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REFLEX RESPONSES AT THE HUMAN ANKLE: THE IMPORTANCE OF TENDON COMPLIANCE



BY P. M. H. RACK, H. F. ROSS, A. F. THILMANNt AND D. K. W. WALTERS* From the Department of Physiology, University of Birmingham, Birmingham B15 2TJ



(Received 8 March 1983) SUMMARY



1. Subjects with active stretch reflexes responded to an imposed sinusoidal movement of the ankle joint with a reflex force whose amplitude and timing varied widely with changes in the frequency of movement. 2. At some frequency between 6 and 8 Hz, the reflex force tended to offset the non-reflex component of resistance, and thus to reduce the total resistance to movement. At this frequency the reflex response was particularly vigorous, with a deep modulation of electromyogram (e.m.g.) activity and a displacement of the joint stiffness vectors far from their high frequency values. The total resistance to movement might then be small, or it might be zero, or the reflex might actually assist the movement. 3. As the frequency of movement was decreased through this critical range, the timing of the reflex response to movement changed rapidly with an abrupt advancement of the triceps surae e.m.g. signal, and a wide separation of the joint stiffness vectors as they passed close to the origin. 4. This result was attributed to a changing distribution of the movement between the muscle fibres and an elastic Achilles tendon. It was assumed that at most frequencies the muscle fibres resisted extension, so that a major part of the imposed movement went into stretching the tendon; when, however, at 6-8 Hz, the reflex response was so timed as to reduce or abolish the resistance of the muscle fibres, more ofthe movement would take place in them. The muscle spindles would 'see 'this larger movement of the muscle fibres, and generate correspondingly more reflex activity. 5. A simplified model of the muscle-tendon combination behaves in a way that supports this view, and the available information about the human Achilles tendon indicates that it is sufficiently compliant for such an explanation. 6. Therefore, movements imposed on the ankle joint would not necessarily be 'seen' by the muscle spindles, since they would be modified by transmission through a compliant tendon. By assuming a value for the tendon stiffness, it was possible to calculate the course of movements that actually occurred in the muscle fibres and spindles. Records of these spindle movements indicated how some non-linearities might arise. * Present address: Department of Psychology, 4230 Ridge Lea Road, Amherst, NY 14226, U.S.A. t Present address: Abteilung Klinische Neurologie und Neurophysiologie der Universitiit Freiburg, Hansastrasse 9, D-7800 Freiburg, F.R.G.
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7. Although reflex activity only offset the non-reflex muscle stiffness in a very limited frequency range, the precise frequency at which this occurred varied with the amplitude of movement. There were also small spontaneous alterations in this critical frequency which were attributed to changes in motor unit contraction times. INTRODUCTION



The preceding paper (Evans, Fellows, Rack, Ross & Walters, 1983) described some responses of the human ankle joint to sinusoidal movements. Those results could be explained in terms of the mechanical properties of muscles and the known properties of the stretch reflex. Delays involved in the stretch reflex pathways could be calculated from the results, though this calculation involved an implicit assumption that sensory receptors within the muscle 'see' the movements which we impose on the joint. In the present paper we describe the behaviour of subjects with very active stretch reflex responses to small movements. We have found it impossible to explain the results of these experiments in terms of the delayed response of the muscle to a directly imposed movement of the sensory receptors, and we therefore begin by drawing attention to some features of the musculo-tendinous arrangement which seem to be important. An examination of the anatomy of the human gastrocnemius and soleus muscles (Alexander & Vernon, 1975), and of the general properties of tendons (see Alexander, 1981), shows that the ankle joint is not rigidly coupled to the muscle fibres and their associated spindles. Tendons are extensible, and the tendinous attachments of these muscles are in fact 6-10 times longer than the muscle fibres themselves; they may be expected to yield appreciably under load. Some of the movement which we impose on the joint will thus be taken up in the tendon, and only a part will be transmitted to the receptors. The situation is shown diagrammatically in Fig. 1, where the tendon is represented as a spring.



Fig. 1. Diagrammatic representation of tendon, muscle and stretch reflex. For description see text.



REFLEX RESPONSES AT THE ANKLE 505 If one could regard both muscle and tendon as being simple elastic structures, then the imposed movement would be divided between them in proportions that depended on their relative stiffness, and the muscle receptors would 'see' an attenuated, but otherwise unmodified version ofthe total movement. If (more realistically) the muscle fibres were assumed to combine elastic resistance with frictional resistance (Gasser & Hill, 1924), while the tendon met our sinusoidal movements in a way that was essentially elastic (Ker, 1981), then the situation would be more complicated; the movement of the muscle fibres would lag behind the imposed movement of the joint, and the receptors would 'see' a movement that was both attenuated and shifted in phase. So long as the elastic and frictional resistance of both tendon and muscle were unaffected by changes in frequency, the muscle receptors would have a 'view' of the imposed movement that was always attenuated and phase-shifted by the same amount; it seems likely that this was approximately the situation when there was only a small reflex response to the movement and the force measurements changed little with changing frequency. Under those circumstances the implicit assumption that an imposed sinusoidal movement was transmitted directly to the receptors (Evans et al. 1983) probably led to only minor inaccuracies. When, however, in subjects with very active stretch reflexes, the delayed reflex component of force was large compared with the other non-reflex forces, the timing of the force response would alter appreciably with changing frequency. This alteration in the force timing would, in effect, change the muscle fibre stiffness, and thereby modify the distribution of the movement between the muscle fibres and the tendon. The movement of the muscle fibres and the associated receptors would thus differ from the movement at the joint, and differ by varying amounts as the frequency was changed. Therefore, we cannot assume that we were effectively taking hold of the receptors and examining a direct response of the stretch reflex to our controlled movement. We were in fact perturbing an intact reflex pathway by applying disturbances through a more or less compliant tendon. The results that we describe in this paper become comprehensible when they are seen in that light. METHODS



Physiological measurements were made by the methods described in the preceding paper (Evans et al. 1983), the same thirteen subjects were investigated. Anatomical measurements were made on two embalmed cadavers. RESULTS



Although sinusoidal movements of small amplitude usually generated less reflex force than did large movements (Evans et al. 1983), there were some subjects in whom even a small movement might be met by a powerful reflex response. When this did occur, the combination of the small movement and the vigorous response led to e.m.g. and force wave forms that might differ considerably from those described in the foregoing paper. These differences were most evident when the reflex response was further potentiated by a period of preceding activity.
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These particular responses to small amplitude movements are illustrated in Figs. 2-4. All the records of Figs. 2 and 3 and some of the records of Fig. 4 were made from a single sequence of 322 cycles of movement at progressively decreasing frequencies, during which the subject maintained a mean flexing force of 10 Nm Hz



12-8



J[J(J~V~/'7NPJ/'~ 110 Nm



877



69



9



5mm



0



VIP



56



Woo



A om a-?



-TTlly



.P..A



4*0



0-5 s



Fig. 2. The response to imposed sinusoidal movements. The five samples of record were taken from a single sequence of continuous movements in which the frequency was progressively reduced. In each sample the upper record is the soleus e.m.g. and the lowest record is the joint position. The middle record shows the part of the resisting force that remained after subtraction of the forces required to move the mass of the foot and its enclosing mould (see Evans et al. 1983). The amplitude of movement was + 1.10, and the mean flexing force was 10 Nm. The mean frequency for each sample is shown on the left.



(about one-fifth of his maximum). This subject had a particularly brisk Achilles tendon reflex, and he had already undergone a good deal of sinusoidal driving (many thousands of cycles) on that day. Fig. 2 shows selected samples of the position, force and e.m.g. records. For Fig. 3, the 322 cycles have been divided into I Hz bins; the force and rectified e.m.g. records in successive pairs of cycles were then averaged (see Evans et al. 1983, Fig. 4). The same records have also been subjected to sinusoidal analysis to extract the
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components of the force and e.m.g. signals which were locked to the driving frequency. Fig. 4A and B (continuous lines) shows the phase and amplitude of the e.m.g., and in Fig. 4C (largest circular path) the resting forces are plotted as stiffness vectors. At the highest and the lowest frequencies, the records shown in Figs. 2 and 3 are similar to those that were described in the previous paper (Evans et al. 1983). At Hz 15
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Fig. 3. Averaged e.m.g. and force responses to sinusoidal driving; the same experiment as Fig. 2. Responses to the gradually decreasing frequency of movement were collected into 05 Hz bins, so that the 10 Hz bin contained all the fourteen cycles whose frequencies were between 10-25 and 9 75 Hz. The force signals from successive pairs of cycles were averaged, and these are shown on the right (after subtraction of forces attributable to the apparatus and to the mass of the foot). The rectified and integrated e.m.g. signals from the same cycles are on the left. Each record is the average of eight to eighteen cycles of movement. The lowest record in this Figure and in later Figures of this type shows the position of the joint.



frequencies above 10 Hz most of the e.m.g. activity occurred during the flexing phase of the movement when the calf muscles were shortening, and sometimes this activity tended to concentrate in alternate cycles, with an accompanying alternation in the force records (Fig. 3, 12-10-5 Hz and Fig. 13). At low frequencies (less than 5 Hz) most of the e.m.g. activity occurred when the calf muscles were lengthening, though a subsidiary peak sometimes appeared later in the cycle (4 Hz in Figs. 2 and 3), and this peak accounts for the relative lateness of the 4 Hz point in Fig. 4A. Movements at 5-9 Hz It was in this middle range of frequencies that the reflex responses differed particularly from those that were described by Evans et al. (1983). As the frequency of movement was swept through this range, the response changed quite rapidly in



P. M. H. RACK AND OTHERS a number ofdifferent ways: the e.m.g. signal and the reflex component offorce became large in amplitude and changed rapidly in timing, while the force wave form became irregular and far from sinusoidal. These changes will be described in detail. In the middle of this frequency range (6-7 Hz in Fig. 3), the e.m.g. signal was deeply modulated, with large and relatively brief peaks of intense activity separated by longer periods of electrical silence. As the frequency was reduced through this range 508
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the timing of these e.m.g. bursts changed rapidly, and in Fig. 4A (continuous line) the 2 Hz reduction from 7-5 to 5-5 Hz was accompanied by 1300 advancement of the e.m.g. timing, whereas the reduction of frequency from 15 to 8 Hz had been accompanied by advancement of the e.m.g. signal by only 8-90/Hz. These e.m.g. changes were accompanied by comparable changes in the resisting force. Comparing the 7-5 Hz and the 5.5 Hz records of Fig. 3, one can see that when the frequency decreased from one of them to the other, the 130° advance of the e.m.g. signal was accompanied by a shift of the peak force from the middle of the extension phase of the movement to a time that corresponded to maximal extension. Ignoring for the moment the non-sinusoidal wave forms at the intervening frequencies, and looking at the stiffness vectors (Fig. 4C), one can see that in this experiment the path of the vectors encircled the origin, so that the change between the records at 7-5 and 5.5 Hz should properly be regarded as a 2700 phase advance. A more meaningful indication of the timing of the reflex component of force is given by the angular movement of the stiffness vectors around the high frequency points;
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the considerable displacement of the 6-7-5 Hz points away from this knot of high frequency points indicates the large amplitude of the reflex force at those frequencies. It will be noted that the largest reflex e.m.g. signals and reflex forces, and the widest spacing of the stiffness vectors, all occurred together when the frequency was such that the vectors were displaced downward and to the left ofthe high frequency points, towards or beyond the origin. However, the precise frequency at which this happened C A
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