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THE CONTRIBUTION OF MUSCLE AFFERENTS TO KESLESTHESIA SHOWN BY VIBRATION INDUCED ILLUSIONS OF MOVEMENT AND BY THE EFFECTS OF PARALYSING JOINT AFFERENTS BY



G. M. GOODWIN, D. I. McCLOSKEY1 AND P. B. C. MATTHEWS (From The University Laboratory of Physiology, Oxford) UNDER most conditions we are consciously aware of the position of the various parts of our limbs relative to each other and whether they are moving or still. This awareness has been given, among others, the names of "kinaesthesia" and "position sense." These two terms are usually treated as synonymous and both taken to cover all aspects of the awareness, whether static or dynamic. This practice will be continued here except that the term "kinaesthesia" will be preferred when there is an element of movement involved, and "position sense" when movement is largely absent. For the first half of the present century it was widely but uncritically thought that signals from receptors in both muscles and joints contributed to the full range of kinaesthetic sensations, and no distinction was made between them. Sherrington (1900, 1918) gave this view the whole weight of his authority, although he had no very definite evidence on which to base an opinion. Paradoxically, he then proceeded by his detailed analysis of the reflex actions of the muscle afferents to help to open the way for the alternative view, namely that signals from muscle receptors are reserved for the subconscious control of movement and quite fail to penetrate consciousness. This latter view came into prominence in the 1950s with the inability at that time of various workers to detect an evoked potential on the cortical surface on stimulating group I muscle afferents, though they could readily do so on stimulating cutaneous afferents (Mountcastle, Covian and Harrison, 1952; Mclntyre, 1953, 1962). With refinements in technique, however, such projections were later amply demonstrated in both cat and monkey (for example: Oscarsson and Rosen, 1963; Phillips, Powell and Wiesendanger, 1971; see review in Matthews, 1972), so this particular argument soon ceased to apply. But by that time, other reasons had been adduced for the view that the main muscle afferents do not contribute to consciousness. To begin with, the development of the hypothesis of the servo control of movement through the fusimotor pathway led to the feeling that the cortex had no need to "know" 1
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precisely what was happening at the lower levels of the motor control system; moreover, it was suggested that a conscious awareness of the spindle afferent discharge would merely confuse the issue, since the spindle discharge was seen as the misalignment signal between the desired and the actual length of a muscle rather than as a signal which was meaningful in itself. This view was forcefully put by Merton when he stated (1964) "until the underlying incompatibility of these two notions is felt one cannot properly appreciate the character of the problems that face us in this field";



the two notions were that muscle spindles could be held responsible first for the stretch reflex and second for position sense. More conservative neurophysiological opinion, without necessarily accepting the servo hypothesis, agreed that the signals from muscle afferents were too complex to be used in position sense (Mountcastle and Powell, 1959; Mountcastle and Darian-Smith, 1968). The whole issue became complicated by the tendency to equate the problem of the role of the spindles in somatic muscles with the role of the spindles in the extrinsic eye muscles; these latter can in some respects be studied more readily because there are no joint receptors to bother about, and their study has led to important conceptual advances. A century ago, Helmholtz {see 1925) adduced cogent evidence that the subjective awareness of the direction of the gaze depends not upon proprioceptive discharges from the extraocular muscles, but is "simply the result of the effort of will involved in trying to alter the adjustment of the eyes."



His most forceful argument was that "in those cases where certain muscles have suddenly been paralysed, when the patient tries to turn his eye in a direction in which it is powerless to move any longer, apparent motions are seen."



This, he felt, showed that "our judgement as to the direction of the visual axis is formed as if the will had produced its normal effects. . . and since no change has taken place in the positions of the images on the retina of the paralysed eye, we get the impression as if the objects shared the supposed movements of the eye."



Sherrington (1900, 1918) thought that Helmholtz's arguments were invalid, but later workers have generally failed to feel the force of Sherrington's objections and have preferred to side with Helmholtz. This was particularly so because workers on lower animals subsequently found that surgically rotating the eye (swell fish) or the head (insects) would cause the animal to perform repeated circling movements; these were thought to have as their proper purpose the maintenance of the stability of the world as seen by the animal, but with inversion of the visual image the movements had precisely the opposite effect and so the movements were kept going indefinitely. Sperry (1950) introduced the term "corollary discharge" for the neural activity which he suggested might underlie his own behavioural findings on fish; he did so in the following words: "Thus any excitation pattern that normally results in a movement that will cause a displacement of the visual image on the retina may have a corollary discharge into the visual centres to compensate for the displacement."
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It may be noted that in these experiments on lower animals corollary discharges would have originated from somatic motor centres as well as from oculomotor centres since the movements were of the whole body and not just of the eyes. In the new terminology, Helmholtz's observations in man which had originally been attributed to a "sensation of innervation" were now ascribed to a "corollary discharge" from oculomotor centres to sensory centres. Von Hoist (1954) used yet another terminology for the same phenomena and talked of a subtractive interaction between an "efference copy" and a returning afferent signal and suggested that "the difference can either influence the movement itself, or, for instance, ascend to a higher centre and produce a perception." In 1960, Brindley and Merton repeated and refined Helmholtz's observations and so established to general satisfaction that the eye lacks position sense. Particularly cogent observations were made on observing the effects of preventing the eye from moving by holding it with forceps. When vision was occluded, movement was believed to have taken place as intended. When vision was preserved, the visual world appeared to move in the direction of the intended movement. Related effects were found when a movement was imposed on the eye by the «xperimenter. With vision occluded, the subject was unaware that movement had occurred as already noted by Irvine and Ludvigh (1936), whereas with vision preserved the world rather than the eye was felt to move. All this was taken to show that the position of the eye was judged on the basis of corollary discharges rather than on the basis of peripheral afferent discharges. Thus for the last decade it seems to have been universally accepted that the eye is without position sense and that the very numerous muscle spindles in human extraocular muscles cannot influence consciousness. This naturally led to the feeling that the discharges from spindles in somatic muscles may also fail to penetrate to the conscious level. Ironically, however, the recent unanimity over the eye has turned out to rest upon an insecure foundation and very recent work by Skavenski (1971), published after the present experiments were completed, has entirely reopened the question of the role of the extraocular spindles. By improving the sensory testing procedures Skavenski succeeded in demonstrating an awareness of eye position which appeared to depend upon inflow signals from the muscle afferents rather than from visual information or corollary discharges. His two trained subjects could reliably detect whether, and in which direction, their eyeballs were displaced by the experimenter when vision was occluded and the conjunctiva? were anaesthetized; the displacements were about 10 degrees in extent and were applied via a stalk mounted on a close-fitting contact lens. Moreover, when asked to do so, Skavenski's subjects were largely successful in maintaining the direction of their gaze in spite of the eye being acted upon by a force which would otherwise have produced a displacement of some 5 degrees; again visual and other non-proprioceptive sources of information were excluded as providing the basis for the correction. Skavenski suggested that in the previous basically similar experiments weak proprioceptive sensations might have passed unnoticed because the subjects were untrained and were under "some degree of discomfort or duress." Skavenski's findings, however, in no way interfere with the conventional view that corollary discharges must be postulated in order to explain the stability of the visual world in the face of self-induced movement; but his results do raise the question as to how far corollary discharges contribute to the position sense of the eye, meaning by this the ability of the subject to recognize the direction of the gaze independently of visual clues. In the past these two functionally different roles for corollary discharges do not appear to have been distinguished as would now appear essential. In the 1950s and 1960s experimental evidence progressively supported the view that somatic spindles resembled extraocular spindles in being without sensory action. At the same time, however, it became apparent that in another respect extraocular spindles differed from somatic spindles in that they were unable to elicit a stretch reflex, be it monosynaptic or polysynaptic in its mediation (Whitteridge, 1960; Keller and Robinson, 1971). The first direct evidence against a sensory action
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for somatic muscle afferents was provided by Browne, Lee and Ring (1954) who anaesthetized the metatarsophalangeal joint of the big toe in man by infiltrating it with procaine and found that the subject then became largely unaware of whether or not his toe was being moved when the muscles were relaxed. The procaine would, of course, have paralysed the joint and cutaneous afferents without influencing those from the appropriate muscles, since these lie far away. Thus these results were taken by some to show that muscle receptors made no contribution to position sense, though the authors themselves actually thought on indirect evidence that the muscle receptors provided an important contribution when the muscles acting at the joint were tensed; they did not report, however, any experiments on the anaesthetized toe to support this view. Provins (1958) later performed similar experiments on the metacarpophalangeal joint of the index finger and found that an equally gross impairment of position sense was produced irrespective of whether or not the muscles acting at the joint were tensed, though the interference with kinaesthesia does not appear to have been as great as that previously described for the toe. It passed generally unnoticed, however, that Provins tested position sense only with a single slow velocity of angular movement (0-6 degree/sec), so that his findings could not properly be generalized to rapid movements. A few years later, Butt, Davies and Merton (Merton, 1964, 1970) made the whole hand anaesthetic by inflating a pressure cuff around the wrist and waiting the appropriate time to render it anoxic. It was stated that the top joint of the thumb then became "quite insensitive to passive movements of whatever range or rapidity," and though the experiments were never written up in full this claim was naturally given much weight by subsequent reviewers (cf. Phillips, 1969). In previous similar experiments, however, Chambers and Gilliatt (1954) found that in spastic patients the appreciation of passive movements of the fingers was "strikingly preserved" after making the hand insentient and concluded that this showed the "state of contraction of resting muscles is of considerable importance in the perception of movement and posture." In normal subjects, Chambers and Gilliatt found that although making the hand anoxic produced a severe impairment of postural sensation in the fingers yet the loss was not complete; Merton agreed with the finding, but he felt free to disregard it for he believed that it depended merely upon clues to the occurrence of movement derived from the bellies of the long finger flexors nudging against the top end of the pressure cuff where the skin was not anaesthetic. In 1967, Gelfan and Carter fortified what had by then become the orthodox view by pulling upon various tendons exposed via a skin incision in the awake human subject. This failed to produce any "awareness of muscle stretching," though it did produce various sensations, including pain, localized to the site of the skin incision and tendon grasping. It may be questioned, however, whether the condition of their experiments were really suitable for the detection of relatively unobtrusive sensory signals. Their subjects appear to have been experimented upon as a prelude to surgery performed for therapeutic reasons, and in a certain number of subjects over and above the 9 reported upon the tests had to be discontinued "because of undue apprehension, complaints of pain, or with whom communication was unreliable because of language problems." Moreover, they would appear to have concentrated upon asking their subjects whether they experienced "any sensation referable to the muscles" rather than to the relevant joints. All this human work was supported by animal experimentation performed over about the same period of time and which showed that repetitive electrical stimulation of group I muscle aflFerents with an implanted electrode appeared to be without action on the functioning of the higher cortical levels in the awake animals. First, group I volleys failed to desynchronize the EEG in the way that cutaneous afferent volleys so readily do (Giaquinto, Pompeiano and Swett, 1963). Secondly, it has so far proved impossible to condition a cat to respond by pressing a bar to group I stimulation (Swett and Bourassa, 1967). Thus it became the physiological orthodoxy of the 1960s that muscle receptors have no part to play in kinssthesia {see for example: Rose and Mountcastle, 1959; Matthews, 1964; Mountcastle and Darian-Smith, 1967; Merton, 1970; Phillips, 1969). Some felt that joint receptors should be held entirely responsible for position sense, while others argued



MUSCLE AFFERENTS CONTRIBUTING TO KINJESTHESIA



709



that corollary discharges (sense of effort) also played an important part, as they do for the eye (Merton, 1964, 1970). However, as indicated above, the rejection of a role for muscle afferents was less soundly based than at first sight appeared, and not all workers accepted the conventional line. For example, Paillard and Brouchon (1968) did not do so when they showed that the position of the arm was more accurately perceived when it was actively moved into a new position by the subject himself than when it was passively moved into the same position by the experimenter; they suggested that this might be partly due to a conscious awareness of the differences between the spindle discharges in the two conditions.



The present paper describes experiments which argue that the common-sense classical view has been too hastily discarded and that receptors in somatic muscles do contribute to kinaesthesia. The results fall into three parts. First, there is a description of the distortion of position sense which may be induced by muscle vibration and which we have found it convenient to study at the elbow on vibrating either the biceps or the triceps muscle. The distortion is most simply attributed to the vibration-induced discharges of muscle receptors being interpreted by the higher centres as if they were due to muscle stretch, the sensation being referred to the joint as if it were moving in the appropriate direction. The muscle spindle primary endings seem likely to be chiefly responsible for these are far more powerfully excited by vibration than are the other two main receptors of muscle (spindle secondaries, tendon organs; Brown, Engberg and Matthews, 1967). This conclusion prompted us to reinvestigate the sensory effects of moving joints when the joint afferents have been paralysed, but while the afferents to some or all of the muscles acting at the joint have been spared. The findings are described in the second part of the paper and show that a measure of position sense may persist after the afferents to the joints of the finger or of the thumb have been inactivated. At the same time, as described in the third part of the paper, we were able to make certain observations on the role of any corollary discharges from motor centres to sensory centres when a limb is moved. These appear to have a different function from those of eye muscles, but one which cannot be neglected once kinaesthesia is held to be partly attributable to the discharges of muscle afferents. Three preliminary notes have already been published (Goodwin, McCloskey and Matthews, 1972a, b, c). METHODS



A remarkable feature of the present experiments has been the simplicity of the techniques which have been adequate to display the qualitative features of the responses we have studied. Almost everything that we have noted could profitably be studied in a more quantitative manner, but to have done so in the first instance would have risked obscuring general principles in a mass of detail. All experiments were performed on normal human subjects. Each of the authors has been the subject for virtually every type of experiment presently described. In addition, some 30 other subjects of either sex have been recruited for one or other type of experiment; some were physiologists, some were technicians, and some were students. This large number of subjects was employed partly because every new experimental procedure was tried out on, among others, a subject who had no previous experience of the experiments. Thus all our experiments have been performed on a range of subjects who varied from the experienced and possibly biased to the completely naive.
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The vibration studies were performed on each of the two main muscles acting at the elbow, that is the biceps brachii and the triceps brachii. The vibration was applied to the skin immediately over their tendons at a point just above the elbow. Vibration of biceps probably also affected brachialis, but this is immaterial since the actions of the two muscles are so similar. Two different vibrators have been used with similar results. In most experiments a Pifco Physiotherapy Vibratory Massager (Model No. 1556) was used. This has a vibrating plastic head of 3-5 cm diameter driven by an electric motor. It vibrates at 100 Hz with a maximum peak-to-peak amplitude of movement of about 2 mm; when it was applied to the subject's arm the movement was reduced to about 0-5 mm. The Pifco vibrator was applied to the subject's arm simply by being firmly pressed by the experimenter on to the skin overlying the requisite tendon. In the later experiments we frequently used the vibrator that has been developed in the Department of Clinical Neurophysiology of Uppsala University (TVR vibrator VIA). This consists of a small d.c. motor with an eccentric load which can be strapped to the arm with broad rubber bands thus ensuring a constant pressure of application; a minor disadvantage was that the vibration tended to be transmitted along the rubber bands and so could affect the antagonistic muscle as well as the one intended. This vibrator was also used to produce a frequency of vibration of around 100 Hz with an amplitude of movement of about 0-5 mm. Measurements of the angle at the elbow-joint were made by recording the potential produced by a potentiometer which was rotated by movement at the elbow. The subject was seated with his upper arms resting on a horizontal support and his forearms free to move in the vertical plane. The axis of the potentiometer was aligned with the axis of the elbow and a rod attached to its spindle. The rod was attached to the subject's wrist by flexible rubber bands and so was constrained to follow the movement of the forearm, but with enough "give" in the system to overcome minor changes in the axis of rotation of the elbow. Permanent records were taken with an Ultraviolet Recorder (S.E. Laboratories, type 3000) and were accurate to about 3 degrees, though the scale was slightly non-linear. Unfortunately, all the records required very heavy retouching for photographic reproduction. In addition, the experimenter, who could, of course, see what was happening, would periodically question the subject on the nature of his sensations and note the answers. RESULTS



A. Illusions Induced by Vibration Tracking of a vibrated arm.—A simple way of demonstrating the distortion of position sense which may be produced by vibration is to use one arm to indicate the illusory position of the other. In our original experiments, which lend themselves to ready repetition, this was done as follows. The blindfolded subject sits at a table with his upper arms resting horizontally upon it and with his forearms free to move in the vertical plane and in full supination. One arm is then designated as the "experimental arm" to which vibration will be applied. The other arm is designated as the "tracking arm" and the subject is asked to keep it aligned with the experimental arm so as to provide an objective indication of his subjective estimate of the position of the vibrated arm. Initially, the forearms are held with the elbows slightly short of full extension; this entails the subject contracting his flexor muscles to counteract gravity. He is instructed to avoid voluntarily moving the experimental arm and told that if he should find it moving of its own accord or being displaced by the experimenter then he should make no attempt to oppose the motion but should use the "tracking arm" to show the experimenter what he feels to be happening. Fig. 1 illustrates a qualitatively typical example of how he then behaves on applying vibration to the
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tendon of the biceps muscle; not all subjects, however, showed such large responses. Shortly after the vibration began the vibrated arm started to move into flexion under the influence of the tonic vibration reflex. This phenomenon is now well known since its independent description in 1966 by Hagbarth and Eklund and by De Gail, Lance and Neilson and is attributed to the excitation of the spindle primary endings by the vibration leading to a stretch reflex type of response, though there is still some uncertainty about the detailed mechanism. The initial part of the reflex movement was not perceived by the subject so that he kept the tracking arm still even though the vibrated arm was moving. After an error of a few degrees had developed he became aware of the motion and began to move his tracking arm also, but to begin with the tracking arm moved more slowly than the vibrated arm so that the misalignment between them increased progressively; in some subjects, however, once the tracking arm began to move it lagged no further. If at any point during the movement the blindfold was removed the subject would invariably express surprise at the position in which he had put himself. Likewise when the vibration was stopped during the course of tracking the subject would immediately realign his arms with tolerable accuracy. Although he was instructed to do this by moving only the tracking arm, some subjects tended to move the vibrated arm also. Fig. 1 also shows the remarkable effect of interfering with the progress of the tonic vibration reflex by arresting the movement without the subject's knowledge. This was brought about by the reflex movement itself gently pulling tight a long string after the vibrated arm had moved through about 60 degrees; one end of the string was attached to a splint
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FIG. 1.—The effect of vibrating the tendon of the right biceps muscle so as to produce a tonic vibration reflex which moves the arm into flexion. The left arm is used to track the subjectively apparent position of the vibrated right arm. From the arrow onwards any appreciable further flexion of the vibrated arm was prevented by the movement gradually pulling taut a long string which was attached to a splint on the arm and fixed at its far end to an isometric myograph. The top trace shows the resultant recording of tension. The tension calibration in this and all subsequent records applies to the force developed at the wrist. When the arm was fully extended the angle at the elbow was 180 degrees. This and all subsequent records have been retouched. It may be noted that even in the absence of vibration the subject was not completely accurate in aligning his arms; this was typical.
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or to a wrist-band on the subject's arm and the other end was fixed. The subject then developed a strong sensation that his arm was being moved in the opposite direction to that in which it had just been moving (i.e. that the movement was changing from flexion to extension); this did not surprise him as he had no knowledge of what was actually happening, and in some trials the experimenter did indeed forcibly extend the vibrated arm. Fig. 1 demonstrates the extent of the sensation of the reversal of movement and its continuation after the reflexly elicited contractile tension had reached a plateau. At the end of the period of vibration the subject had an error of over 40 degrees in the alignment of his forearms, though he still believed that he was successfully managing to keep them parallel. If the reflex contraction of biceps was made isometric from the start then the tracking arm was moved into extension from the very beginning.



Not all subjects, however, would allow such large errors to develop and would stop moving the tracking arm after a smaller displacement. When questioned, they would sometimes state that they could still feel it moving into extension but knew that it could not really be doing so, and so did not continue to track it. Others would keep the arm still and express themselves satisfied with the match. Yet others would move the tracking arm backwards and forwards and say that they could not decide what was happening; possibly they were confused because they were receiving incompatible evidence from different sources and were sometimes responding to one and sometimes to another. When in fig. 1 the vibration was stopped the subject immediately became aware of his error and made the appropriate correction. The magnitude of the misjudgement that a subject may make of the position of his arm during vibration



FIG. 2.—Posed photograph to illustrate the magnitude of the difference in position of the vibrated and the tracking arm that can occur while the subject believes he is managing to keep them aligned. The photograph shows the position of the arms as they were at the end of the period of vibration in fig. 1. The scale is marked in tens of degrees.
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is emphasized in fig. 2 which shows the position reached at the end of fig. 1 after the reflex movement had been arrested. In two subjects, vibration regularly failed to elicit a reflex contraction and each felt that his arm moved in the opposite direction to that in which the reflex would have taken it, just as if the reflex had been arrested from the very beginning. Several other subjects had a similar sensation when the vibration was turned on, and before any appreciable reflex movement had occurred, but, any such initial apparent movement preceding and in opposition to the real movement was usually too transitory to be tracked. Fig. 3 illustrates the analogous experiment on the triceps muscle. In this case the tonic vibration reflex induces an extension rather than a flexion and so the illusion is the mirror image of that just described on vibrating biceps. But in principle the sequence of events was just the same. First, the movement was tracked with a lag. Secondly, when the vibration-induced movement was checked the tracking arm reversed its direction of motion. On vibrating triceps the arm was in our standard tracking position with the biceps resisting gravity as infig.2 and the triceps initially relaxed. The same results were obtained on vibrating triceps while it itself was being made to resist a steady pull by loading the arm at the wrist with 500 g wt by suspending a weight over a pulley. The greater rapidity of the reflex movement infig.3 in comparison with that of fig. 1 is probably because the movement of fig. 3 was being assisted by gravity rather than opposed by it. One or two of our subjects spontaneously commented that at the very beginning of vibration of the triceps there was a feeling of the whole arm being elevated at the shoulder as well as the more usual feeling offlexionat the elbow. This presumably occurred because the long head of triceps arises from the scapula, so that afferent activity arising from this component of triceps might be expected to be Tension Kg
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FIG. 3.—The effect of vibrating the tendon of the right triceps muscle so as to produce a tonic vibration reflex which moves the arm into extension. The left arm is used to track the subjectively apparent position of the vibrated right arm. From the arrow onwards any appreciable further extension of the vibrated arm was prevented by the movement gradually pulling a string taut which was fixed at its far end to a myograph. 51
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referred to both joints. Biceps, of course, is a supinator as well as a flexor of the elbow but we did not come across any examples of subjects reporting any feeling of pronation on vibrating biceps.



A degree of uncertainty in the interpretation of the above experiments arises from the slightly contradictory nature of the instructions given to the subject. On the one hand, he was told to hold his arm still initially. On the other hand, he was told not to interfere with any reflex movement that he should find occurring spontaneously. Thus it is possible that the moment he perceives that the arm is moving the subject alters his voluntary motor discharges in some way and with it any corollary discharges from motor centres to sensory centres; it might, therefore, be suggested that the illusory sensations result from a change in voluntarily elicited corollary discharges rather than to the direct effect of the vibration-induced afferent input itself. This objection was circumvented in control experiments in which the subject started with his arm resting passively against a stop, and so avoiding the need for any initial voluntary contraction. He was then told that the vibration might induce an involuntary reflex contraction and that if it did so he was to let the reflex proceed without voluntary interference. This gave the same results as before, in that the subject failed to perceive the initial part of the reflex movement and that he reversed the motion of the tracking arm when the reflex was obstructed. But now a new complication arose, namely that the subject inevitably became aware at the very beginning of the reflex movement that it must be taking place because he felt his arm ceasing to make contact with the supporting stop on which it initially lay; this was so even though the arm itself did not touch the stop but only did so through a splint which moved with the arm..



This difficulty was overcome in three further control experiments in which the subject's hand was made insentient by anoxia and in which the hand rather than the arm made contact with the stop. Thus he was deprived of any cutaneous clues as to when the arm started to move. The same results were still obtained. One such case is illustrated in fig. 4. Evidence that vibration acts through exciting intramuscular receptors.—Passive movements imposed on the subjects by the experimenter could, of course, be tracked with a much higher degree of accuracy than were reflexly induced movements of similar velocity. This was equally true when the experimenter moved the subject's arm while the joint was being vibrated, thus excluding the possibility that the failure to detect the reflex contraction arose merely from a non-specific desensitization of the joint afferents, or of their central pathways, as a result of the vibration. This is illustrated in fig. 5. It is notable, however, that the subject's ability to follow a change in position was appreciably better than his ability to reproduce the absolute position of the passively moved arm; this was usual both in the presence and absence of joint vibration. The subjects did not experience any significant local cues from pressure, etc., to guide them in the passive tracking, for similarly good performance was obtained when the hand was made insentient by anoxia and the experimenter applied the force required to move the arm to the hand rather than to a sphnt running along the arm. Likewise, the illusion of reversal of motion on arresting the reflex movement persisted when the resisting force was applied to the hand after it had been made insentient, as already illustrated in fig. 4.
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Biceps tension



FIG. 4.—Typical tracking errors like those already illustrated but now occurring in the absence of any preceding voluntary contraction and in the absence of peripheral cues from the hand as to the forces applied to the limb. The right arm was initially supported by the hand lying upon a sandbag so that the subject did not have to exert a voluntary effort to maintain its position. The right biceps was then vibrated so as to produce the usual tonic vibration reflex. As before, after the limb had traversed a certain distance its movement was arrested by the pulling tight of a string which was applied to the hand. In this case, however, the hand had been made insentient by a prolonged period of anoxia so the subject had no cutaneous clues as to when his arm started and stopped moving. The termination of the tracking movement before the end of the vibration is probably due to the tracking arm then being nearly fully extended.
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FIG. 5.—The tracking of movements which were passively imposed on the subject during vibration of the elbow-joint but not of the muscles. The right arm was moved by the experimenter and the subject was asked to track it with his left arm. The experimenter held a splint on the subject's arm and not the arm itself. Same subjects as figs. 1 and 2. The Pifco vibrator was pushed against the lateral side of the elbow throughout.
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The illusions may be attributed to the excitation of intramuscular receptors rather than of extramuscular receptors, since there was no sign of them when the vibrator was applied directly over the elbow-joint or to regions of skin overlying bone. The possibility of the illusions being mediated by joint receptors was further eliminated by finding them for the thumb after its joint afferents had been inactivated by making the whole hand anoxic. Vibrating the tendon of flexor pollicis longus in the region of the thenar eminence then gave rise to a sensation of extension of the thumb, and vibrating the tendons of extensor pollicis longus and brevis at the base of the thumb gave a sensation of flexion, without in either case eliciting any obvious reflex contraction or producing a sensation of the hand itself being vibrated. Again, the apparent movement was in the direction of stretching of the particular muscles which were being vibrated, just as seen on vibrating biceps and triceps when movement was obstructed. It should be noted, however, that applying vibration to the same regions of the normally sentient hand usually failed to produce a clear-cut illusion of the thumb moving in any particular direction. This is probably because the vibration spreads through the hand to excite receptors in muscles with opposing functions. In all cases studied the vibration-elicited afferent discharges induced, directly or indirectly, the illusion that the vibrated muscle was more stretched than it actually was. As will be discussed later the illusion seems to be primarily one of a continuing movement rather than one of the limb taking up more or less rapidly a new position. The muscle spindle primary endings may be suspected to be chiefly responsible, since they are far more powerfully excited by vibration than are any of the other muscle receptors (Brown, Engberg and Matthews, 1967). However, both the Golgi tendon organs and the spindle secondary endings do show some sensitivity to vibration and so it is impossible to say whether or not they were contributing to the development of the illusions. Illusions in the absence of muscle contraction.—The experiments described so far are all compatible with the view that the vibration-induced muscle afferent discharges were perceived by the sensorium and treated as if they were due to stretch of the vibrated muscle. At the time we first performed the vibration experiments this suggestion appeared to be heresy, and so we attempted to reconcile our findings with the orthodox view by laying stress on the fact that the illusions had been observed during centrally induced muscle contraction (Goodwin, McCloskey and Matthews, 1972a) for there would not then necessarily be any conflict with the view that passive stretch of a non-contracting muscle did not elicit a sensation. However, we have now repeatedly observed illusions of movement when the vibrated muscle was not contracting. The first situation which we studied systematically was that in which the triceps muscle was used to develop a constant extension force against a stop, and the flaccid biceps then vibrated. The subject was given an oscilloscopic display of the tension that he was producing and asked to keep the tension constant in spite of the vibration of the muscle which was antagonistic to the contracting one; during the biceps vibration the subject had to try harder to maintain the triceps
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contraction, presumably because he then had to overcome an inhibition of the triceps motoneurons by the la discharges from its antagonist. As before, the subject was asked to use his other arm to track any movement that occurred of the vibrated arm. The pull of the arm was resisted by a string connected to a myograph and so it did not appear implausible to the subject that his arm might indeed be allowed to move; he was, of course, unable to see his arms.



The strength of the triceps pull was usually below half of the maximum value that the subject could exert, but the precise value was immaterial and similar results were obtained with widely different tensions. Fig. 6 illustrates that an illusory sensation of movement still occurs under these conditions and that on vibrating biceps the arm was felt to extend as if the biceps were being stretched. The same result in principle was obtained in the converse experiment of vibrating the triceps muscle while the biceps was voluntarily contracting. The arm was then felt to flex as if the triceps was being stretched. The vibrated muscle was found not to develop any significant tonic vibration reflex under these circumstances in which its antagonist was being voluntarily driven to produce an appreciable proportion of its maximum tension. Presumably the reflex was inhibited by a combination of descending motor activity and reflexes from the contracting muscle. The absence of contraction was judged by the simple procedure
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FIG. 6.—The tracking of the illusory sensation of movement which was induced by vibrating a muscle that was relaxed while its antagonist was forcibly contracting isometrically. The right arm was used to produce a constant force in the direction of extension by contraction of the triceps muscle. The biceps was then quite flaccid. The vibration was applied to the right biceps and the left arm used to track the resulting illusion of movement of the right arm. The subject was given a visual display of the tension he was producing and was asked to maintain the same tension throughout, in spite of the disturbing effect of the vibration.
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of palpating the vibrated muscle which was found to remain quite flaccid. The efficacy of palpation as a method of detecting weak contractions was established by asking the subject to make voluntary contractions of a variety of strengths. This showed that a contraction developing only 2 per cent of the maximum tension that either muscle could produce could be readily detected by palpation, and also by seeing the muscle become bunched up. The above experiment, however, does not entirely eliminate the possibility that the occurrence of a muscle contraction is a prerequisite for muscle afferents to be able to influence perception. The vibrated muscle itself was not contracting but its antagonist had been deliberately made to contract rather forcibly. It seems possible that a higher centre that is supposed to require a contraction in order to be able to come into action might view the elbow-joint as a whole, and be influenced by whether or not a contraction is occurring in any of the muscles acting at the joint and is unconcerned by whether it happens to be in flexors or extensors. This was made unlikely by the response of some subjects in the standard original experiment of tracking the reflex movement when the hand was initially lying on a stop. Some subjects then reported a movement in the direction of extension of the vibrated muscle, that is in the opposite direction to any subsequent reflex movement, before the hand began to move and while all the muscle may be presumed to have been relaxed. Moreover, as already mentioned, two subjects never developed a reflex contraction but still had illusions of movement. The irrelevance of muscle contraction as a prerequisite for the illusory sensations was more systematically demonstrated by placing the subject's arms in the horizontal plane so that movements at the elbow were no longer influenced by gravity. The upper arm lay horizontal on boards at chest level and the forearms were supported in slings, which were hung from the ceiling by cords. The elbows could then move freely and the arms had little or no tendency to come to rest in any particular position. Any such slight tendency could, if required, be resisted by the experimenter gently pulling upon the sling so as to hold the elbow in any desired position; alternatively, a slight balancing force could be provided by a light weight acting via a pulley. Thus the subject could allow his arms to lie quite relaxed. As before, the development of a contraction on vibration could be detected by palpation, but in addition even a very weak contraction would signal its occurrence by causing a movement of the forearm with its sling. A force of 0-1 kg wt was sufficient to displace the relaxed arm, whereas either the biceps or the triceps can develop a force of over 10 kg wt (expressed as a force at the wrist) so that we should have been able to detect contractions of only 1 per cent of the maximal value provided that they were maintained for long enough to produce a visible movement.



We also endeavoured to check on the absence of contraction by recording the electromyogram of the biceps or triceps with surface leads. Unfortunately, the vibration induced various artefacts, probably mostly due to movement of the electrodes, and so electromyography proved to be a much less sensitive method of detecting a small contraction than did the two simpler methods. Thus we did not employ it systematically to see whether or not the vibrated muscle was contracting for we had no confidence in our ability to detect small contractions. Under these conditions and using the Uppsala vibrator it proved readily possible by lowering the
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driving voltage to produce a vibration which did not elicit any reflex contraction, but which still produced sensations of movement (lowering the voltage here decreases both the frequency and the amplitude of the vibration). The sensation was again one of the elbow moving in the direction that it would have if the vibrated muscle had been stretched, as had been previously seen in some subjects in the vertical tracking position before the development of the reflex; the absence of a reflex producing a genuine movement in the opposite direction allowed the illusory movement to be experienced far more vividly than it was when it was abruptly cut short by the real movement. In the horizontal position the illusion could continue for a minute or more {see later). The illusion was observed for both biceps and triceps, and was so clear cut that we did not deem it worth altering our recording arrangements so as to be able to make quantitative measurements on asking the subject to track the illusory movements with his other arm; however, we regularly asked the subject to track the movements so that we could have a further indication that they were indeed experiencing illusory movements. The best results were obtained when the elbow was put in such a position that the vibrated muscle was near its physiological maximum length, for it was then easiest to adjust the vibrator so as to produce vivid sensations without eliciting a reflex contraction. Thus it may be concluded that there is no need for there to be a maintained muscle contraction in order for vibration to be able to produce maintained proprioceptive illusions. Effects of varying the state of contraction.—It should next be emphasized that although the illusion can be produced in the absence of muscle contraction it
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FIG. 7.—The production of the usual illusory sensation on vibrating a muscle which was already contracting voluntarily and whose activity was voluntarily modulated so as to maintain the same tension throughout. The right arm was used to produce a constant isometric force in the direction offlexionby contraction of the biceps. The vibration was then applied to the biceps and the subject asked to use his other arm to track the resulting illusion of movement.
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develops perfectly clearly during muscle contraction. Its occurrence on development of tension under isometric conditions after arresting the movement induced by the tonic vibration reflex has already been amply illustrated. Fig. 7 demonstrates the occurrence of the illusion when vibration is applied to a muscle which is making a voluntary isometric contraction that is maintained at a constant strength by visual feedback. As usual the subject felt that the vibrated muscle was being extended. To begin with, contraction was entirely voluntarily initiated; but as the vibration took effect so some of the contraction may have been produced by the tonic vibration reflex with the subject correspondingly reducing his voluntarily maintained central drive. Under isometric conditions there did not appear to be any particular interference between moderate muscle contractions and the development of the illusion of a movement in the direction of extension of the vibrated muscle. Under isotonic conditions, the occurrence of a contraction appeared to interfere with the illusion, but this was probably merely because the genuine reflexly elicited shortening of the vibrated muscle counteracted the illusory sensation of its being stretched. Indeed, in a few cases the difference between the velocity of movement of the vibrated arm and that of the tracking arm seemed to be very much the same during the initial shortening phase of isotonic tracking as it was in the subsequent isometric phase, when the movement was obstructed in experiments such as those of figs. 1 to 4. But the experiments were not performed in a suitable way to put this impression on a firm quantitative basis, and many subjects did not show tracking movements at as constant a velocity as those illustrated. Moreover, it should be noted that the muscle spindle afferents are likely to be less responsive to the vibration while the muscle is shortening than they are when the muscles are isometric; thus the total amount of afferent excitation is likely to be different in the two cases. There was nothing crucial about the particular tensions employed to demonstrate the effects, for both under isometric and under isotonic conditions the illusion of the vibrated muscle being extended was well developed for a range of tensions, provided that these were only of moderate extent. But a sufficiently strong voluntary contraction was found to abolish the illusion. This could be shown either isotonically by loading the arm with weights by a pulley and asking the subject to maintain the position of his arm, or isometrically as in fig. 7. For example, in one particular case one of our trained subjects was instructed to perform the standard isotonic tracking experiment while holding up a weight of 6 kg. On vibrating his biceps tendon he then made no movement at all of either of his arms and, moreover, spontaneously expressed surprise that the turning on of the vibrator had failed to produce the usual sensation of movement to which he had become accustomed. Similar results have been obtained on vibrating the contracting triceps, but when biceps was vibrated while triceps was contracting as in fig. 6 the illusion persisted however strong the contraction.



It seems likely that this absence of an effect on vibrating a strongly contracting muscle is due to a voluntarily induced fusimotor firing activating the spindle afferents so powerfully that they are already firing at around 100/sec and so are not appreciably further excited by vibration at 100 Hz (similar considerations would apply if the tendon organ were to be responsible for the illusion so this particular observation
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FIG. 8.—The effect of vibration applied to an arm that the subject was using to make a voluntary movement. The left arm was moved by the experimenter to provide a reference and the subject was asked to track it with his right arm. During the periods indicated vibration was applied to the biceps of the right arm which was the one which was being moved voluntarily. This caused the subject to position the vibrated arm so that it was unduly flexed with regard to the reference arm, that is so that its vibrated muscle was unduly short. This occurred irrespective of whether the vibrated arm was being moved into flexion or extension, although the effect was more dramatic when the arm was being moved into extension. The arm was moving in the vertical plane with the upper arm lying horizontal so that the biceps muscle will have been contracting throughout.



does not of itself discriminate between them and spindles as the causative receptor). Incidentally, the absence of an illusory sensation under these conditions provides a further control that the effect depended upon intramuscular receptors since only these should have been so markedly affected by the strength of the contraction. Distant pacinian corpuscles, for example, would presumably be powerfully excited by the vibration irrespective of whether the muscle was contracting and at what strength. Distortion of position sense during voluntary movement of vibrated limb.—So far described have been a distortion of kinajsthesia occurring in the following conditions: in the absence of contraction, during steady isometric contraction of the vibrated muscle or of its antagonist, and during reflex movement under isotonic conditions. The following experiment shows that the illusion occurs equally during a slow voluntary movement. The experimenter moved one arm, the reference arm, backwards and forwards at a slow constant velocity. The subject was asked to follow it with his other arm, the experimental arm, in the usual way as in the previous experiments (figs. 1 to 3). In this case, however, the arm which was doing the tracking was vibrated. As shown in fig. 8, during the vibration the experimental arm came out of alignment with the arm it was meant to be following, and as usual it appeared to the subject that the vibrated muscle was longer than it actually was. This effect was most obvious when the vibrated muscle (biceps in this case) was gradually reducing the strength of its contraction and letting the elbow extend, but was also seen when the biceps was shortening. The asymmetry of fig. 8 was the usua) state of affairs including when the arm was loaded with a weight over a pulley so that biceps was necessarily contracting at all positions of the elbow and the triceps relaxed. When the same experiment was performed during rapid movements the subject found it very hard to move his vibrated arm in conjunction with the reference arm. This seemed to be due more to an interference with motor action rather than to interference with position sense, and all subjects expressed dissatisfaction with their performance
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at tracking under these conditions. The most notable finding was that in comparison with the moved arm the amplitude of voluntary excursion of the vibrated arm was grossly reduced, and this occurred mainly through a failure of the vibrated muscle to relax to the normal extent. For example, when biceps was vibrated extension was markedly incomplete but flexion of the vibrated arm took place to somewhere around the correct final value. When the vibrated arm was moved in a series of suddenly applied steps, rather than continuously, the tracking arm was usually consistently misplaced in the direction of stretch of the vibrated muscle. Sometimes, however, a subject managed to achieve moderately accurate tracking over part of the range in spite of the vibration. This was usually when the movement was such as to allow the vibrated muscle to shorten, and may thus be related to the ability of the subjects to make moderately accurate fast movements in the shortening direction, as just noted.



In slow tracking movements like that illustrated in fig. 8 the subjects were invariably thrown into error by the vibration even though they were convinced that they were managing successfully to maintain their arms in alignment in spite of the vibration. Thus during slow movement there would undoubtedly appear to be a vibrationinduced distortion of position sense over and above any reflex interference with normal motor control. Measurement of latency of illusion.—The greater clarity of the illusory sensations in the absence of contraction in the horizontal position enabled us to establish an upper limit for the latency of the development of the illusory sensation. One arm was vibrated in the usual way while in his other hand the subject held a push-button with which he was asked to give a signal the moment he was certain that he was feeling a movement. This required him to distinguish between an awareness of movement itself and an awareness simply that the vibrator had been turned on. He was asked to set his threshold for the detection of movement at a fairly high level, as if he were going to be punished for any incorrect positive answers. The time of onset of the vibration and the subject's response were recorded on moving paper from which the "reaction time" could be determined to within 50 msec. Nine out of the 11 subjects studied in this way signalled that they experienced a sensation of movement in 0-30 to 0-65 sec after the vibration started, and 5 of them stated that they became aware of the movement as soon as they felt the vibrator had been turned on. (The 2 remaining subjects had weak illusions and reaction times of just over 1 sec.) Measured under similar conditions the reaction time to simply being aware that the vibrator had been turned on was 0-15 to 0-30 sec and may have depended upon auditory clues as well as upon awareness of the vibratory sensation itself.



The above figures apply to the median values of the latencies obtained in a number of trials for each subject. The latency measured in this way seems unlikely to give a true indication of the minimum time required for the subject to perceive the illusory sensation, but may rather reflect the requirement for the subject to discriminate between the occurrence of vibration, which must have excited many kinds of receptor, and the occurrence of a sensation of movement, which seems likely to have depended upon the excitation of just one kind of receptor, namely the spindle primary ending. Moreover, the illusory movement probably had to build itself up to a finite size before the subject was certain enough of its existence for him to be prepared to give a positive answer. Our suspicion is that under more favourable conditions the excitation of the receptor responsible for the illusory movement would lead to a response at appreciably shorter times than those presently measured, and that there need be no particular slowness in the development of the sensation
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itself. This view is supported by the finding that brief bursts of vibration of 0-1 to 0-2 sec duration were experienced as producing a movement, although the subject could only report that a movement had occurred well after the vibration had stopped. The latency needed to start tracking a vibration-induced sense of movement was usually somewhat longer than that required simply to signal its occurrence. This is probably merely due to the greater complexity of the tracking task which involves an assessment of the velocity of the apparent movement of the vibrated arm and its reproduction by the motor system. How far is the illusion one of a false movement and how far one of a false position?— To introspective analysis, the awareness that a limb is moving and the awareness of its absolute position seem to be readily separable sensations. But in most practical situations the sensations tend to be intertwined, for any movement must lead to a new position, and a new position can only be achieved by movement. The extent to which movement signalling and positional signalling are separate entities in the internal language of the nervous system remains to be unravelled by future work. Things do not necessarily work in the common-sense way. For example, in the visual world it is possible to experience a continuing movement of viewed objects without the development of any change in their apparent position. This happens in the socalled "waterfall illusion" which occurs when the gaze is transferred to a static field of view after being fixed on a moving object such as a waterfall. Its existence suggests that there are separate central mechanisms concerned with signalling movement and with signalling absolute position (McKay, 1970), although, of course, the individual photoreceptors are not specialized in any such way. For kinaesthetic sensation it would be the simplest for the physiologist if its different subdivisions were subserved by functionally distinct receptors, rapidly adapting ones for signalling movement and slowly adapting ones for signalling position, but the spindle primary ending, with which we are currently particularly concerned, cannot be meaningfully said to signal either movement or velocity for it responds to both stimuli, and its frequency of discharge at any time depends upon their combination. What the central nervous system makes of the mixed signal depends entirely upon how it goes about its internal business. If an analysing centre is restricted to observing the instantaneous value of the spindle primary discharge it can do nothing to separate the length and velocity components of the stimulus. But if it is endowed with a certain amount of memory, or if it is given access to information from other types of receptor which differ from the spindle primary in their relative sensitivity to length and velocity stimuli, then in theory the centre should be capable of disentangling the relative values of the two. Thus if vibration be supposed to be having its main kinaesthetic effects by exciting the spindle primary endings then the nature of the kinaesthetic sensation evoked by vibration will depend upon the behaviour of the central decoding mechanisms. In point of fact, it looks as if the false messages induced by vibration are to some extent taken to mean both that the muscle is in the act of being stretched at a constant velocity, and also it is in the state of being significantly more extended than it actually is.
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False velocity sensations: The first reason for thinking that the vibration-induced discharges are interpreted as partly due to a false velocity of movement is that this is what some subjects report when they are asked what they are primarily experiencing in the tracking experiments. Moreover, even when they have brought their tracking arm to a constant position while the vibration is continuing some subjects may state that they can still feel the vibrated arm moving, but they know that it would be wrong to move their tracking arm any further as the arms would then be misaligned. This seems to be because they are receiving alternative clues about the position of the two arms other than from the receptors which are excited by vibration, and at some point they prefer to accept the evidence from the alternative sources and refuse to follow the apparent movement any further. Alternatively, others may state that they have "lost" the position of the vibrated arm and move the tracking arm backwards and forwards to try and find it. Or again, after tracking for some distance they may become aware that they are no longer properly aligned and return the tracking arm somewhat, though rarely as far as its correct position, and then start tracking the velocity signal once more. A simple example of preferring non-vibration clues occurs when the subject moves his tracking arm into an extreme position at a time when the vibrated arm is being held by the experimenter somewhere in the middle of its range {seefig.4). If the experimenter restores the tracking arm to the correct alignment at a time when the subject is refusing to move it further then the subject is once more prepared to follow the false movement. Again, as illustrated infig.9, if the subject 'ension Kg I 2 I
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FIG. 9.—The persistence of the illusion of movement for a very prolonged period. The right biceps was vibrated in the usual way under isometric conditions after initially moving freely, while the left arm was initially held in alignment with it by the experimenter. After the vibration had been continued for a full minute, when the reflexly induced tension had been constant for over 20 sec, the experimenter released the subject's left arm and asked him to track any continuing movement that he was still experiencing of his vibrated arm. The velocity of the resulting tracking movement was then very similar to that seen at the beginning of the period of vibration in other trials with the same subject.
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was prevented from tracking for a full minute after the vibration was turned on he still felt that his arm was moving at the end of the minute. If the vibration had induced a sensation simply that the arm was in a certain position, albeit normally achieved with a certain lag, then the subject might have been expected to move his arm smartly to the new position which was indicated by the particular frequency of vibration being employed. Instead he made a tracking movement of very much the same velocity as he did when he was asked to track from the very beginning of a period of vibration. Though we have not studied the matter systematically we have the impression that the velocity of the falsely perceived movement increases both with the frequency and with the amplitude of the vibration. Immediately after the end of a period of vibration there was often a sensation lasting a second or so that the arm had reversed its direction of motion, even when there was no overt movement occurring either during the vibration or on its cessation, but the illusion was too transitory for us to be able to make any effective observations upon it. False sensation of position: But equally, during vibration many of the subjects seemed systematically to mis-estimate the angle of their elbow, independent of any false sensation of its moving. This was shown first by the fact that numerous subjects accepted without question that they had managed to keep their arms aligned in the standard tracking procedure, and felt that there was no question of their having moved into a false position merely because they had been following a velocity signal. They claimed that they knew the position of their vibrated arm, and on being shown their error said that it was just that the perceived position did not correspond with the one that the arm was actually in. A way of testing the sensation of position somewhat independently of the sensation of velocity was achieved by asking the subject to use a finger of the normal arm to point to the perceived position of a finger of the vibrated arm. The subject was blindfolded and arranged in the usual position with his arms free to move in the vertical plane. A Perspex screen was placed between the two arms and marked out in degrees at the elbow {seefig.2). One arm, designated as the reference arm, was moved by the experimenter to a certain position and the tip of its index finger placed against the screen and then held there by the experimenter so that the subject did not have to make any particular muscular effort to maintain its position. The subject's other arm was designated as the indicator arm and used to indicate his perception of the position of the reference arm. Initially both arms lay horizontally on the table. Ten seconds after the reference arm had been moved into position the subject was asked to bring his indicator arm into alignment with the reference arm and then to place it against the screen with the tips of the index fingers of the two hands in direct opposition. He was allowed to take as long over this as he felt was required and there was no question of his having to move into the final position in a single action. When the subject had made his decision the experimenter noted the result on the scale and both arms were returned to the horizontal. First, this procedure was repeated ten times in the absence of vibration, to the same final position, to determine the subject's normal accuracy. Secondly, a further 10 trials were made under the same conditions but with the biceps of the reference arm being vibrated continuously; the vibration was maintained for the whole period including while the reference arm was resting horizontally. Thirdly, the control series of 10 trials without vibration was repeated. This showed that during vibration the subject perceived his reference arm to be up to 15 degrees more fully extended than he did in the absence of vibration. For example, in one particular case when the reference arm was moved so that the angle at the elbow was 130 degrees the arm was indicated to be 8 degrees more extended during
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vibration than in its absence and this was statistically significant (mean error of 20 trials without vibration +8O°±O-53 S.E. of mean, the + indicating that the error was in the direction of extension; mean error of 10 trials during vibration + 160°±0-70; P < 0 0 1 by the t test). Similarly significant results were obtained for 5 other subjects with the final position of the elbow 40 degrees to 60 degrees short of full extension. A difficulty about the finger pointing test performed in the particular way described above is that the initial and final positions of the subject's reference arm were always the same and so the suspicion arises that the subject might be making a standard movement of the indicator arm, or bringing it to a standard final position, irrespective EXTENSION + 2Or



a)



b)



+20



J.O.M.



E.0.



o



.8oi



S" + IO 8 ° ooo o



°



8x°



•\-n-



O



o



-IO 1



EXTENSION + 2Or Q 0



'% + IO _



0



0? 00



a: UJ



••fi 8



x



8O I2O 16O Angle at elbow (deq) C)



0



0



0



MIH- S -



1



8O 120 160 Angle at elbow (deq)



°



o 08



-IO 1



cd



88



d)



+ 2O



n.J.B



8 0 0



J.CM.



+ IO



I.,'



1



{• »-H— x - x :



oo



O



'IJ!



57 o



I -8-



c



-IO



-IO



FLEXION



FIG. 10.—Vibration-induced errors in position sense demonstrated by "finger pointing." Each of the four scatter diagrams shows results from a separate subject. The subject was seated as in fig. 2 and one of his arms was passively moved by the experimenter into a certain position where it was held by the experimenter without the need for the subject to exert himself. Ten seconds later the subject was asked to bring his other arm into alignment with the moved arm so as to indicate its subjective position. The abscissa shows the position of the passively moved arm (full extension= 180 degrees). The ordinate shows the extent and direction of any error in alignment. Each of the 8 final positions were tested three times without vibration (x) and three times during continuous vibration of the biceps of the arm which was passively moved by the experimenter (o). Further description in text.
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of any clues that he might be receiving from his reference arm. To obviate these difficulties the accuracy of finger pointing to a number of different positions was tested in the following way. Eight positions were chosen at 10-degree intervals from 90 degrees to 160 degrees angle at the elbow. These were arranged in random order and the subject's reference arm moved from one to the other without returning to the horizontal in between. A period of 10 sec was allowed from the time the indicator arm was aligned with the reference arm before the reference arm was moved on to its next position; during this time neither the subject nor the experimenter corrected the position of the indicator arm, however great any error. After each position had been tested both arms were returned to the horizontal and left there for 10 sec so that the subject could re-calibrate his sense of their position. The series of 8 positions was then re-tested as before, but in a different order, and then after a further 10 sec re-calibration the same positions were tested for a third time in yet another order. After a further re-calibration the whole procedure was repeated with each point tested a further three times in precisely the same order as before, but during continuous vibration of the biceps of the reference arm. Fig. 10 shows the results obtained for four separate subjects. Subject JDM (a) showed some of the largest deviations that we observed between the responses obtained in the presence and absence of vibration, while subject JCM (d) showed some of the smallest differences. During biceps vibration JDM indicated that on average, throughout the range tested, he felt his arm to be 8-3 degrees more extended that it was in the absence of vibration; this value differs significantly from zero (S.E. of mean, 1-0 P 
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