loaded and all the muscles were activated except vastus medialis, which showed no modulation up or



down. Finally, at both 225 and 270’ all the muscles were activated. Therefore, even though the tuning curves of many of the muscles were similar, there were differences in the borders of the activation zones as evidenced by the switch from inhibition of a muscle to excitation (Fig. 3).
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Nevertheless, the limb always generated a horizontal force vector of 45’ in response to translations with directions from 157 to 293O (Fig. 1G). Figure 4 illustrates the tuning curves of the muscles that contributed to generating the second correction vector of 180”, during which time the limb was unloaded. Responses are shown for the hip flexors rectus femoris and anterior sartorius from two cats, and the ankle dorsiflexor tibialis anterior from two cats. Another ankle dorsiflexor, peroneus longus, is also represented. The tuning curves of the horizontal force vector and the vertical force are included for comparison with those of the muscles. More variability in tuning curves was seen



for these muscles than for the extensors discussed above. In general, the flexor muscle tuning curves overlapped the force vector tuning curves, although discrepancies were observed at the borders. For example, the anterior vector was produced for translations at 135”, but none of the hip or ankle flexors were activated beyond 113O. The other border of the muscle tuning curves often extended well into the zone of limb loading, past the switchpoint in the horizontal vectors (e.g., REFM, top left curve of Fig. 4). In fact, the tuning curves for both hip flexors, but especially sartorius, were symmetrical about the sag&al plane in mirror image to gracilis. The variability from cat to cat was also more pronounced in the flexor group than in
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FIG. 4. Tuning curves of left hindlimb flexors and force vectors in polar coordinates. Examples from 2 cats are shown for rectus femoris (REFM), anterior sartorius (SART), and tibiahs anterior (TIBA). Also illustrated is peroneus longus (PERL). In the shaded area of horizontal vector tuning curve, the vector direction WaS or 18OO.In the shaded area of the vertical force curve, the limb was unloaded.
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the extensors. This was evident in the border zones in particular for all three examples in Fig. 4. The force tuning curves were more consistent from cat to cat than were the flexor muscle tuning curves.



Forelimb EiWGs Two cats were implanted with electrodes in forelimb muscles that had their primary actions at the shoulder. The tuning curves for the muscle responses and the force vectors are shown in Fig. 5. The vertical force tuning curve at the bottom of the first column in Fig. 5 was virtually identical for the two cats. However, each cat showed a different horizontal vector response profile, corresponding to two categories of vector patterns discussed in the preceding paper (23). Cat 5 produced two direction-invariant force vectors with the forelimb; one forward and out at 135 O and the other backward and in at about 3 15’ (Fig. 5A). The amplitude of the vectors increased to a maximum and then decreased, just as with the hindlimb vectors, although the overall amplitudes were less than those of the hindlimb in the same animal. In contrast, cat 6 generated only one direction-invariant vector, backward at 0’. This vector was produced for translations with directions between 180 and 293’ (Fig. 5B). For other directions of translation, the force vector direction varied linearly with the direction of translation (with 180’ offset), and the amplitude remained relatively constant and small in comparison to



cat 5.



Given the differences between cats5 and 6 in the forces produced, it is surprising that the response tuning curves of all the muscles were very similar. Of the forelimb muscles recorded, only two showed slight differences in the tuning curves of the two cats; pectoralis and cleidobrachialis. The pectoralis of cats5 and 6 were similar, but cat 6 showed low-level responses extending into the lower regions of the graph, from 3 15 to 45O (Fig. 5B). Cleidobrachialis was also similar in the two cats, but again, cat 6 had a broader range, with responses extending into the upper right quadrant, 203 to 293’. The tuning curves for the other muscles were very similar for the two cats.
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Few of the muscle response tuning curves could be related to either the vertical or the horizontal force tuning curves of cat 5 (Fig. 5A). The cleidobrachialis and latissimus dorsi curves each coincided with one of the regions of the horizontal force tuning curve. The spinodeltoid and the acromiodeltoid curves were similar to the loading region of the vertical force curve, but the maximum angles and the border angles were clearly different. Finally, triceps and pectoralis showed no correspondence to either force curve. In summary, regardless of the force vector profile of the forelimb, muscles were maximally activated in the region that would be expected, given their anatomical location. Each muscle was active such as to oppose the platform translation. For example, cleidobrachialis, a limb protractor, was most active for translations at about 0’ where the limb was retracted by the perturbation.



Interlimb coordination Since the hindlimbs worked together to generate the appropriate combination of horizontal vectors to move the centre of mass (23), it is important to consider the muscle activation patterns of these two limbs together. Figure 6 illustrates diagrammatically the inferred coordination pattern of the muscles of the two hindlimbs, based on the recordings from the left hindlimb. Since the force patterns for the two hindlimbs were symmetrical, it is assumed that the muscle tuning curves were symmetrical also. There were two basic coordination patterns of activated muscle groups following platform translations in the horizontal plane, one cooperative and one reciprocal. For translations near the sagittal plane the pattern is one of cooperation, with both limbs showing activation of the hip and ankle flexors (Fig. 6, lower quadrant) or extensors (Fig. 6, upper quadrant). Following translations near the transverse plane (Fig. 6, lateral quadrants), the pattern is one of reciprocity, with one limb activating the hip, knee, and ankle flexors and the other activating the hip, knee and ankle extensors. This description is obviously a generalization, since not all muscles could be included in one of these two convenient categories.
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FIG. 5. Tuning curves of left forelimb EMGs and force vectors in polar coordinates. A: cat 5 produced 2 constant horizontal vectors in the regions shown (bottom right), 1 at 135O and the other at 3 15O. The vertical force curve (bottom left graph) was identical for both cats (t, loading; 4, unloading). B: cat 6 exerted only 1 constant force vector of O”, for platform movements from 180 to 293O. SPDL, spinodeltoid; ACDL, acromiodeltoid; TRLO, triceps brachii (long head); PECS, pectoralis minor; LATS, latissimus dorsi; CLBR, cleidobrachialis.



For example, gracilis was also active in part of the flexor muscle region. The tuning curve for gracilis was symmetrical about the sagittal plane, implying that when this muscle



was activated, it was always activated bilaterally. Nevertheless, Fig. 6 demonstrates clearly changing patterns in hindlimb coordination related to direction of translation.
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FIG. 6. Schematic diagram illustrating muscle patterns of hindlimb coordination. Polar plot could be divided into 4 regions of hindlimb coordination; 2 cooperative near 0 and MO”, and 2 reciprocal near 90 and 270°. Note the different sizes of each region. LH, left hindlimb; RH, right hindlimb.



DISCUSSION



This study tested the hypothesis that a muscle synergy organization underlies the two-vector biomechanical strategy used by cats in responding to horizontal translations of the supporting surface. Although some muscles were activated in a similar manner, the data do not support a simple synergy organization for these postural responses. A modified synergy concept is proposed that consists of tuning or modification of a synergy according to the task specifics. It is suggested that muscles were recruited in the synergy on the basis of their particular action at the joint(s) they spanned and that the spe-



cific combination of muscles used to achieve the desired force vector against the ground was dependent on limb position at the end of translation. In this discussion, the term synergy is defined simply as a group of muscles constrained to act together (4, 29, 30). It is not intended to encompass any broader definition, such as that ascribed by some writers who include classical reflexes ( 10, 20). The hypothesis of this study was formulated using the simplest interpretation of Bernstein’s (4) ideas of muscle activation patterns. Specifically, the motor system has redundant degrees of freedom and control of a particular movement can be simplified by
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combining several of the degrees of freedom into one. If a group of muscles is constrained to act as a unit, then they are no longer under independent control within the context of the particular movement. The individual muscles may still be influenced independently by low-level feedback signals, but the movement command signal is common for the group. Thus the hypothesis was that the command, or trigger signal for the postural responses described here, was directed to a fixed group of muscles. It is important to note that postural responses such as those described here are not simply reflexive in origin but, instead, are centrally organized patterns that are triggered by some aspect of the sensory input related to the perturbation (see Ref. 26 for a more detailed discussion of this point). The triggered responses are comprised of automatic, medium-latency muscle activations or inhibitions that exhibit the same timing as the M2 or FSR (see 26). The results are trivial if the postural responses are merely reflexive in origin. In this study, the pattern of activated muscles was not constant for a force vector of constant direction. Rather, the choice of muscles to activate depended on the direction of translation (Fig. 3). It is necessary to examine the possibility that a synergy organization was present, but was merely obscured by other factors. In considering the muscles contributing to the loaded-limb vector (45” direction), it is possible that some of the differences in activation patterns at the borders of the tuning curves could be ascribed to threshold effects. For example, with a translation of 157”, gluteus medius, caudofemoralis, and adductor femoris were all activated, but anterior biceps, vastus medialis, and latera1 gastrocnemius were not, and the latter two were even inhibited. It is possible that the command signal for activation was sent to all of these muscles, but factors at the level of the motoneuron pool resulted in the command signal being subthreshold for three of them. In support of the synergy concept, all these extensor muscles were modulated together along with the amplitude of the force vector and showed similar maximum angles. The tuning curve of vastus medialis is more difficult to explain with this argument, since the muscle was not activated until transla-



tion angles of 225’ and more. Furthermore, the maximum response in this muscle was observed for translations of 270’. The explanation of threshold effects cannot account for the tuning curve of gracilis. Figure 2 illustrated clearly that this muscle responded very differently from the other limb extensors. Indeed, for one region of the plane gracilis was modulated down, whereas the other muscles, as well as the force vector amplitude, were modulated up. In the region in which gracilis was activated (- 135.225”), the hindlimb was in a protracted position at the end of platform movement, with the hip flexed. Perhaps gracilis was needed to act in combination with the other hip extensors in order to achieve the 45’ force vector when the limb was in this forward position. It is unlikely that gracilis was exerting much action at the knee in this region of the plane, since other knee flexors such as posterior biceps had very different tuning curves (7). It is difficult to do more than speculate on the possible actions of combinations of muscles at a particular joint without knowledge of the kinematics of the limb in three dimensions as well as data on the line of pull of the muscles from different limb positions. Buchanan and colleagues (6) found similar shaped muscle tuning curves in a study in humans involving an isometric force task at the elbow. They reported that each muscle seemed to be activated in the region of its best mechanical advantage and there were no clear synergic groupings. For some force directions, certain muscle combinations were required to achieve the desired vector, since no one muscle produced a force in that direction. However, in that study the arm exerted the force from the same initial position, and the task involved generating a continuously varying series of force vectors in a plane. The flexor muscle group in the cats, which produced the second vector of 180”, was more variable than the extensor group discussed above. While the tuning curves of the hip flexors and ankle dorsiflexors were overlapping, differences were seen for both the boundaries and the maxima within the same cat. It is interesting that this anterior vector appeared to subserve two separate functions according to the angle of platform movement (23). This is best seen by considering the pattern of coordination of both hind-
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limbs (Fig. 6). When the hindlimbs acted in cooperation to generate an anterior vector near the sagittal plane, each contributed directly to pulling the trunk backward to restore the position of the centre of mass. However, in the region of reciprocal coordination the loaded hindlimb generated a vector in one direction (45”) and the unloaded hindlimb generated a vector in the other direction (180’). It was suggested in the preceding study (23) that the hindlimb exerting the vector back and out produced a bending moment at the spine, tending to cause lateral flexion of the trunk. The unloaded limb produced the anterior force to counteract this bending moment. It is likely that the two functions of I) producing a backward impulse on the body and 2) resisting a bending moment resulted in very different stresses and strains on the limb joints and required somewhat different combinations of muscles, even though the vector direction was the same. Thus a single, fixed synergy would not provide the most effective solution to generation of the anterior force in both regions. This may account for the variability in tuning curves, however, detailed kinematic data in three dimensions are required to investigate this further. When one studies movements in all directions in the horizontal plane, it is important to consider not only flexion and extension torques about the limb joints, but also stabilization of joints in the lateral plane. The forelimb muscle tuning curves were the most variable of all the muscle groups tested. The preceding study (23) suggested that participation of the forelimbs in generating horizontal plane forces was not obligatory for corrections of the position of the center of mass. In some cats, certain direction-invariant vector(s) were produced, whereas in others the vector direction was linearly related to the direction of filatform movement, just like the passive force vectors. This suggested that the function of the forelimbs was more for vertical support of the head and forequarters and that the hindlimbs propelled the body in the horizontal plane. Thus, not surprisingly, each shoulder muscle was activated in the region of its presumed mechanical action. It may be that the forelimb muscles were more tuned to local inputs than the hindlimb muscles and that
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they were recruited more by low level mechanisms. It is concluded that the postural muscles in the present study were not linked in a simple synergy organization and that groupings at the muscle level cannot account for the invariance in the direction of the corrective force vector exerted by the hindlimbs. The choice of the particular group of muscles to activate was subordinate to the hierarchically higher level parameter of force production at the ground, a parameter that was highly task related. Thus the goal-directed objective of the system was to produce a particular vector of force against the ground, regardless of the position of the limb, and the problem of how to produce that vector was solved at a lower level by the choice of the appropriate group of muscles. Do muscle synergies exist at all, or is each muscle controlled quite independently? Several studies of stance control in both humans and cats have provided evidence suggestive of a synergy type organization. For example, many muscles activated for corrections of anterior and posterior sway showed similar scaling with velocity as well as amplitude of platform movement in humans (9, 19) and cats (unpublished observations). This scaling would be expected if the muscles are constrained to act as a group. Furthermore, it was demonstrated that postural synergies could be elicited inappropriately under certain conditions (26, 27), the kind of error that might be expected if the response repertoire of the system is limited by combining degrees of freedom. The studies cited above concerned postural responses following horizontal perturbations in the sagittal plane only. The nature of the variability in the muscle groupings was not apparent until the present study, which examined translations in the whole horizontal plane. Rather than discard the concept of the muscle synergy and return to the problem of independent muscle control, it is worth considering a middle road that combines aspects of both ideas. It is clear that one can no longer consider a synergy to be fixed and immutable in terms of its components and their activation. On the other hand, there were muscles in this study that did tend to group together, such as gluteus medius, adductor femoris, etc. This grouping was not just due
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to these muscles being simple anatomical synergists. For example, gluteus has abductor function, whereas adductor femoris is a powerful adductor (8), but both muscles were always activated together in producing the 45’ vector, even though the limb position varied from one of protraction (following anterior translations) to adduction (following rightward translations). Perhaps this group of muscles can be considered to be a synergy that is tuned according to limb position. The critical factor for determining the muscle groupings may be hip position, since the hindlimb movements induced by platform translations occur mainly at the hip (24,28). Studies of locomotion have revealed that feedback arising from movements of the hip joint can entrain the central pattern generator for stepping. The flexor and extensor bursts and their durations were strongly affected by hip joint position (1-3, 17). Thus the tuning of the synergies evoked by platform translation may depend on the direction of angular motion at the hip joint induced by the platform movement. Several authors have discussed the control concept of generating responses for the right “ballpark” that are then tuned to reach the final goal (4, 16, 29, 30). The idea of having



tuned synergies implies a more complex type of control, in that the number of degrees of freedom and therefore the number of parameters to be controlled is increased, but the total is still less than the number of muscles being activated. Tuning also provides for a more sophisticated refinement of motor control by making use of the richness of variability in the muscles that act at any joint, a variability that results from each muscle’s unique morphology, attachments, and mechanical effectiveness for a given joint position. This kind of control schema would be more flexible than a fixed synergy system in adapting to unusual demands, such as those that occur with injury or fatigue, since the basic synergy would not have to be restructured and adaptation could be achieved through tuning. ACKNOWLEDGMENTS
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