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INTRODUCTION



The “sixth sense” was what Sir Charles Bell (17) named the sense of the positions and actions of the limbs. This review deals with the whole of Bell’s “sixth sense”: it concerns perceived sensations about the static position or velocity of movement (whether imposed or voluntarily generated) of those parts of the body moved by skeletal muscles and perceived sensations about the forces generated during muscular contractions even when such contractions are isometric. The general descriptive terms used here for such sensations are kinesthetic, which despite its literal translation was coined by Bastian (15) to describe the complex of sensations outlined above (including oo31-9333/78/00oo-0ooa$ol.
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those in which movement is not a feature), and proprioceptiue, which was used by Sherrington (262, 263) in a rather wider sense than here to include also vestibular sensations and inputs from muscles and joints that are not necessarily perceived. The classes of afferent fiber that are candidates for subserving kinesthetic sensibility are those from the skin, from the muscles and tendons, and from the joint capsule and ligaments. In the nineteenth century, however, various authors questioned the necessity for any afferent information at all, suggesting instead that normal kinesthetic sensations arise as a consequence of the effort to move and are derived in some way within the central nervous system from centrifugal or motor signals- sensations “of innervation” they were called by Helmholtz (128). Very few authors, from the nineteenth century to the present, have been prepared to concede that the three classes of afferent input and sensations “of innervation” can all contribute to kinesthesia: the most frequent exclusions over the years have been the tierents from muscles or the sensations of innervation. In this review each candidate for a role in kinesthesia is discussed at first alone, starting with the afferent inputs from joints, then from muscles, and then from skin and following with the efferent mechanisms, the sensations of innervation. An analysis of the integrated operation of these various components follows. In considering sensations of position and movement, the viewpoint introduced and defended by Goodwin, McCloskey, and Matthews (104) and subsequently expanded in recent reviews by Goodwin (100) and by Matthews (194) is again taken here-that is, that muscle afferents are important for such sensations and that sensations of innervation per se are not. Sensations of muscular force, or heaviness, also are considered here and the conclusion is reached that both muscle afferents and sensations of innervation are important. The figures chosen to illustrate this review concern these conclusions - conclusions that depart from recent “textbook” views. It is also concluded here, however, that afferents from joints and skin may also contribute to kinesthesia. II.



AFFERENT



A. Innervation



MECHANISMS:



JOINTS



AND



and Receptor Properties:



MUSCLES



Joint Receptors



Three types of specialized receptor endings exist in most joints: a spray type, or Rtini ending, located in the joint capsule (22, 80, 89, 90, 91, 238, 259, 267, 268); a larger spray type, or Golgi ending, located in ligaments of the joint and similar to the Golgi endings in tendons (9, 80, 238, 253, 267, 268); and encapsulated paciniform endings, rarely associated with the joint capsule, but found commonly in the fibrous periosteum near articular or ligamentous attachments (22, 89,. 90, 238, 267, 268). The three kinds of specialized endings are always innervated independently, though a single axon may supply several endings of one kind. Ih addition, free nerve endings
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are found in the adventitia of articular blood vessels and in the joint capsule (68, 89, 90, 238, 253, 267, 268). Great variations occur in the distributions of nerves to joints and in the histological appearance of the joint receptors with ageand species (238). Articular branches arise from the nerve trunks that SUPPlYthe skin overlying the joints and the muscles that move them [Hilton’s law (80, 130)]. The spectra of fiber sizes for some articular nerves have been determined. In the medial and posterior articular nerves of the cat, for example, there are myelinated afferents from 18 pm in diameter downward, with a peak frequency at about 6 Pm or smaller, together with large numbers of unmyelinated nerves of sympathetic and dorsal root origin (23,37, 50,80,90, 267). Fiber size does not correlate well with receptor type (7). Afferent fibers in groups I and II that occur in articular nerves may include a significant number of muscle afferents (see below). Thus the anatomical classification of joint and muscle nerves presents problems because “nonmuscular” articular nerves may contain muscle afferents and because the articular nerves contain true joint afferents in groups I and II that may later join muscle nerves (80, 267) and contribute to them afferents that are unlike muscle afferents of groups I and II in being insensitive to muscle stretch (193). Therefore, the central projections of joint and muscle nerves cannot be relied on to define the projections of the individual fiber types. The characteristics of receptors traveling in articular nerves have been studied with gross recordings from whole articular nerves (10, 56, 267), bY recording activity in single active units dissected from such nerves (9, 10, 24 ? 56, 76,205,212-214,267,285), or by recording in dissected dorsal roots (38,50, 112,113, 115). The experiments with multifiber recordings from whole nerves or recordings made in the dorsal roots indicated that the greatest level of afferent firing occurs at or near the extremes of flexion or extension with compara tively little activity inbetween. However, some of the studies on unitary afferent activity-particularly those where the articular nerves themselves were split down -dealt mainly with receptors responding at intermediate positions. Presumably, such selection of units was necessary because of constraints imposed by the experimental arrangements. The studies carried out in the 1950’s and early 1960’s on tierent units in articular nerves gave a seemingly full and consistent picture of joint receptors as receptors that could readily provide the sole basis for kinesthetic sensibility. In 1953, in studies on the knee joint in cats, the discharges of single tierents were recorded in the medial articular nerve by Andrew and Dodt (10) and in the posterior articular nerve by Boyd and Roberts (24). In both stud .ies uni ts were recorded that showed slowly adapting responses to joint movement or to local pressure applied to the joint capsule. Furthermore, in both studies, such units were excited over a rather small range of joint excursions. Thus, Andrew and Dodt (10) stated that the sensory endings involved “seem to be arranged so that each has an arc of maximum sensitivity covering a few degrees of angular movement but these ranges are different for different endings,” and they suggested that because of such an arrange-
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ment ‘Ijoint position may be very accurately signalled by the joint receptors since the central mechanism would be connected with a few endings operating in their region of maximum sensitivity . . . over a large arc of joint position.” Within their sensitive range these units gave a discharge related to the rate of angular displacement, being increased by movements toward the point of maximal excitation and decreased by movements away from it, and a tonic discharge, which sometimes could be maintained steadily for hours, related to absolute joint position (24). Cohen (56) and Skoglund (267) later studied similar receptor units and confirmed these basic observations. Skoglund (267) also showed that the “excitatory angle” for an individual receptor was not absolutely fixed but depended partly on rotation of the tibia around its long axis and on any muscular tension exerted on the joint capsule. The effects of tibia1 rotation on the discharges of these slowly adapting receptors had been noted previously (10, 24), but the possible ambiguity of the resulting signals had not been stressed. It was agreed by those who studied wide ranges of joint excursion (10,56,267) that “the nearer the joint approaches maximal extension or flexion the greater will be the number of units active and the greater will be their fully adapted discharge frequencies” (10). It also was generally agreed (10,24,56,267) that the slowly adapting units studied were Ruffini-type capsular endings, and supporting evidence from studies with both histological and electrophysiological techniques was presented (22, 267). In studies on large myelinated fibers from receptor endings in ligaments, a further type of slowly adapting unit was described. This showed little sensitivity to the velocity of movement and was largely independent of the contractions of muscles attached to the joint but responded to tensions applied to the ligament (9, 267). This type of receptor is thus similar to the Golgi tendon organ of muscle and because only the Golgi-type spray endings are found in ligaments they are thought to be the receptors involved. Because of their response characteristics they have been proposed to signal “the exact position of the joint” (267), although no detailed information exists regarding their “excitatory angles” and the distribution of these throughout the range of joint excursion, nor on the effects of rotatory or lateral movement of the joint on their discharge. Moreover, there are many joints in which ligaments, and presumably therefore their accompanying investment with Golgi endings, are rudimentary or absent. A role for the Golgi endings in kinesthetic sensibility is by no means proven. In many studies rapidly adapting discharges were also recorded. These discharges appear only during movement of the joint and are thought to arise from paciniform endings (22, 24, 38, 49, 50, 112, 267). Receptors of this kind are unlikely to provide detailed information about joint position, velocity of joint rotation, or even direction of joint movement. They may help to signal the simple occurrence of a movement without providing details of its nature. In 1969 Burgess and Clark (38) attempted to overcome some of the problems arising from sampling bias and limitations on the range of movement encountered when recording directly from articular nerves. They
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recorded instead from dorsal root filaments, identifying units by electrical stimulation of the articular nerve, and thus were able both to recognize units quite independently of their mode of physiological activation and to test a complete range of joint movements. Two quite unexpected findings emerged. First, from a total population of 278 single afferent fibers from the posterior articular nerve of the knee joint of the cat, including 209 fibers from slowly adapting receptors (presumably of both Ruffini and Golgi types), only 4 slowly adapting fibers were found that were maximally activated at an intermediate joint angle rather than at the extremes of joint excursion. Second, 140 of the 209 slowly adapting endings were activated at both full extension and full flexion but were completely silent in the midrange of joint excursion. In 1975 the same authors (50) used a similar technique to study afferent activity in the medial, lateral, and posterior articular nerves of the cat .knee joint over most of its working range. In this study they were particularly interested in receptors discharging at intermediate joint angles. However, although their technique permitted sampling of a large percentage of the myelinated fibers in each nerve, again they found that “tonic midposition activity was rare.” Thus only 6 of 672 fibers tested in the medial nerve and 45 of 713 in the posterior nerve gave slowly adapting midrange responses (the smaller lateral nerve showed negligible tonic activity in the midrange in gross recordings and was not studied further). These findings were confirmed when, in other recent detailed studies of the articular nerves of the knee joint of the cat, either no fibers at all (112) or a very small proportion of fibers (49) were found that discharged at intermediate positions of joint excursion. A similar paucity of fibers that discharge maximally in the midrange has been noted in recent studies on the primate knee joint (115), the cat elbow joint (214), and the cat wrist joint (285). Furthermore, it was noted of the discharge of the midrange slowly adapting receptors of the cat’s knee (excluding those derived from muscle spindlelike receptors; see below) that “whether the discharge at intermediate positions was over a very small angle, over the entire flexion-extension range, or present at all depended on the degree of outward tibia1 twist” (38). Not only were midrange fibers difficult to find in these later studies but the true sites of the receptor endings from which they arose were also called into question. Thus it was observed that discharges of fibers that are tonically active at intermediate positions of the joint often are not altered by changes in the flexion-extension angle of the knee joint, but most respond to small intravenous doses of succinylcholine, suggesting that they might come from muscle spindles (38, 50; but see 76). In additional experiments some such midrange receptors were localized to the popliteus muscle (50). This opened the possibility that some, perhaps all, of the slowly adapting midrange receptors reported by other workers (10, 24, 56, 196, 267) also arose from muscle spindles. Recently McIntyre, Proske, and Tracey (205) recorded in the posterior articular nerve of thecat from units with a resting discharge at intermediate joint angles and found a pause in the discharge during twitch contractions evoked in the popliteus muscle’. They also showed an accelera-
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tion of discharge in whole articular nerves, and of single units dissected from them, in response to stimulation of fusimotor fibers in the ventral roots, although such fusimotor stimulation was accompanied by no apparent joint or muscle movement. Therefore, at least some of the fibers in the cat’s posterior articular nerve, which is the most thoroughly studied articular nerve, have their origin in spindles of the popliteus muscle. . Most slowly adaptin .g fibers in articular nerves of the cat’s knee dis charge maximal1 .y at the extremes of both flexion and extension (38, 49, 50: 1.H). This appears likely to provide the central nervous system with ambiguin the same ous information about the angle of the joint. Nevertheless, nerves there are smaller, but significant, numbers of slowly adapting units that discharge maximally at only either extreme flexion or extreme extension, so that the accompanying activity in these could possibly be used to eliminate such ambiguity. All slowly adapting fibers dissected from the elbow joint nerve in the cat also discharged maximally at full extension and over half of these discharged also at full flexion, although no fibers were found in that nerve that discharged maximally only in full flexion (21 4). In the dorsal wrist joint nerve of the cat, slowly adapting units fired maximally at full flexion, pronation, or supination of the wrist, but never at extreme extension (285); in the costovertebral joints, receptors were maximally excited at either one or the other extreme of movement, but not at both (97) . In the elbow and wri St joint nerves the discharges, although maximal at the extreme end of a range of movement, oRen remained appreciable near that end of the range but within the working range of joint excursion. In the hip joint nerve of the cat (G. Carli, personal communication) and in the costovertebral joints, activity is maximal at extreme excursion but extends through the whole range of movement. Where units are active within the working range they may provide useful proprioceptive signals. In other respects the knee (49), elbow (214), and dorsal wrist (285) nerves of the cat are similar in the range of functional characteristics shown by their fibers. In each nerve, apart from the slowly adapting units, there are phasic and paciniform units, together with a significant proportion of units that are ac tivated only weakly, or not activated at all, by even . extreme movements of the joint. Clark (49) has suggested that the weakly activated and nonactivated units, which are innervated predominantly by smalldiameter fibers, serve a nociceptive function. The slowly adapting units that run in articular nerves seem to fire in response to joint capsular stretching (10, 49, 112, 115). This would explain their responsiveness at extremes ofjoint excursion. It would also explain how some of the possible ambiguities of their proprioceptive signals arise: their tendency to alter their firing in response to lateral and rotatory as well as flexion-extension movements of the joint; their responsiveness to the contraction of muscles inserting near the joint capsule (112, 113, 115, 212, 267, 285), even when the muscles involved are not movers of the joint concerned; and the hysteresis manifested by discharges as a joint is moved back and forth through a region of receptor activation (115, 196, 214). These ambiguities
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may well be resolved by the central nervous system in the context of other signals simultaneously provided from other sources and on the basis of experience. Matthews (193) allowed that “one conceivable possibility is that in the more intact animal muscle tone tenses the joint capsule in such a way as to significantly alter the range of response of the endings. ” However, he later (194) observed that “if this is an essential feature of joint responses then the interpretation of their discharges in terms of joint angle would appear to be nearly as complex as the interpretation of spindle discharges, as the prevailing level and distribution of motor activity would have to be taken into account.” The question was examined experimentally in the knee joint (113, 115) by stimulating afferents in articular nerves through activation of adjacent muscles. This led to the conclusion that such high muscular forces were req uired that one could , “rule out the hypothesis that knee joint afferents migh .t discharge at intermediate joint angles by virtue of the presence of innervated but relaxed muscles about the knee” (113). Short of postulating that the important contribution of joint receptors to kinesthesia is made through nerve endings with unmyelinated afferentsand no electrophysiological studies have been done on such afferents-it is difficult to escape the conclusion that articular receptors, at least in some joints, “are not capable of providing appreciable steady-state position information . over most of the working range” (50). Perhaps articular receptors might be capable of giving more reliable information on the velocity and acceleration of joint movement (196), or even on the forces generated by muscles acting at the joint, but these possibilities have not yet been systematically investigated. B. Innervation



and Receptor Properties:



Muscle Receptors



The anatomy and electrophysiology of the principal intramuscular receptors, the muscle spindles and the Golgi tendon organs, recently have been extensively reviewed (14, 142, 193, 204) and are dealt with only briefly here. The total number of afferent fibers to the muscles that act at a joint is large in comparison with the number of afferent fibers to the joint itself: for the cat knee joint, for example, a conservative estimate gives 4000 myelinated muscle afferents but fewer than’ 400 myelinated joint afferents (104). The muscle spindles lie in parallel with the extrafusal muscle fibers and usually receive their own motor innervation through small myelinated yefferents (fusimotor). Some spindles, however, receive an innervation from fibers (/&fibers) that go to both extrafusal and intrafusal muscles [see Emonet-Denand et al. (Yl)]. There are two classes of sensory endings in the spindles: the primary endings, which have fast-conducting axons (group Ia) and are particularly sensitive to dynamic stretch, and the secondary endings, which-have slow-conducting axons (group II) and are much less sensitive to dynamic stretch. Both classes of spindle fire at steady frequencies monotoni-
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tally related to the degree of stretch of the muscles in which they lie and maintain this relation over a wide range of muscle lengths. For spindles in the relaxed flexors of the fingers in man, Vallbo (291) showed the rather low sensitivity to rotation of the metacarpophalangeal joint of 0.18 impulses/deg for primary endings and 0.14 impulses/deg for secondary endings, with the frequency of firing increasing over lOO-120’ to a maximum at full extension. However, fusimotor tone is low in relaxed muscles (42, 288, 291, 292), and many spindles are silent at intermediate joint positions. With active muscular contraction more spindles discharge (291, 292). Furthermore, in the relaxed state additional spindles can be recruited as joint rotation stretches muscles (41, 291): this means that recruitment of additional spindles could provide information in addition to that given by changes in the frequency of spindle firing. The discharges of the muscle spindles do not bear a simple relation to muscle length, a fact that has led many investigators to believe that they could not be used to estimate joint position. The spindles fire in response to stretching of the intrafusal muscle fibers near their nonstriated equatorial regions. Thus they respond not only to passive stretch of the whole muscle in which they lie but also to the stretch of these regions caused by contraction of the striated poles of the intrafusal fibers in response to fusimotor drive. In man spindle discharges increase during increasing isometric efforts, at least through the lower ranges of force investigated (42, 118, 119, 288, 289, 292). This is evidence for changing fusimotor activity in this situation. Indeed it is now apparent that in most, perhaps all, forms of voluntary muscular activity there is parallel activation of skeletomotor and fusimotor fibers: so-called cyy-linkage or ar-y-coactivation (for discussion and review see 40, 108, 110, 120, 193, 204, 234, 272, 290). Clearly, if spindle discharges are to be useful for kinesthetic sensations, the central nervous system must be able to distinguish which part of the activity is attributable to muscle stretch and which part is caused by fusimotor activity. Also, quantitative analysis of stretch-evoked spindle activity would only be possible if the central nervous system can allow for changes in fusimotor tone, as this determines the sensitivity of the relation between external stimuli and spindle firing (193). Provided that central processing can account for fusimotor activity, however, there is no reason why efferent modulation of receptor discharge should disqualify spindles from a kinesthetic role. Perhaps the simplest mechanism on which such central processing might be based would be for collateral, or reentrant, signals from motor pathways to act centrally on sensory pathways in such a way as to cancel the fusimotor-induced afferent signals and to “set” central receiving points for the prevailing level of spindle sensitivity. Many descending pathways have been demonstrated that might participate in such processing (for review see 106, 255, 284) or the processing might occur entirely at a single level of organization. An alternative mechanism for providing information about fusimotor firing, which does not involve the use of centrifugal signals, could be provided by an appropriate but complex analysis
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of the discharges of spindle primaries and secondaries as suggested (but not favored) by Matthews (194). This appears to involve a large amount of central processing of afferent signals in order to avoid the use of readily available centrifugal motor signals for the same purpose. If the discharges from muscle receptors are to be useful in kinesthesia, therefore, the central use of centrifugal signals seems the more likely mechanism for making them so. The Golgi tendon organs are somewhat simpler sensory endings that lie at musculotendinous junctions in series with small numbers of extrafusal muscle fibers, which pull on and activate them. They have fast-conducting (group Ib) axons and a low threshold for excitation by active muscular contraction (140, 150).For passive, externally applied stretches they have a relatively high threshold, except when these stretches are applied very rapidly (280) or during muscular contraction (273). Recordings from tendon organ afferents have been made in man. (41, 288) and a strong relation between muscular force and impulse frequency has been observed. Like the discharges from muscle spindles, those from the tendon organs are altered by both muscular activity and muscle stretch and so do not provide the central nervous system with a signal unambiguously related to muscle length. If these signals are to be used to provide information on joint position or movement, therefore, they wo’uld be like those provided by the spindlesthat is, useful only if the central nervous system is able to distinguish the activity due to muscle stretch from that due to muscular contraction. It was pointed out in section IIA that this is true also for those joint receptors that change their firing in response to muscular contraction. Unlike the spindles, however, the tendon organs do provide a signal that is unequivocal for one aspect of kinesthesia: they signal the tension applied to them, the intramuscular tension. Even here, though, central processing of the signals would be required to give useful information because the effective mechanical advantage at which a muscle operates depends on the position/of the joint it serves. A given intramuscular tension in, say, the elbow flexors while an object is supported against gravity with the upper arm vertical would support only half the weight with the elbow flexed at 90” that it would support with the elbow at 45". Thus, the signal of intramuscular tension could give useful information about the weight of a supported object or the force exerted by a moved part only if it were interpreted centrally in the light of other signals about joint position.



C. Central Connections Many studies have been performed on the thalamic and cortical projections of proprioceptive afferents, and it is generally agreed that such projections are relevant in a consideration of perception. Certainly, the early failure to demonstrate a cortical projection of muscle afferents was taken as evidence against their providing perceived signals. In this review, therefore, attention is given to projections to the thalamus and cortex. Lesions of the thalamus and cortex can seriously disturb kinesthetic sensibility (123-125,
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135, 232), whereas lesions in the other major region of projection of proprioceptive afferents, the cerebellum, are not associated with disturbances of position and movement sense (133). Cerebellar and other central projections of proprioceptive afferents are not discussed here (for reviews see 92, 186, 204, 226). The association of certain cerebellar lesions with changes in the perceived heaviness of lifted objects, however, is discussed in section WC. Evidence considered above indicated that fibers from intramuscular receptors can run in joint nerves and that fibers from joint receptors can run in muscle nerves. This uncertainty about the exact composition of both joint and muscle nerves makes studies aimed at defining the central projections of joint and muscl .e receptors difflc ult to interpre t because it can not follow that one or another type of receptor is completely excluded in an experiment by cutting appropriate anatomical nerve types nor that one or another type of receptor is exclusively engaged by stimulating the seemingly appropriate nerve: In studies on the central projections of joint receptors this problem is compounded by the difficulties of achieving, and adequately testing for, complete regional denervation of muscles and skin. Thus, in many studies, the responses of central neurons to joint movement are taken to indicate that connections from joint receptors have been established, on the grounds that muscles and . skin have been denervated. Of course, if m uscles and skin were not completely denervated the central responses might well have been set up bY the acti vation of muscular or cu taneous receptors. In other studies, central ccl ls are cl aimed to receive inpu ts from joint receptors if they respond to joint rotation but not to palpation of muscle and skin. One cannot be sure, that such tests adequately define joint inputs because muscle however receptors, particularly, might escape engagement by palpation and there is no way of excluding this possibility. That such uncertainties exist should be borne in mind in reading the following account, which outlines the current view of connections said to be made by proprioceptive afferents. The conventional textbook descriptions of the dorsal column-medial lemniscal system recently have been been substantially revised (for reviews see, e.g., 31, 33, 295), and it no longer can be safely assumed that proprioceptive tierents project centrally along only this pathway. Electrophysiological and anatomical studies indicate that, for the forelimb in both cat and monkey, the projections of joint afferents, and of afferents from muscle spindles, do indeed occur along the dorsal columns (51, 227, 235, 287) to relay in the ipsilateral main cuneate nucleus (33, 250, 251). In addition, Rosen (246, 247) has described a group of cells in the base of the dorsal horn of the ipsilateral rostra1 cervical cord, activated by group I afferents from distal forelimb muscles: this column of cells appears to be continuous rostrally with the main cuneate nucleus (247). Other pathways for proprioceptive afferents from the forelimb may also exist (92). Fewer than 10% of axons running in the articular nerves of the knee in the cat, however, project to the upper cervical levels of the dorsal columns, and these are all from receptors of the rapidly adapting type (37, 48, 51, 305). In the monkey, no axons activated from slowly adapting deep receptors in
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the h .indlimb cou ld be d.emonstrated i n the cervical gracile fascicle, a.1.though such projections from the forelimb to the cuneate fascicle were readily demonstrable (303). Muscle, and presumably also joint, afferents from the hindlimb in the cat leave the dorsal columns before reaching the upper lumbar cord to travel with the ipsilateral dorsal spinocerebellar tract (148, 149, 181, 185) and supply branches (which are probably collaterals of the cerebellar projection) to the brainstem relay, which is principally in nucleus 2 (151, 165). Nucleus Z was first described in the cat (30), but also exists in man (252) and lies just rostra1 to the gracile nucleus in the floor of the fourth ventricle. It has components responding only to muscle, joint, or cutaneous inputs (152,165). Thus, the kinesthetic pathway from the hindlimb of the cat appears to be via the dorsal spinocerebellar tract and nucleus Z for phasic and tonic units, with perhaps some purely phasic units projecting via the dorsal columns. The situation probably is similar in primates because transection of the dorsolateral fascicle removes the deep component of the hindlimb projection to the somatosensory cortex, whereas transection of the dorsal columns leaves this projection intact (66). All these anatomical and electrophysiological findings fit with neurological observations on hemisection of the cord (as in the BrownSequard syndrome) and on lesions confined to one side of the cord (125), where the proprioceptive loss is always ipsilateral. Some confusion arises, however, from the results obtained in behavioral studies after various experimental spinal lesions. While some early studies found gross disturbances of spatially projected movements in the forelimbs of monkeys with dorsal column lesions [75, 96), others noted little or no such disability after similar lesions (12, 16, 27, 28, 59, 211, 257). Therefore, it seems likely that pathways for proprioceptive afferents from the forelimbs exist in addition to the dorsal columns. This is borne out for proprioceptive connections to the primary somatosensory cortex by the observation that many such connections for the forelimb remain intact afier lesions of the dorsal columns (28). Similarly, behavioral studies after experimental lesions have given some cause to doubt that the dorsal spinocerebellar tract is essential for kinesthetic sensibility in the hindlimb (179, 294). Great care must be taken in the interpretation of behavioral studies. In many cases discrimi native abili .ties of the coarsest kind were tested, and these may well have survived lesions that would seriously disrupt finer abilities. Also, careful histological examination is always necessary for confirmation of the site and extent of lesions, but sometimes was seriously deficient or not even done at a.ll. A cautionary lesson comes from the observation that cats can perform skilled discrimin .ations of visua .l patterns despite bilateral lesions of the optic trac that are 98% complete (81). The ipsilateral hindlimb (nucl eus and forelimb (main cuneate nucleus) proprioceptive relays project onward to the thalamus, crossing the midline in the medial lemniscus. .The principal thalamic relay for kinesthetic inputs- is the ventroposterior nucleus [or ventrobasal complex (245)], which relays information from the medial lemniscus to the cortex. Within this part
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of the thalamus there is said to be a strict, well-ordered representation of body topography and preservation of modality specificity (237), although some recent studies suggest that the situation may be less simple (for review see 2, 157, 298). F&cording from this area in unanesthetized monkeys, Poggio and Mountcastle (237) found that 26% of the cells they encountered were selectively excited by rotation of joints on the opposite side of the body. In every case these neurons were maximally activated at an extreme of the range of excursion of a join t, with less extreme positions evoking successively lower discharges th rou .ghout the excitatory angle. The peak frequency of neuronal discharge in many cases was de termined by the rate of joint movement. Excitatory angles averaged 73” and the range of joint positions covered by units firing for flexion overlapped with those firing for extension (221). It was claimed that these thalamic units received their inputs from joint receptors; however, the hazards involved in making such a claim have been pointed out above. Indeed, it is difficult to see how the properties of these central units can be accounted for by the currently known properties of joint receptors, although it should be borne in mind that most [but not all; see Grigg and Greenspan (115)] of the receptor physiology has been done in the cat. Clearly, however, the behavior of these thalamic units gives some insight into the nature of the central processing of kinesthetic signals. The four cytoarchitectonic subdivisions (3a, 3b, 1, and 2) of the primary somatosensory cortex (SI or postcentral cortex) receive most of their subcortical afferent fibers from the ventroposterior nucleus of the thalamus. Mountcastle and Powell (222) correlated the receptive field properties of cells with the cytoarchitecture of the postcentral cortex in anesthetized monkeys and described a transition from cutaneous to ‘join t 99representation passing back from area 3b to area 2 (area 3a was not studied in their experiments). They described “a certain cl ass of cells of the postcentral gyrus capable of depicting by its patterns of activity the steady angles of the joints of the body, and transient changes in those angles” and sometimes observed “pairs of adjacent cells . . . which are reciprocally related to a particular joint.” They also found that some of the cortical neurons activated by joint rotation were inhibited by stimulation of the skin. In a few experiments exposure of the capsule of the rotated joint was carried out during cortical recording and the receptors involved were located in the joint capsule: in other experiments the classification of ‘Ijoint” units was made on the grounds of responsiveness to joint rotation and insensitivity to direct manipulation of skin or muscle. The recorded units received their inputs from upper and lower limbs, always from the contralateral side of the body, and no units could be found that responded to muscle stretch. Recent ana tomical stud .ies indicate tha t the densest projection .s from the ven troposterior nucleu .s of the thalamus are to areas 3a and 3b of the somatosensory cortex, with areas 1 and 2 receiving fewer fibers, many of which are probably branches of axons going to the other two areas (153, 156). Area 3a- receives predominantly muscle input and area 3b mainly cutaneous input, but otherwise the areas seem to have equivalent status because of
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their similar connections to association areas and through the callosum (157). Moreover, areas 1 and 2 to a large extent seem to be a rerepresentation via collaterals of areas 3a and 3b (157). As emphasized by Goodwin (loo), the problem raised by this observation is that the area said to contain the heaviest ‘Ijoint” input, area 2, appears to receive its own input as a collateral from the projection to area 3a, and area 3a receives mainly inputs from muscle. The earlier difficulty in finding inputs from muscle to area 2 (222) has not continued (36) and the reports of connections between areas 3a and 2 described above are supported by the observation that electrical stimulation of muscle nerves evokes potentials in both areas (256). In a study of central connections revealed by electrical stimulation of elbow and knee joint nerves in cats anesthetized with chloralose (51), it was found that projection areas for both nerves occurred within area 3 of the postcentral cortex and that these loci overlapped with the projections of group I muscle afferents. However, further projections to areas 2 and 1 did not overlap with projections of muscle afferents. Low-threshold cutaneous afferents evoked responses in all the loci activated by joint nerve inputs. It thus appears that joint, muscle, and cutaneous afferents have separate and convergent projections to SI. Both joint and muscle inputs to the second somatosensory area have also been reported (166). The principal cortical receiving station for muscle afferents is area 3a, which is a cytoarchitectonic subdivision of cortex sometimes considered to be transitional between “sensory” and “motor” areas. On the basis of its intracortical, commissural, and thalamic connections, however, it is coming to be recognized as part of the primary somatosensory cortex (157). In the cat this region is confined to a small area close to the postcruciate dimple; in the monkey it is located in the depths of the central sulcus. The relatively small area and the inaccessibility of the region may help to explain why cortical projections of muscle afferents escaped detection for so long, although projections to other cortical areas as well have now also been described. There now exist many reports of projections from muscle afferents, excited by electrical or by functional stimuli, to area 3a in cats and primates (6, 127, 139, 183, 227, 235, 249, 300, 309). Many cortical cells in area 3a receive convergent inputs from group I and group II afferents and “although the discharge of some area 3a neurons also reflected differences in muscle length, most area 3a neurons had low position sensitivities. One unit type in area 3a did not respond to maintained muscle stretch and signalled only velocity of stretch” (139). Moreover, cells not far away in area 4 (precentral cortex) received significant group II projections, and “one type of unit in area 4 had no d.ynamic component to muscle stretch and signalled only muscle length” (139). Such ob servations indicate that the signals of both velocity and position contained, but differently mixed, in the discharges of spindle primaries and secondaries can be processed to give, at a cortical level, a firing rate related only to-velocity or only to position. Some of the cells in area 3a respond to’ electrical stimulation of both
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muscle and cutaneous nerves (127,228,249), so that there is a neural basis in the cortex for the simultaneous activation of cutaneous and deep receptors during joint movement to be combined to give a composite signal of kinesthetic significance. Although the projection to area 3a is the densest cortical representation of muscle afferents, projections to the precentral or motor cortex (area 4) have also been described (3-5, 98, 139, 177, 183, 248). Afferents traveling in articular nerves also project to cortical area 4 (51). Neurons in this area, including those whose axons project into the medullary pyramids, commonly discharge in response to passive movement of a joint and less frequently to palpation of muscle or to light touch (78, 177, 183, 248, 301). These sources of input commonly relate closely to the motor outputs of the particular neurons involved (176). A fast pathway to the motor cortex from peripheral afferents is indicated by the observation that some cells in area 4 respond to peripheral inputs with a latency of 10 ms or less, and nearly all responses occur within 25 ms of a stimulus (178). The pathway to area 4 is via the dorsal columns for inputs from the forelimb, because no peripheral inputs remain after the dorsal columns are cut (27, 28), but whether it continues by way of the ventroposterior thalamus is not certain (155, 157, 277-279). Another cortical receiving station for proprioceptive input is area 5 of the parietal cortex, which lies behind the primary somatosensory area and receives its major input through association fibers from areas 1 and 2 (157, 231). In this area, many of the neurons studied in alert unanesthetized monkeys responded to joint rotation and most of these were related to single joints on the contralateral side (220). A few, however, responded to movements of more than one joint, to the movement of joints on the ipsilateral side, or to the simultaneous combination of skin and joint stimulation. The proprioceptive afferent projections to motor and primary somatosensory areas of cortex are all from the opposite side of the body. The gross abnormalities of position and movement sense that occur on removal of the postcentral gyrus on one side (72, 233) indicate that the affected contralateral limbs do not send effective proprioceptive projections to the normal ipsilateral hemisphere. Corticocallosal connections between opposite primary somatosensory areas include proprioceptive connections, although the extent of these is debated, there being some doubt about the representation of distal parts of the limbs (144, 154, 260). Interhemispheric transfer of information about simple detections of kinesthetic signals from joints or skin, and from muscle, can be made by subjects in whom the corpus callosum is transected (198), although the same subjects cannot duplicate with one hand complex postures that are imposed on the other (271). This suggests that the corpus callosum is necessary only for the interhemispheric transfer of more complex proprioceptive functions.



D. Are Muscles Sentient? A large body of evidence and argument



has been called on to support the
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claim that the discharges from muscles receptors have no access to consciousness. Of course, the sort of conscious experiences relevant in kinesthesia would not be sensations referable to the muscles themselves-for we are no more likely to feel kinesthetic sensations in our muscles or joints than we are to hear sounds in our heads or see objects in our retinas-but would be sensations of movement, or force, or tension, or of altered position in the parts moved by the muscles. The case against this role for muscle receptors must be answered in detail before proceeding to consideration of the kinesthetic role now claimed for these receptors. In brief, the case is: I) initial failure to demonstrate cortical projections of muscle afferents; 2) failure of stimulation of muscle afferents in animals to desynchronize the electroencephalogram (EEG) or to provide a basis for conditioning; 3) alleged loss of kinesthesia during paralysis of joint but not muscle receptors; 4) alleged failure of awake patients to perceive when exposed muscles are pulled on at operation; 5) apparent failure of receptors in oculomotor muscles to give perceived signals during imposed movements of the eyes; 6) the possible unsuitability for kinesthesia of muscle receptor signals that reflect changes of muscular activity as well as the position, velocity, and tensions of muscles and the claimed incompatibility of the ideas that the same discharges could be used in subconscious levels of motor control as well as for kinesthesia. These arguments are also discussed elsewhere (100, 104, 194, 208, 209). Projections from muscle receptors to the cortex have been repeatedly demonstrated (sect. IIC). Nevertheless, attempts to evoke arousal and desynchronization of the EEG by stimulation of muscle nerves at group I threshold have failed (95, 239), as have attempts to use stimulation of group I and group II fibers in muscle nerves as a sensory cue for triggering a behavioral response (281). However, the sensory signals provided in these cases may have simply been inappropriate to elicit a response: that is, it could have been difficult to arouse an animal or condition it to respond simply with the use of a small joint rotation. Human subjects undergoing repetitive electrical stimulation of muscle nerves in the popliteal fossa at low intensity have been reported to express uncertainty about the position of the foot (167), although associated referred cutaneous sensations often obscure the situation (104). Sarnoff and Arrowood (254) reported that intrathecal injection of procaine blocked muscle reflexes before it blocked position sense. They took this to show that muscle afferents had been blocked while other afferents, which were responsible for position’ sense, continued to conduct impulses. Bearing in mind that local anesthetics block fibers of smaller diameters before larger ones (93), this interpretation is difficult to accept: afferents from muscle spindles and tendon organs are large fibers and would be expected to survive the effects of local anesthetic better than other afferents. It is more likely that procaine blocked small fusimot-or fibers in this experiment, thereby reducing the sensitivity of the muscle spindles and so depressing reflexes dependent on them. The preservation of position sense in such circumstances
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may still indicate that muscle afferents are not necessary for position sense or, alternatively, it may indicate only that central thresholds for transmission along kinesthetic pathways are lower than those for muscle reflexes. It is generally agreed that very large deficits in proprioceptive acuity occur when joints and skin are anesthetized while the innervation of the relevant muscles is preserved intact (35, 46, 84, 102, 104, 208, 209, 215, 241; see also Fig. 1 and sect. II, E and F ). Separation of the effects of anesthesia in this way is easily achieved in the hands or feet where the infiltration of local anesthetic, or the local occlusion of arterial blood supply, can affect the joints and skin of the region without affecting the long flexor and extensor muscles that lie outside the region. Browne, Lee, and Ring (35) reported complete loss of appreciation by their subjects of imposed movements (l-Z”/s) made at the anesthetized metatarsopha langeal joint of the big toe, but only when the muscles acting at the joint were relaxed I An observ ,ation not systematically investigated was that the subjects “were immediately brought within the normal range when allowed to tense their muscles.” Provins (241) later performed similar experiments on the metacarpophalangeal joint of the index finger and reported that the detections of very slow movements (0.6’/s) imposed on the joint were grossly impaired, but not always abolished, in his subjects whether or not the muscles acting at the joint were tensed. Chambers and Gilliatt (46) and Butt, Davies, and Merton (208210) did similar experiments, anesthetizing the whole hand by cutting off its blood supply with an inflated blood pressure cuff, rather than anesthetizing individual digits. The ability of the subjects to detect imposed movements again was greatly impaired, although in spastic patients, where resting muscular tone was high, it was “strikingly preserved” (46). Merton (208) felt that there was no need to attribute the residual kinesthetic sensations here to discharges from muscle receptors, suggesting instead that “the forearm muscles nudge the top edge of the cuff, where the skin is not anaesthetic, and give a clue to the movement.” Goodwin, McCloskey, and Matthews (102, 104) repeated many of the experiments described above with rather different results. In fact, we stressed the persistence of kinesthetic sensations in conditions where others had disregarded them. In experiments on anesthetization of individual digits with local anesthetics or of the whole hand with ischemia, awareness of imposed flexion-extension movements persisted but was much less acute than normal. Subjects were best able to detect movements that were large and rapid or were imposed when the relevant muscles were tensed. With the whole hand anesthetized subjects cou ld correc tly nominate which unseen and anesthetized finger was moved and whether it was held still in a flexed, extended, or intermediate position. Merton’s suggestion that the detections were based on cutaneous signals generated by muscle bellies moving under the cuffw .as shown to be incorrect by the demonstration that such detections could still be made when the cuff around the wrist was temporaril .y replaced by a cuff around the upper arm or when digits were anesthetized by injection of local anesthetic so that no cuff was used. Importantly, the detections made
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during anesthesia of the whole hand could be made only for flexion-extension movements of a finger and not for lateral movements imposed at the same joint. This indicates that the joint and cutaneous receptors were fully anesthetized and points to muscle as the origin of the discharges on which detections were based: in anesthesia of the hand, the intrinsic muscles responsible for lateral movements are themselves anesthetized and only the long flexor and extensor muscles in the forearm remain unaffected. Furthermore, the subjects were unable to distinguish between movement at the metacarpophalangeal joint and the proximal interphalangeal joint of the finger. Both these joints are acted on similarly by the long flexors and extensors - it is the intrinsic muscles of the hand, which were anesthetized in these experiments, that act on them differently. The anatomical observations of Stopford (276) are relevant to this latter point. In a series of careful clinical assessments of various nerve lesions in the forearm, Stopford found that patients with nerve lesions at the wrist often are able to detect the occurrence of an imposed movement and to nominate the finger in which it occurs and its direction, but cannot distinguish which of the joints within the finger moves. Head and Sherren (126) previously had reported similar findings. Although these observations sometimes have been cited as evidence of the importance of joint receptors, they also can be interpreted as showing that when the joints, skin, and intrinsic hand muscles are denervated the receptors in the long flexors and extensors in the forearm can provide the basis for detection of movements. Gelfan and Carter (94) performed a variation of the experiments discussed above when they pulled on tendons exposed at the wrist during operations performed under local anesthesia. Here local anesthetization of joints and skin was unnecessary -the distal ends of the tendons were simply held still while the proximal ends were pulled on to stretch appropriate muscles. Gelfan and Carter thus were able to confirm the widely held surgical opinion that such maneuvers evoke no kinesthetic sensations. It is not clear, however, to what extent their subjects were asked about movements at relevant joints, as the experimenters seem to have concentrated particularly on asking about “any sensation referable to the muscles.” A similar finding was briefly reported by Moberg (215), who stated not at all equivocally: “A hard pull which has its effect proximally on the normal muscles does not give any conscious sensation at all. But a pull in the other direction-flexing a finger, will immediately produce sensation of flexion.” Not only does this argue against the access of muscle receptor discharges to consciousness, but it also points to the importance of joint and cutaneous mechanisms in kinesthesia. It is of great interest, therefore, that the experiment has been repeated recently with exactly the opposite result. Matthews and Simmonds (194,195) pulled on tendons and “without exception the subjects then reported ‘you are moving my finger’ (or thumb) and allocated the movement to the correct digit. Yet the pulling was performed in such a way that the digit itself did not actually move” (194). Clearly this simple and important experiment must be repeated, for it promises a direct
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and decisive answer to the question of the sentience of muscles. Matthews (194) has observed: “it verges on the ridiculous for there to be any doubt over the facts in such a simple experiment.” The tongue is a muscular organ that possesses muscle spindles (60) and has no joints or joint receptors to provide position sense. Surface anesthesia of the tongue has been reported to abolish its kinesthetic sensibility (44), although the experiments said to have established this have been criticized (1) on the grounds that the doses of local anesthetic used were strong enough to have diffused into the main muscular bulk of the tongue. The original report omitted mention of whether or not the motor fibers to the tongue were affected in the experiments. Others (1, 299) have reported that kinesthetic sensibility remains in the tongue after widespread anesthesia of its mucous membrane. Considerable reliance has been placed on the claimed insentience of extraocular muscles by some who have argued that muscles, in general, are insentient. Their case begins with observations by Helmholtz (128) that pulling on an eye, so as to displace its visual axis, causes apparent movements of objects in the external world- “as if the pulling had no effect on changing the direction of the visual axis.” A similar pull causes no apparent movements of afterimages in a closed eye. These observations were later confirmed (26). Strictly speaking, they do not show that muscle receptors provide no perceived discharges, but only that such discharges do not maintain the stability of the visual world during imposed eye movements. More relevant were the claims that subjects in whom vision was occluded were unaware of movements imposed on an eye by gripping its anesthetized surface (26, 145). These claims could not be confirmed in Skavenski’s recent carefully controlled study using trained subjects (266) in which rotations of about 10" of the anesthetized, occluded eyes were detected reliably. The same subjects were able, on instruction, to maintain the direction of the visual axis against forces that otherwise would have produced displacement of about 5”; again, visual and nonproprioceptive cues were excluded as providing the basis for the correction. It was suggested that in the previous basically similar experiments weak proprioceptive sensations might have been missed because the subjects were untrained and were “distracted or under some degree of discomfort or duress.” Obviously, no clear-cut, undisputed evidence exists that muscle afferents are denied access to consciousness. Where such evidence has been claimed to exist, closer examination often shows that important elements of the evidence have been ignored or explained away, sometimes quite uncritically. Every important experiment that had been claimed to reveal the insentience of muscles has now been repeated, revealing the opposite. In addition, other observations give positive evidence of the kinesthetic role of muscle afferents. These are considered elsewhere, but include the improved kinesthetic acuity conferred by muscular attachment at a joint (sect.- IIA and Fig. l), the measurable acuity present when only muscles are available to provide kinesthetic signals (sect. IIF>, and the kinesthetic illusions produced by the excitation of muscle receptors by vibration (sect. IIF).
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The experimental evidence shows that muscle receptors contribute to perception. The problems now to be considered are: what quantitative contributions do the muscle receptors make? What muscle receptors are involved? What must the central nervous system do with the signals from the muscle receptors in order to remove the apparent ambiguities they contain? These questions are discussed below (sect. IIF) after an analysis of the kinesthetic role of the principal alternative afferent sources of kinesthesia, the joint receptors. E. Kinesthetic



Role: Joint Receptors



Many attempts have been made to define the role of joint receptors in kinesthesia by examination of subjects deprived of signals from them. An early experiment of this kind was done by Goldsheider (99), who passed trains of electrical stimuli through the finger joints of his subjects and found that this raised the threshold for detection of movements imposed at those joints. He argued that the stimuli anesthetized the joints and that the consequent elevation of threshold was evidence .for the importance of joint receptors in detection of movement. The validity of this conclusion was called into serious doubt by the demonstration that electrical stimulation of the hand or arm was as successful in raising the threshold for detection of rotation of the elbow joint as was stimulation of the elbow joint itself (236, 306).



In the 1950’s and 1960’s the case against the participation of muscle afferents in kinesthesia was greatly strengthened by the results of experiments in which joints were locally anesthetized while the muscles that operated the joints were left unaffected (see sect. IID). Brown, Lee, and Ring (35) and Pro vins (241), working with the joints at the base of the big toe and index finger, respectively, described very large deficits in kinesthetic sensibility during local anesthesia. The occurrence of these large deficits was confirmed subsequently in similar experiments (46, 84, 102, 104, 208, 209, 215), although a crucial matter that was not agreed on was whether or not any kinesthetic sensibility at all remained in such situations. A common feature of these experiments was that local anesthesia of the joints was accompanied by anesthesia of the overlying skin. This was so because the methods used to produce anesthesia-either injection of local anesthetic around the digital nerves or occlusion of the arterial supply to the area to produce anoxic, or ischemic, block - affected all the regional innervation, preserving the innervation of the long flexor and extensor muscles only because these are situated remotely in the forearm or leg. Possibly, therefore, it was the anesthesia of the skin rather than the joints that produced the proprioceptive deficits. In some experiments injections of local an.esthetic have been made into joint cavities in an attempt to anesthetize joint receptors while preserving other afferents. In such studies on the temporomandibular joints of the jaw (47, 265) and on the knee joint (50; F. J. Clark, personal communication),
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little or no impairment of kinesthetic performance was noted. This may have been because the contribution of joint receptors to kinesthesia in these joints is very slight, but it may also have been because anesthesia of the joint receptors was incomplete. In the cat, intra-articular injections of local anesthetic abolished “nearly all” of the tonic activity in the posterior and medial articular nerves (F. J. Clark, personal communication) but, even if similar results could be assumed in human subjects, “nearly all” may not be enough. Unfortunately, there can be no satisfactory test for joint anesthesia until the magnitude of the contribution of joint receptors to movement and position sense is accurately known. If their contribution is appreciable and not duplicated from other sources, then they can be considered paralyzed only if a significant deficit or even total loss of kinesthesia occurs. If their contribution is only slight, or if it is duplicated by other afferent inputs such as those from muscle, their paralysis will not be detected by kinesthetic tests. In effect, this means that experiments attempting selective paralysis of joint receptors cannot be used conclusively to discover the contribution of these receptors to kinesthesia because their kinesthetic role must be known before the criteria for their paralysis can be established. A similar criticism can be made of experiments on the kinesthetic performances of patients in whom joints have been surgically removed because here, too, the surgical removal of joint receptors may not have been complete and no adequate test exists to assess this. Nevertheless, some surgical procedures involved in total joint replacement are so extensive that the elimination of signals from joint receptors can be assumed more confidently than in the experiments attempting selective anesthetization of the joints. Patients have been examined in whom whole joints have been removed and replaced by prostheses in operations in which the joint capsules are first divided and themselves removed, and in all these patients apparently normal kinesthetic sensation and motor function remains (64, 104, 114). The most detailed study of patients with artificial joints was that carried out by Grigg, Finerman, and Riley (114).In studies on 10 patients before and after surgery they found that “patients with total hip replacement retain an acute awareness of the angular position of the limb with relation to the hip,” although in 9 of the 10 some increase in the threshold for detection of passive movements did occur. Despite these increases in threshold, these patients could still detect movements of less than 3O made at 0.6”/s. This suggests either that joint receptors normally make little or no contribution to the sense of position and movement or that any sensory inputs they do provide are duplicated adequately by other sources such as muscle or cutaneous receptors. In experiments on cats Lindstrom and Norrsell (180) showed that cutting the posterior, medial, and lateral articular nerves of the knee joint produced no apparent changes in posture or movement. The striking difference in the experiments involving attempted elimination of joint receptors is between those in which cutaneous sensation was preserved (47, 50, 64, 104, 114, 265) and those in which the cutaneous



October



1978



KINESTHETIC



783



SENSIBILITY



receptors were also anesthetized (35, 46, 84, 102, 104, 208, 209, 215, 241). This may mean that cutaneous receptors rather than joint receptors are importantly involved in kinesthesia. Such involvement could be in either the provision of specific signals of joint position and movement or in the facilitation of signals from receptors in muscles or joints: these possibilities are discussed in section III. Gandevia and McCloskey (84), in another approach to defining the kinesthetic role of joint receptors, made use of an anatomical peculiarity in the distal interphalangeal joint of the middle finger in order to disengage the muscles from effective action at the joint. If the index, ring, and little fingers are extended and held extended, and then the middle finger alone is flexed maximally at the proximal interphalangeal joint, the terminal phalanx of that finger cannot be moved by voluntary effort because the long flexor and extensor muscles that move it are held at inappropriate lengths (111). Effective muscular attachment thus is removed from the joint in this position, but can be restored by flexing the adjacent fingers. Proprioceptive acuity was assessed at the join t in 1.2 normal subjects when the m .uscles were d isen .gaged. Unfortunately, it was not possible to anesthetize the skin of the finger without also anesthetizing the joint, so that “joint” sense could not be tested in complete isolation. Nevertheless, ‘Ijoint” sense could not be better in isolation than the combined cutaneous and joint sense measured this way. When only joint and cutaneous mechanisms were available for 1kinesthetic sensation, detection of fixed angular displacements was more reliable the faster the velocity was at which they were made, indicating that the sensory mechanisms responsible were sensitive to the velocity of movement. The subjects could detect variable angular displacements made at a fixed ang ular velocity more reliably the greater the displ acements were indicating that the sensory mechanisms responsible were also sensitive to the absolute angular displacement. When muscular attachment was restored at the joint, making muscular as well as articular and cutaneous mechanisms available for kinesthesia, all subjects showed a marked improvement in proprioceptive acuity. Figure 1 shows the results from one of the tests. Engagement of the muscles caused no consistent change in the measured “stiffness” of the joint, so it is unlikely that the improved pe rformance resul ted from a more effective discharge of joint receptors produced by the mu .scles tensing the joint capsule (213, 267). Instead, it i ndicates that m uscle receptors play an i .mportan t role in normal kinesthesia, a matter taken up again below. Although some of the findings reviewed above suggest that joint receptors are relatively unimportant in providing perceived signals of limb position and movement, it might still be argued that their contribution becomes more important at ex tremes of joint excursion where thei .r disch .arge rates are maximal (see sect. IIA). Craske (63), however, has found that normal subjects are prepared to believe that joints have rotated to a position well beyond the ana tom .&ally possible extreme of excursion when the muscles acting- at the joints are vibrated. Vibration excites intramuscul .ar receptors (see sect. IIF). This suggests that subjects rely on the signals of muscle 9
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FIG. 1. Results from 7 subjects in a test involving detection of 10” displacement of the distal interphalangeal joint of the middle finger at various angular velocities. Scores give the number of correct detections of displacements (including detection of direction) in sets of 10 similar displacements. Results are given for scores obtained when the muscles operating the joint were engaged and when they were not engaged at the joint; scores from individual subjects have been averaged, in the ranges 1.0-1.9, 2.0-2.9”/s, etc., and mean score *SE is plotted for each category. In tests when muscles alone contributed to position sense the joints and skin of the finger had been anesthetized by digital nerve block and the muscles were relaxed; individual scores are shown. In the angular velocity range ll-27”/s, scores are grouped together (at right). Joint-plus-cutaneous sense (open circles) is improved by the participation of muscle receptors (closed circles). Muscle receptors acting in isolation give very variable proprioceptive acuity when muscles are relaxed. [From Gandevia and McCloskey (84).]



receptors in their judgments of extreme joint rotation, contrary information that joint receptors might provide. F. Kinesthetic
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Role: Muscle Receptors



In further studies on the distal interphalangeal joint of the middle finger described above (sect. IIE), Gandevia and McCloskey (84) measured the proprioceptive acuity when muscles were engaged but joint and cutaneous receptors were anesthetized by digital nerve block. When the muscles were relaxed the measured ability to detect imposed displacements was very variable. In some subjects “muscle sense” was superior to ‘>oint-plus-cutaneous sense” (measured in the same subjects with the muscles disengaged, but before nerve block) and was almost as good as the full kinesthetic sense (measured with all mechanisms able to contribute). In other subjects muscle sense was very poor, and even displacements made at very fast angular velocities were not reliably detected. Figure 1 shows the results from these experiments. This variability may explain how some confusion arose in earlier experiments concerning muscle afferents and perception - if subjects with very poor muscle sense were chosen for testing it is not surprising that the sense was said to be absent. The variability of performance may have reflected slight subconscious changes in muscular tension exerted by the subjects while the muscles were supposed to be relaxed: in all subjects muscle sense was brought into the normal range of full kinesthetic acuity when the engaged muscles were tensed voluntarily. If the muscle spindles provide the
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basis for such detections it is worth recalling that fusimotor tone increases with voluntarily exerted force, raising the background level of spindle firing (292), a factor that might contribute to the reductions in detection threshold. The variable, and frequently poor, proprioceptive acuity contributed by relaxed muscles acting in isolation contrasts with the marked and consistent improvement caused by engagement of relaxed muscles when the joint is unanesthetized (Fig. 1 and sect. 1123; 84). In many subjects poor muscle sense and quite average joint-plus-cutaneous sense combine to give a complete position sense that is superior to either sense alone. Facilitation between the ‘discharges from the different sources appears likely to account for this improvement. Anesthetization of the fingers adjacent to the one being tested raises the threshold for detection of movements in some subjects (84), so the centra .l in .teractions may be qui te widespread . In particular, facilitatory discharges from cutaneous receptors of the region may be important in kinesthesia since cutaneous rather than joint anesthesia appears to be responsible for the blunting of kinesthetic sensation during regional nerve block. Muscle receptors not only provide kinesthetic sensations of movement and position, they also provide perceived signals of intramuscular tension. This was first shown (200)in experiments in which subjects exerted isometric tensions using the flexors of the elbow joint. The subjects rested the tip of the elbow on a support and pulled against a strain gauge through an inextensible cable attached to the wrist: the skin of the elbow tip and the whole hand and wrist were locally anesthetized and vision was excluded. The subjects were instructed to keep the tension applied to the strain gauge constant during periods in which vibration at 100 Hz (approx. l-mm amplitude) was applied transversely to the tendon of the contracting elbow flexor (biceps) or its antagonist (triceps). Such vi .bration ‘? presumab ly thro ugh its stimulation of muscle spindles (see below), evokes an involuntary contraction, a “tonic vibration reflex” (65, 117),in the muscle to which it is applied or inhibits any existing contraction of the antagonist of the vibrated muscle (105). Despite these disturbances induced by vibration the subjects were able to modify the efforts they made to maintain a constant isometric tension. *The basis for making the modifications could not have been visual or cutaneous input, since these were excluded, nor could it have bee n the effort put into the contraction because this wa s altered volu ntaril .Yto keep tension constan .t. It follows that the d ischarges of intra .muscular receptors gave the signals by which tension, or at least cha nges in tension ., were sensed. (These experiments are discussed further in sect. IVC and are illustrated in Fig. 5.) Because vibration so greatly alters the discharges from muscle spindles it is unlikely that these gave useful signals for tension judgment. Perhaps the Golgi tendon organs provided the signals used. The demonstration that these, too, can be disturbed by vibration (41)need not rule out this possibility, for in the study in which this was shown only a very small fraction of the population of tendon organs was investigated. Roland (243, 244) tested the ability of subjects to compress springs of different strengths through subjectively equal distances or with subjectively
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equal forces. Using the finger and thumb to compress the springs the “subjects could successfully use their normal hand both to match the voluntary force developed in a skin and joint anaesthetized hand and simultaneously to assess the extent of its voluntary movement. They could also match the extent of voluntary movement and simultaneously discriminate spring strength.” These resul ts again show that muscle receptors in contracting muscles provide reliable kinesthetic information for judgments of both displacement and muscular force. An important role in reopening the question of whether the discharges from muscle receptors can influence perception was played by the demonstration that vibration of muscles causes kinesthetic illusions in normal subjects (101, 103, 104). When the tendon of a muscle is vibrated transversely at 100 Hz the illusion is experienced that the joint at which the muscle acts is moving in the direction that normally would stretch the vibrated muscle. Such illusions are easily demonstrated by asking a blindfolded. subject to track the apparent position of the joint on the vibrated side by moving the co&sponding joint on the other side and are illustrated for the elbow joint in Figure 2. Illusory movements occur in opposite directions when vibration is applied to agonists and to antagonists, but none are experienced when the vibration is applied over the joint. This provides important evidence that muscle receptors rather than joint receptors give the signals that cause the illusions. Even when all the joints and skin of the hand are anesthetized, vibration of the long flexor tendons within the anesthetized hand causes illusory sensations of extension of the fingers and thumb (104). Thus, although there is every likelihood that paciniform corpuscles and other mechanoreceptors within the skin and joints of the region normally would be excited by vibration, the kinesthetic illusions depend not on these but on the excitation of receptors within the muscles. Discharges seen in multifiber recordings from joint nerves during vibration (213) are likely to be due to the excitation of paciniform endings and in any case are not relevant to kinesthetic illusions. In three subjects undergoing surgery at the wrist under local anesthesia, Matthews and Simmonds (194, 195) tested the effects of applying vibration directly on an exposed tendon. No kinesthetic sensations were reported by the subjects. However, the vibrator was not fi rmly attached to the tendon and “it was uncertain as to how effectively the vibration was being transmitted to the muscle along the length of the tendon” (194). Vibration-induced illusions are predominantly illusions of continuing movement -of velocity of joint rotation (104, 162, 197) - and continue for as long as vibration is applied. A systematic distortion of static position sense also occurs (63, 69, 104, 197, 216). To some extent the signals of movement and position are signaled or processed separately because vibration of lower frequencies and greater amplitude can cause large illusory effects on the perception of static position without causing illusory movements (69,197). Significant clues to the identity of the muscle receptors giving kinesthetic sensations are given by the observations on vibration-induced illu-
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sions. It seems virtually certain that the spindle primaries are involved in the illusions of movement because of their high sensitivity to vibration (19, 34,41) and because of the appropriateness of illusory nzouenzent as a sensation arising from activation of a receptor type normally more sensitive to dynamic than to static stimuli. The other principal intramuscular mechanoreceptors, the spindle secondaries and the tendon organs, cannot be denied a role, however, as they are also significantly activated during vibration (41). The signal contained in the discharges of the spindle primaries is of velocity and static stretch, whereas that in the secondaries is just static stretch: simple subtraction could yield a signal of velocity alone, whereas the signal of stretch alone appears in the discharges of the secondaries and in the element of discharge that primaries and secondaries share. It was pointed out above (sect. UC) that at a cortical level the discharges from muscle receptors have undergone processing to give, among other things, separate signals of velocity and static stretch (139). Vibration-induced excitation of spindle primaries and secondaries, processed along these lines, could account for the illusions of movement and false position: moreover, at lower frequencies and higher amplitudes of vibration, when the balance of excitation is likely to be shifted in favor of the secondaries rather than the primaries, the persistence of illusory false position in the absence of illusory movement could be explained (197). Some consideration was given above (sect. IIB) to the question of how the discharges of muscle spindles could be made useful for a role in kinesthesia; in order to achieve this the central nervous system would need to have some way of discounting that part of the spindle firing attributable to changes in fusimotor tone rather than to stretch of the muscle. Such corrections could be made with central collateral or reentrant motor discharges or by quite elaborate processing of the primary and secondary spindle discharges themselves. That such corrections are indeed made is suggested by one further observation on the sensory effects of muscle vibration. When vibration is applied to a relaxed or gently contracting muscle illusory movements are regularly experienced. However, when the vibration is applied to a very strongly contracting muscle there are no illusions of movement (104, 197), and at intermediate levels of contraction slower than usual illusory movements are perceived (197). This would be expected if the illusions were based on spindle or tendon organ firing and if only part of their discharge -that part. in excess of the level “appropriate” for the prevailing contraction -contributed to the illusory sensations. Thus, as the strength of contraction increased, so too would the fusimotor-induced spindle firing (42, 118,119,285, 289,292) and the firing of tendon organ afferents (41, 288): if vibration then were to raise these discharges to a constant level (say by 1:l entrainment to 100 Hz; see 104, 193, 197), the excess discharge caused by vibration would decrease as the force of muscular contraction increased. Assuming, therefore, that the central nervous system does discount for kinesthetic purposes those discharges that are expected or “appropriate” at a given level of contraction, then the observed reduction in velocity and final
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abolition of the illusory movement with increasing strength of contraction would be explained. Not only does this consideration provide evidence that discharges from muscle receptors tire processed centrally for kinesthetic sensation, but it also provides confirmation that the effects of vibration are mediated by intramuscular receptors because only these should be affected so markedly by the strength of the contraction. Valuable insights into the roles played by muscle receptors in kinesthesia have come from studies with vibration. Nevertheless, the uncertainties regarding the spread of excitation between receptor types and the nature of the firing patterns adopted in any particular situation (41, 42) are likely to make detailed and quantitative analyses of the sensory effects of vibration much less rewarding than the largely qualitative studies reviewed here. III.



AFFERENT



MECHANISMS:



SKIN



The properties and connections of cutaneous receptors have been extensively reviewed elsewhere (8, 31-33, 39, 106, 143, 157, 240, 302). Unfortunately, very little work has been done on the possible contributions by these receptors to kinesthesia, so they are not dealt with in the systematic way that joint and muscle receptors are above: instead, a brief review of some possibly relevant studies is given. Neurological opinion is divided over whether or not the power of recognizing passive movement or position can be lost through a peripheral or spinal nerve injury while cutaneous sensibility is preserved. Ferrier (77) stated emphatically that, “loss of the muscular sense never occurs without general anesthesia of the limb. There does not appear to be a single fact which would indicate that the muscular sense can be abolished and the other forms of sensibility of the limb continue.” Others (e.g., 107, 124) did not agree. Head (124), for example, quoted cases where cutaneous sensation was lost while sensations of position and movement were preserved and others where position and movement senses were lost while cutaneous sensibility was preserved. Probably different observers based their judgments on performances requiring very different degrees of sensory discrimination. In 1891, Waller (296) reviewed the neurological opinions then being offered and noted that he found himself “often in considerable doubt whether ‘loss of muscular sense’ or ‘preservation of muscular sense’ are verbal formulae or duly authenticated facts.” If cutaneous anesthesia can occur without loss of sensations of movement or position, cutaneous receptors cannot be necessary for kinesthetic sensibility. A similar conclusion can be drawn from experiments in which the skin overlying joints was locally anesthetized (50, 124) or grossly distorted by taping or strapping (58) without seriously impairing kinesthetic sensibility. There is not unanimity on this question, however, because it has been claimed that, in certain patients after reconstructive surgery on the hand, intact -cutaneous innervation was sufficient to provide good position and movement sense even when muscle and joint receptors could not contribute
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(215); unfortunately, it is not clear in this report what objective tests were done to permit the conclusion that joint innervation, in particular, was not intact. In the fingers and toes (sect. II, D -F) it is relatively easy to anesthetize both the joints and ski .n together , and when this is done in normal subjects there is a pronounced deficit in the appreciation of position and movement (35, 46, 84, 102, 104, 208, 209, 215, 241). In contrast, apparently normal kinesthetic sensibility is preserved when joint receptors alone are interfered with in the fingers or toes (64), in proximal limb joints (50, 104, 114), or in temporomandibular joints (47, 265). These findings suggest a kinesthetic role for cutaneous receptors, at least in the joints of the fingers and toes, but do not indicate whether the contribution is of specific signals of joint position and movement or of less specific signals that act by facilitating the central action of muscle or joint afferents. In any case, the contribution may be important only in distal joints, for in the knee joint neither introduction of local anesthetic into the joint capsule nor anesthetization of a “sleeve” of skin around the joint caused a serious impairment of position sense (F. J. Clark, personal communication). Alternatively, if the cutaneous contribution is a nonspecific facilitatory one, the appropriate cutaneous input even for proximal joints may come from the distal parts moved by the joint (i.e., from the foot and hand for the knee and elbow joints) rather than from the skin overlying the joint. Slowly adapting cutaneous receptors of a type sui table for providing kinesthetic information have been described in animals (45) a.nd man (160, 293). Of particular interest are the recordings made in human subjects by Knibestiil (159) of slowly adapting units that si gnal join t angle over a wide range. A unit illustrated by Knibestiil gave a discharge rate linearly related to the angle of flexion of the distal interphalangeal joint of a finger with a sensitivity of approximately 0.8 impulses/deg over 80’ of rotation. Receptors of this kind are plentiful in the region of the nail bed and respond mainly to rotations of the proximal and distal interphalangeal joints (159): they may represent the human equivalent of receptors thought to signal claw position in animals (39). It remains to be discovered whether or not such potentially useful signals are used in kinesthesia. Sensations associated with maintained indentations of the skin of the forearm fade completely within a couple of minutes, and slowly made indentations are often not felt at all (138), so that signals from cutaneous receptors may be unsuitable for giving a continually perceived signal of static position. In their study of the distal interphalangeal joint of the middle finger, Gandevia and McCloskey (see Fig. 1; 84) showed that good proprioceptive acuity remained when muscles were disengaged at the joint (although it was always poorer than when the muscles were engaged; see sect. IIE). If the joint receptors in this joint provide as poor a signal of joint position as do those studied electrophysiologically elsewhere (see sect. IIA) then the proprioceptive acuity dependent only on joint-plus-cutaneous mechanisms is likely to have been derived largely from cutaneous receptors-and this joint is one of the locations with a rich investment of slowly adapting nail-bed receptors
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of the type just discussed. Disengagement of muscles at joints that are not close to nail beds would result in a more marked loss of acuity than was found at the distal joint of the finger. A quite separate question concerns the possibility that discharges from cutaneous receptors may facilitate the kinesthetic inputs from joints or muscles. Muscle afferents operating in the functional stretch refl .ex of the long flexor of the human thumb appear to depend on inputs from joints or skin for facilitation (NO-192), although similar facilitation does not occur in %he flexors of the big toe (192). Facilitation between various kinesthetic inputs is also suggested by the observation that proprioceptive acuity at a joint in one finger may be blunted by anesthetization of the adjacent fingers (84). Unfortunately, experimental separation of the kinesthetic inputs from skin and joints has not been sufficiently successful to permit a choice to be made between them as the likely source of such nonspecific facilitation. The importance of cutaneous receptors* in the estimation of weights placed on a supported part (e.g., 124, 297), or held so as to pull across the surface of the skin (199), is undisputed. Such tasks, however, cannot be considered part of kinesthetic sensibility and are not considered further here. IV.



EFFERENT



MECHANISMS



The idea of a sensation ‘lof innervation,” a sensation arising within the central nervous system from, or together with, centrifugal command signals for muscular contractio&, was debated thoroughly by physiologists, psychologists, neurologists, and philosophers during the nineteenth century. It is not clear when the idea was born, but one can see its attraction to a scientific world not yet fully persuaded of the separate existence of sensory and motor nerves. Bastian (15) claims that Ywo Italian physicians, Julius Caesar Scaliger in 1557 and Caesalpinus of Arezzo in 1569, quite independently of one another were the first to recognize . . . the existence of a separate faculty or endowment associated with volition, or the mere will to move.” By the latter half of last century the idea was well understood and widely known through the writings of Miiller (223), Bain (13), Wundt (308), Helmholtz (128), Jackson and Paton (146), Gowers (107), and others. Also, by that time, strong opposition to the idea had developed, notably including Ferrier (77), James (147), and Sherrington (261). The ensuing debate frequently was based mainly on philosophical grounds. Much of the early neurological evidence on sensations of innervation unfortunately * came from patients in whom the neurological lesions were not at all defined, including almost certainly some whose disabilities were primarily psychiatric. Some cases were quite bizarre. William James (l47), for instance, gave some prominence to an “account by Professor A. Strumpell of his wonderful anesthetic boy, whose only sources of feeling were his right eye and 1eR ear.” In addition, as one reviewer noted at the time, “there is a radical difference of opinion between clinical experts as to the fundamental clinical facts, which are presented as black or’white according to the doctrinal point of view from which they are regarded” (296).
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A. Eye Movements The most convincing of the early experiments were those on. eye movements. Helmholtz (128) noted that the visual world is perceived to stay still when one makes voluntary eye movements but that “apparent motions” are seen when movements of similar magnitude are imposed on the eyes. On the other hand, positions of afterimages in the closed eye seem to move with voluntary movements, but stay still during imposed movements. “Thus,” he .wrote, “our judgement as to the direction of the visual axis is not formed either by the actual position of the eyeball or by the actual elongation or contraction of the ocular muscles that is the result of this position. Our judgements as to the direction of the visual axis are simply the result of the effort of will involved in trying to alter the adjustment of the eyes.” Helmholtz supported this conclusion with. observations made on patients in whom the oculomotor muscles suddenly became weak. On attempting to turn the eye in a direction in which it could not move, these patients saw apparent shifts of the visual world in the direction of the attempted movement. The effort of will to move the eye, it was argued, had given the sensation that the eye did move, so that the unchanged position of retinal images made it seem that the visual world had shared the supposed movement of the eye. Others confirmed these findings (26, 53, 107, 146, 184, 208; see also 304). William James (147) found difficulty in accepting Helmholtz’s views, arguing that the interpretations based on judgments made while one eye was displaced or weakened had neglected to take into account the influence of the other eye. Sherrington (261) sided with James. Subsequent clinical studies by Jackson and Paton (146) suggested that there was no substance in this objection, but perhaps the most effective argument against it was Merton’s (208). He argued that, if James were correct, “we should have to hold that, when one eye is passively deviated by pulling on the canthus, objects appear to move because the subject judges the direction of the visual axis by reference to the other eye. The reader can easily convince himself that this is not what happens, by pulling on both eyes simultaneously; objects seen by both eyes appear to move, and do so independently of each other.” In attempts to duplicate experimentally the situation occurring in oculomotor paralysis or paresis, severe weakness of the muscles was induced by the injection of local anesthetic or by systemic or retro-orbital administration of low doses of curare (25, 26, 161, 264, 274). In these subjects large apparent displacements of the visual world in the direction of the intended but weakly executed movements occurred. These experiments therefore provided evidence in favor of a sensation of innervation giving the sense of direction of the gaze. A great difficulty arose, however, when enough of the neuromuscular blocking drug was given to paralyze the oculomotor muscles completely: in this situation subjects were said to report no apparent movements accompanying attenipts to turn the eyes (25, 264, 274). In one study involving total oculomotor paralysis of one of the experimenters on four separate occasions, complete absence of movement or displacement
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accompanied attempts to move the eyes on only the first occasion: in subsequent periods of paralysis the subject perceived no apparent mouements on his attempts, but was said to have had an illusion of displacement (274). Others could not confirm this (25). In another study, intended to keep “inflow” signals constant in unparalyzed subjects, sensations of displacement of the visual world attributed to “outflow” mechanisms were reported (266a). New theories to account for visual perception during eye movements will be necessary if further confirmation is reported of the failure of subjects to perceive apparent visual shifts during attempted voluntary movements of completely paralyzed eyes. The extent to which the sensations of innervation said to be involved in these phenomena are really sensations in their own right may well be queried. In every case the sensations reveal themselves as changes in visual perception, as changes in the apparent locations of viewed objects. When there is no vision, little remains in the way of positive sensations. If one closes one’s eyes and attem .pts to move them . one can be confident that the movements have occurred; indeed, they can be made accurately (207). But confidence may arise as much from an assumption that what one usually achieves contin ues to be achieved as it does from a positive kinesthetic sensation. Consider what occurs when some cause is given for doubting one’s assumption of a successful movement: if one repeats the attempted eye movements with the eyes closed, but this time presses a finger firmly against the outside of one eyelid as if to prevent the eye from moving, one is much less sure of whether the eye moves or is prevented from moving. When Brindley and Merton (26) occluded both eyes of a subject and then occasionally held their anesthetized surfaces while the subject attempted to move them, they reported that he “could not tell whether the eyes were held or not” but that “he regularly had the impression that he succeeded in moving them through a large angle.” It is not clear tha t this I “impression” amounted to a positive sensation. Later, Merton (210) described the same experiments again and concluded that “if voluntary movements are artificially impeded, or if passive movements are imposed, we absolutely do not know what is going on- unless we can see and reason back from the visual illusions we receive.” Moreover, if one wears a contact lens to which an image source is attached by a stalk, so that the retinal image is stabilized, “one is repeatedly astonished to discover in what direction the stalk is pointing” (189). The sensation of innervation said to be involved in perception of the direction of the visual axis therefore may be no sensation at all: instead, it may be an alteration induced by motor activity in the processing of visual sensations. What remains of sensation when the visual input is removed may well be no more than the rather unobtrusive input that derives from receptors in the extraocular muscles (266). “Corollary discharge” (270) and “efference copy” (136, 137) are two terms often used in current discussions ofsensations of innervation (73, 104, 188, 189, 283). Some of the considerations outlined above also apply to these terms. Both terms arose in explanations of the results of experiments on
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lower animals that showed that surgically rotating the eye i(fish) or the head (insects) would cause the animal to perform repeated circling movements. Thus, Sperry (270) supposed that “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.” Von Holst (136) talked of the subtractive interaction between an “efference copy” and a returning afferent (“reafferent”) signal and suggested that “when the reafference is too small or . . . too great . . . the difference can either influence the movement itself, or for instance, ascend to a higher centre and produce a perception.” In neither formulation was it necessary for the centrifugal- signal itself to produce a perception. Of course, by their-operation on afferent signals, signals could influence Perception; just such an interaction could serve to remove certain ambiguities of muscle spind le discharges before allow ing them access to consciousness, as suggested in section IIF. In the experiments of Sperry and of von Holst, however, no i.nfluence on perception was necessa ry nor was it shown. The behavioral changes occurring in those experiments may well have resulted simply from alteration of the sign of some stabilizing visuomotor reflex. B. Sensations of Movement For the voluntary contractions of muscles other than eye muscles, three reasons have been advanced to support the proposition that sensations of innervation manifest themselves as sensations of movement. First is the phenomenon of the “phantom limb,” an illusion experienced by amputees that the amputated part still exists and can change its perceived position in space in response to motor commands dispatched to it; second is the ability of animals and man to recover control of complex movements after deafferentation of a part; and third is the claim that human subjects perceive that they successfully execute movements during periods of anesthesia of the moving joints and skin, even when such movements are mechanically obstructed (208). All these claims are reviewed here, with the conclusion that sensations of movement are not generated by centrifugal mechanisms. A natural phantom limb occurs in more than 95% of cases of amputation (129). Experimental phantoms can also be produced by complete block of the brachial plexus by local anesthetic, after which they appear within 30 min (206). Either form of phantom is associated with a mild tingling sensation and is strongly perceived as having a position in space (129, 206, 242). More distal parts of the limb are more strongly perceived, so that the intensity of sensation referred to them is roughly proportional to the central representation of the part in either the somatosensory or motor cortex (232). Lesions of the postcentral cortex have been reported to be associated with abolition of natural phantoms (125, 275). Of great importance in a consideration of sensations of innervation is the fact that phantom limbs commonly can be perceived to move in response to motor commands dispatched to them (15, 107, 129, 206, 242). Unfortunately,
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however, many reports of this phenomenon fail to make clear whether the movements that were perceived involved alterations of the relative positi .ons of parts within the phantom. If the part of the body bea ring the stump of the phantom limb is moved, then the phantom limb always moves too, even if in doing so it must pass “through” some solid obstacle. Such a movement of the phantom, however, is irrelevant to any debate about sensations of innervation, for the phantom is merely required to maintain its fixed position on a mobile stump, and this requires no change in the neural representation of the phantom and so no new signals related to it. More relevant here are reports of movements of phantom joints-movements that alter the relative positions of parts within the phantom (15, 129, 206, 242). Typically, movements of this type are more difficult to make, are limited in range, and cannot be finely graded. They are commonly associated with gross twitching of the muscles in the. stump (15, 129, 242). The most extensive study of phantom limbs was that reported in 1.948 by Henderson and Smyth (129) in which some 300 cases of phantom limb were investigated in great detail in a prisoner-of-war camp. They found that internal movements of the phantom were always associated with contraction of muscles in the stump and that when this contraction could be abolished, as by cutting the nerves in the stump, then the ability to make internal movements with the phantom was lost. Si .milarly, i .n the experimentally produced phantoms, “the total loss of voluntary movement of the phantom limb was reported at about the same time that EMG activity no longer appeared on the records” (206). Hende rson and Smyth (129) concluded from their studies that “appreciation of willed movement depends on afferent impulses from muscles which normally move the part.” Moreover, a strong argument against the participation of sensations of innervation in movements of a phantom limb is provided by the absence of such perceived movements when all muscular activity is abolished. The exi .stence of phantom limbs and their static position in space, however 17 do not depend on sensory inp ut. This is shown by their pers stence after denervation of the stump or after nerve block. It therefore follows that a sense of position can be generated by nervou .s activity that presumably is wholly i nternal to the central nervous system ( 100, 116). This static, persisting phantom shrinks and fades over the years, but sometimes can be suddenly restored by appropriate stimulation of peripheral nerves. Thus, the findings of Weir-Mitchell were quoted in 1888 by Bastian (15): “In a case of amputation at the shoulder joint, in which all consciousness of the limb had long since vanished, I suddenly faradised the brachial plexus, when the patient said at once, ‘My hand is there again. It is all bent up and hurts me’.” Despite some early experimental failures to retrain purposive movements after deafferentation of a limb by cutting the dorsal spinal roots (169, 217, 286), it is now generally agreed that good recovery of voluntary movements can follow such procedures in experimental animals (20, 67, 282) and in man (79, 224; see also 168). Retraining of the movements under vision is very important for recovery and, in animal experiments, normally innervated structures must be prevented from being used during retraining as
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substitutes for the denervated part, which otherwise will simply be neglected. That such recovery is possible suggests that the integration and grading of complex movements can occur in the absence of afferent kinesthetic sensations. Nevertheless, the possibility cannot be excluded that some information may be gained by afferent fibers traveling in the ventral roots (54, 55). If complex, graded movements are possible without afferent feedback from the moving part, a strong case can be made that the grading is performed by reference to perceived sensations of innervation. There is no need to suppose, however, that. such sensations are perceived as movements. It is argued below (sect. IVC) that sensations of achieved muscular force can be sensations of innervation. It may well be that retraining after deafferentation depends on an association of perceived commands for muscular force with the visually observed movements that result from those commands. Part of the evidence claimed to demonstrate the failure of muscle receptors to influence consciousness came from an experiment by Merton (208) on thumb flexion performed during local anesthesia of the skin and joints of the thumb. It was reported that movements made by the anesthetized thumb could be made “with much the same accuracy” as before anesthesia and, importantly, “if the movement is restrained by holding the thumb, the subject believes he has ‘made it just the same.” A later account of the same experiment, however, was less positive: “if the subject attempts to flex his thumb, he can not tell whether he has been successful, or whether the experimenter has prevented it from moving” (210). When the experiment was repeated by Goodwin, McCloskey, Matthews (104), a different result was obtained: “subjects could readily detect for both the fingers and the thumb when the course of a large movement was manually obstructed by an exper i men&.” The ma gnitude of the movements tested m .ay well have been of crucial importance. During cutaneous and joint anesthesia, muscle sense is blunted considerably (see sect. II, D and 3’) and subjects making small voluntary movements are barely aware that they are succeeding in doing so even when the movements are unobstructed. This situation therefore is li .ke the one that us ually exists for finer movemen ts. It is a common experience of anyone who works with a microscope that fine movements can be executed and graded, which can be sensed only by visual and not by kinesthetic means (see also 208, 261). Possibly, therefore, the earlier report of the inability of subjects to detect obstruction to movements of the thumb depended on the movements then tested being ra .ther smaller [apparently about 20” (209)]. If those movements had been so small as to have been undetectable by the prevailing, blunted muscle sense, they may have been trained under vision but not kinesthetically perceived as movements either when they were properly executed or when they were obstructed: they were simply assumed to have occurred in response to the usual motor commands. The most direct approach to the question of sensations of innervation as sensations of movement is simply -to paralyze a part, have the subject attempt to move it , and ask whether it iS perceived to move. The answer to this simple question is that there is no perception of movement (104, 170, 201,
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206). This is so whether anesthesia of the paralyzed part is a consequence of the experimental procedure (104, 170, 206) or not (201). It also is true for situations in which cutaneous stimuli consistent with a successfully achieved movement are presented at the time the movement of the paralyzed part is attempted (201). It is not necessary to rely on subjective reports in such experiments in reaching these conclusions : ifa subject is asked to make repeated attempts to move while paralysis is developing, he can be asked to mimic the perceived movement by using the corresponding, but unaffected, muscles on the other side of the body. When paralysis is produced in the absence of local anesthesia, as when neuromuscular blockade is achieved regionally in one arm, movements made by the affected hand are accurately perceived and mimicked by the unaffected side: when movement is abolished on the affected side, so too is the perception th .at it cau ses; and the unaffected opposite hand indicates that thi .s is so by n.ot mov ,ing (201 ). When, however, both paralysis and anesthesia are produced in a forearm and hand, as occurs during the ischemia produced by arterial occlusion, a subject regularly underestimates the extent of movements achieved on the affected side. Such a case is illustrated in Figure 3. In this latter form of experiment, when paralysis is nearly complete, movements can he achieved that are not perceived at all. This brief period in which movements can be made but not perceived has been used extensively in a series of interesting psychophysical studies on motor control (171-175). The perceptions of movement occurring early in such an experiment must come from afferent discharges in the weakening limb, and presumably the subject underestimates their extent later because the afferent fibers are paralyzed slightly in advance of the motor fibers (104,170). These experiments on paralysis, whether local anesthesia is also caused or not, indicate that motor commands do not give sensations of movement. One further point of interest illustrated in Figure 3 is the performance of a subject deprived of joint and cutaneous sensation, but with intact muscle innervation. This state is achieved when only the hand is made ischemic instead of the whole arm (Fig. 3, right ). Typically, movements made are perceived but their extent is underestimated, to the a fact attributable blunted state of the muscle sense in this state As discussed above, still smaller movements may be made but not perceived at all, even when the sensory nerves of muscle are intact. C. Sensations



of Force or Heaviness



A sensation of heaviness accompanies muscular weakness. For example, it is a common experience that a weight feels heavier than normal when lifted or supported by a muscle that has been fatigued by prolonged weight bearing: this has been confirmed objectively by . having subjects match weights lifted by a fatigued muscle on one side with weights similarly lifted on the unaffected side (200).
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E'IG. 3. Records demonstrating that on progressive paralysis of a limb the perception of movement may be more severely impaired than the actual ability to move, making it unlikely that perception of movement can depend primarily on sensations of innervation. Top trace shows movements at the metacarpophalangeal joint of the index finger of 1 hand at a time when circulation to the arm was occluded; interphalangeal joints were fixed in full extension by strapping. Periodically, the subject was asked to raise his finger to full extension and then to lower it again; inbetween the finger. lay partly flexed under the action of gravity. Immediately afierward he was asked to make an equivalent movement with the index finger of his other hand, thus providing an objective measure of his perception of the extent of the movement that was being paralyzed. Left: circulation to the whole of the forearm and hand was occluded by a pressure cuff above the elbow, which eventually led to complete paralysis of all the muscles involved and to complete loss of sensation. Even when paralyzed the subject still continued to attempt the movement at half-minute intervals. Right: pressure cuff had been shifted to the wrist so that the hand remained anesthetized, but the muscles of the forearm had been able to recover. Upper cuff was inflated for 13 min before the beginning of the records shown. There was an interval of 14 min between the left and right sets of records. Recordings were made by connecting the fingers to freely moving potentiometers. Subject could not see either his hands or the recordings. [From Goodwin, McCloskey, and Matthews (104). I



In considering why such increases in perceived heaviness occur it is difficult to propose a mechanism that depends on altered afferent discharges because it is likely that the sensory receptors in the skin, tendons, joints, and muscles of the contracting part would continue to provide signals of the true pressures and tensions involved. An exception might be the muscle spindles because, when a centrally generated effort increases (as it must, to maintain tension in a fatigued or otherwise weakened muscle), the fusimotor drive could also be expected to increase, with a resultant increase in the activity of muscle spindles (see sect. IIC ). As Granit (109) has observed, “the periphery itself is ‘corollarized’ by alpha-gamma linkage.” That such increases in spindle activity might form the basis of the perceived increases in heaviness can be discounted, however, on the basis of experiments with muscle vibration. As discussed above (sect. IIF ), vibration is.,a powerful stimulus for muscle spindles. Hagbarth and Eklund (117) were the first to report that “a subject -gets a feeling of relief or lessening. of tension,” not a feeling of heaviness or increased force, as a muscle involuntarily contracts in response
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to vibration. In an objective test, subjects were asked to exert a set isometric force with the aid of visual feedback using the elbow flexors of one side and to match the perceived force exerted with an isometric contraction of the elbow flexors of the other side. No visual feedback of achieved force was given on the “indicator” side. During vibration of the tendon of the contracting elbow flexor biceps, on the reference side, subjects chose smaller rather than larger matching tensions on the indicator side than they had during control trials (200). These findings indicate that judgments of heaviness or achieved force are not made on the basis of muscle spindle activity. Discharges from Golgi tendon organs should continue to indicate true intram .uscular tensions in circumstances where increased centrally generated eRorts are required. Therefore, there is no reason to suppose that the discharges from Golgi tendon organs form the basis of the overestimates of achieved muscular force in these circumstances. Any vibration-induced discharges in Golgi tendon organs (41) in the experiments just described should have led to overestimation of achieved force had they been attended to- but underestimates of force were made. Although it is difficult to account in terms of altered afferent input for the apparent increase in heaviness occurring in fatigue and other states of muscular weakness (see below), the magnitude of the centrally generated motor command would be related to the perceived force in these cases. Thus, Wundt (308) noted that: “A patient whose arm or leg is half paralyzed, so that he can only move the limb with great effort, has a distinct feeling of this effort: the limb seems to him heavier than before, appearing as if weighted with lead; he has, therefore, a sense of more work effected than formerly, and yet the effected work is the same or even less. Only he must, to get even this effect, exert a stronger innervation, a stronger motor impulse, than formerly.” A sensation of innervation in the form of a sense of muscular force or effort must be considered. Of course, once such a sensation is suggested there is a danger of reopening the rather barren philosophical debate pursued so vigorously last century. Therefore, whether a sense of muscular force or effort is a ‘(sensation of innervation,” a “sense of effort,” a “felt will,” or whatever is not the concern of this review. What 1s discu .ssed here is the objective ev iden ce concerning our consciousness of the motor force we command . That it may be no more than sim .ply “knowing what we are doing” (131) -or at least trying to do-m .ay m .ake it no more palatable philosophically than if it is left as a %ensation of innervation.” Several conditions have been studied in which the normal relations between centrally generated motor commands and the muscular contractions they evoke have been disturbed. The experiments usually have involved asking a subject to lift a reference weight or exert a reference tension with a muscle group on one side and to match the apparent weight or force involved by choosing a similar weight, or by exerting an apparently similar force, with the corresponding muscle. group on the other side. The matching weights or tensions chosen give an objective indication of the perceived heaviness or force on the reference side. Thus, when some disturbance exists
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or is introduced that alters the relation between motor command and muscular force on the reference side, the perceived muscular force involved is indicated by the match made with the other side. When a muscle on one side is weakened by fatigue (85, 199) or by partial paralysis caused by regional use of a neuromuscular blocking agent such as curare or decamethonium (86-B@, weights lifted by that muscle feel heavier than normal and isometric forces exerted by it feel greater than normal. If, instead of weakening a muscle locally, the muscle spindles in its antagonist are stimulated by vibration, inhibition of the neural pathways mediating the agonist’s contraction is caused (105, 199). Such inhibition probably involves inhibition of the motoneurons of the agonist by the spindle afferents of the vibrated antagonist. When a subject exerts an isometric force with a muscle during vibration of its antagonist, he perceives (and indicates by matching) that a greater force is involved than when he achieves. exactly the same tension in the absence of vibration (105, 199). In all these experiments subjects behave as if their judgments of heaviness or achieved muscular force are based on the magnitudes of the motor commands involved in the tasks rather than on the real muscular tensions achieved (Fig. 4). Neurological lesions provide further evidence. It has been known since
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the classical descriptions by Holmes (133, 134) that unilateral cerebellar lesions cause no conventional sensory loss, but are associated with sensations of increased heaviness or weight on the affected side (Fig. 4). As the affected side is “hypotonic” it would require greater than normal motor commands to achieve any given level of muscular force. Holmes clearly saw the association of an increased effort with a sensation of heaviness as a general neurological principle, and wrote: “Every paretic limb exaggerates the load it carries if its sensation be normal” (134). Similarly, in simple “strokes,” where severe weakness or even paralysis occurs on the affected side of the body, a perception of increased heaviness occ.urs. This is so even when the stroke causes only a motor deficit with no conventional sensory loss (86). Brodal (29), writing of his own motor stroke that produced weakness but not paralysis, mentioned his awareness of the “force *of innervation” required to produce. muscular contractions. Again a relation between the magnitude of motor commands and the perception of heaviness is revealed (Fig. 4). The motor commands providing the signals that are perceived as heaviness or force are “upstream” of the spinal motoneurons. The results obtained with vibration, and the neurological cases, indicate this. Vibration of the contracting agonist “assists” a contraction and reduces the perceived force involved. Vibration of the antagonist of a contracting muscle “inhibits” the contraction and increases the perceived force. Yet, in each case , the total motoneuronal discharge at any given level of muscular tension would be the same- it would be the command signals arising “upstream” that change. Similarly, in the neurological conditions discussed, the total discharge of spinal motoneurons required for any given level of contraction would not be altered - only “upstream” command signals. Because simple strokes involve interruption of corticofugal motor pathways, it might be thought that the changing command signals responsible for the perceptions of increased heaviness arise “upstream” even of the affected cortical cells. This need not be so, however, in cases of partial interruption of corticofugal projections, since the uninterrupted pathways could then be expected40 carry extra neural traffic to compensate for the loss, and this heavier traffic might provide the perceived signals of heaviness or force. Therefore, strokes in which totaL paralysis occurs are of great interest. In at least some such cases there may be complete, or nearly complete, interruption of the relevant corticofugal pathways so that an absence of sensations of heaviness here could be most significant. For this reason the following account. by Ernst Mach of his own motor stroke, published in 1886 in The Analysis of Sensations (187) is most interesting: I was in a railway train, when I suddenly observed, with no consciousness of anything else being wrong, that my right arm and leg were paralysed; the paralysis was intermittent, so that from time to time I was able to move again in an apparently normal way. After some’hours it became continuous and permanent, and -there also set in an affection of the right facial muscle, which prevented me from speaking except in a low tone. and with some difficulty. I can only describe my



802



D. I. McCLOSKEY



Vohme



56



condition during the period of complete paralysis by saying that when I formed the intention of moving my limbs I felt no effort, but that it was absolutely impossible for me to bring my will to the point of executing the movement. On the other hand, during the phases of imperfect paralysis, and during the period of convalescence, my arm and leg seemed to me enormous burdens which I could only lift with the greatest effort. . . . The paralysed limbs retained their sensibility completely . . . and thus I was enabled to be aware of their position and of their passive movements.



This finding of absent heaviness during complete paralysis, but increased heaviness during subsequent recovery, has been confirmed in two further patients in a brief preliminary study (S. C. Gandevia, unpublished observations). In view of the arguments outlined above, this question deserves further study, for the findings presented suggest a corticofugal origin of the sense of heaviness. Certainly, when complete paralysis is caused peripherally, by nerve block (104, 206) or by use of a neuromuscular blocking drug (ZOl), the pe rception of a large effort accompanying attempts to move persists. One further piece of evidence that suggests that the motor signals for heaviness are provided at a relatively low level comes from studies on patients in whom the cerebral hemispheres are disconnected surgically. In such patients Gandevia (82) has found that weights can be matched by lifting with corresponding muscles on opposite sides of the body and that, if a muscle on one side is fatigued by a period of prolonged weight bearing, the matching weight chosen by the unaffected side is larger than before. Thus, the signals of heaviness cross the midline even when the corpus callosum is divided, although heaviness still seems to depend on the size of the motor command. An objection to the idea that sensations of muscular force or heaviness come from centrifugal motor signals was suggested in 1876 by Ferrier (77). He proposed that the perceived sensations arise instead from afferent signals set up by activity of other muscles, such as the respiratory muscles, which are called into graded contraction at the time of the effort. Indeed, for James (147) this consideration seemed to “prove conclusively” that sensations of innervation do not exist. Similar proposals have been considered (e.g., 20, 282) to explain how graded movements can be retrained after deafferentation. It is difficult to see how such a mechanism could form the basis ofjudgments made in the many tasks described above where comparisons are made between muscular forces exerted simultaneously by muscle groups on each side of the body. A decisive answer to the objection cannot yet be given, however. Perhaps it would come from an experiment in which a subject is totally paralyzed except for, say, both arms (perhaps protected from systemic curarization with cuffs), which then could be used to perform weight-matching tasks before and after weakening of one arm. The appeal of such an experiment must be related to the cogency seen in Ferrier’s objection. If motor command signals give rise to the perception of muscular force there is a problem, not yet considered, concerning the use of this capacity in judgments of heaviness. In a judgment of heaviness there must be not only a signal of the force exerted (or the tension achieved), but some indication that
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the force is successful in lifting or supporting the object whose heaviness is being assessed. If an object is not lifted or supported by a muscular exertion one cannot say how heavy the object is -just that it is heavier than another object that the same exertion wiZZ lift or support. Similarly, one cannot discri .min ate between the heaviness of two objects when neither one can be lifted or supported by m uscular effort. The nature of peripheral sign als necessary to judge heaviness by indicating which motor command is successful in lifting or supporting an object has been studied recently (85). Blindfolded subjects matched weights lifted by flexion of the terminal joint of the thumb on each side during local anesthesia of the thumbs, but on some trials the weight on one side was rapidly unloaded as soon as the subject started to mov re it, so that he had little or no opportunity to “carry” it. Nevertheless, it was matched as accurately bY the other side, which continued to lifi and “carry” weights as normal, as it had been in control trials. Also, when fatigue was produced by a period of weight bearing in the muscles on the side that *could be rapidly unloaded, weights larger than control were chosen as matches. It therefore appears that a very crude peripheral signal is sufficient to indicate which level of motor command is successful in a lift. In the experiments described the signal probably arose from receptors in the lifting muscle. It is as if the peripheral signal is simply an “event marker” to indicate to the central nervous system the point in a ramp of centrally generated command at which the command has succeeded. That a peripheral signal is necessary for the interpretation of motor command signals in the assessment of heaviness is shown by the experience of subjects deprived of afferent signals -that is, of signals of success of a particular motor command. Even if a weight is actually moved by such subjects in response to a command, failure to perceive the movement means that the command seems to h .ave failed, and so the weight appears heavy. Thus, the personal experience recounted by Granit (109) is typical: “During recovery from a spinal anaesthetic I myself ordered one of my legs, stretched out in bed, to be lifted. It felt dead and heavy and I was utterly unaware of the fact that it actually did move, until my toes bumped against the blanket and I had a dull feeling of something like a thud.” Granit quoted this experience as evidence against the existence of sensations of innervation, although he was quite clearly considering only sensations of movement in his argument. In no way does the demonstration that a sensation of muscular force or heaviness is dependent on motor command signals conflict with the demonstration that there are alternative afferent signals of intramuscular tension. The evidence for such afferent signals was reviewed above (sect. IIF). Despite this, almost all normal subjects appear to neglect any alternative signals in favor of the centrifugal commands in their judgments of force and heaviness, even when this choice leads to error. Nevertheless, occasional subjects consistently prefer signals of true muscular tension -which presumably are afferent-to the centrifugal command (86, ZOO). All subjects, however, can pay attention to either the centrifugal motor command or to the achieved
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muscular tension and can adjust either one when the relation between them is disturbed (88, 200, 244). This is illustrated in Figure 5, which shows a subject’s ability to maintain either perceived motor command or intramuscular tension when the relation between them was disturbed by vibration of the contracting agonist or of its antagonist (200). As subjects can perceive and act on signals of true intramuscular tension, one must be careful to ensure that they are not specifically instructed to do this when one is hoping to observe sensations dependent on motor commands. Subjects prefer the latter signal and so it is usually sufficient only to ask them to “make forces (or heaviness) the same” in matching tasks of the type described above, without being specific about the exact way they are to be made the same: they then choose to be guided by the motor command signal (83, 86-88, 200). Where experiments have failed to demonstrate dependence on command signals in such judgments, the subjects have been instructed (244), or for some other reason have chosen (43), to base their judgments on signals of actual intramuscular tension. Because the perception of the heaviness of a lifted object derives from the centrally generated voluntary motor command used in lifting the object, it follows that the central motor command delivered to the motoneurons can itself be studied through observations on perceived heaviness (83, 87, 88). Pursuing this idea in further series of weight-matching tasks with the use of similar muscle groups on opposite sides of the body, it was found that afferent inputs from peripheral regions can interact with various motor commands. Thus, a weight lifted by flexion of the terminal joint of the thumb feels heavier than normal when the skin and joint of the thumb are locally anesthetized (87, 190, 192). It follows that a motor command greater than normal is required to achieve the lift in this state, presumably because some facilitatory effect from the skin or joints of the thumb has been removed. It is



and muscular tension independently. Subject exerted a force against a strain gauge by contracting his biceps brachialis muscles: the wrist through which he exerted the force, and the tip of his supporting elbow, were anesthetized, and vision was excluded. He was asked to keep either his effort (traces at left) or the tension he exerted (traces at right) constant. Vibration at 100 Hz of the contracting muscle or of its antagonist (triceps) was applied where shown. Records of tension achieved show that vibration led to considerable changes when the subject was asked to keep his effort-constant. When asked to keep tension constant, he was able to adjust his effort to do so. [From McCloskey, Ebeling, and Goodwin (200).]
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not necessary to anes thetize the thumb to produce this effect, for anesthetization of the adjacent index finger has a si milar, although smaller, effect on commands delivered to the thumb flexor. Electrical stimulation of the index finger, giving a pressing or tingling sensation but no pain, has the opposite effect on motor commands to the thumb flexor -it facilitates them. Similar effects from sensory receptors in the thumb can be demonstrated on the commands to the flexors of the index finger (87) . The flexors of the index finger and thumb are frequently used together in a total cooperative motor performance, the highly evolved “precision grip” of man. The experiments described above indicate that this total motor performance receives facilitation from the whole of the sensory field involved in the total performance. A similar phenomenon has been demonstrated for the flexors of the elbow and their peripheral sensory field in the hand (83). For the cooperative movements of the thumb and index finger, only flexion movements appear to of the receive facilitation from the sensory field involved. Anesthetization thumb causes weights liffed by thumb extension to feel lighter, implying a smaller motor command to the extensor in this state. Presumably, for extension, the peripheral sensory i nputs provide an inhibitory tonic influence on the motor commands (87). V.
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The ability to detect displacement of a joint, the ability to direct a limb to a given point, and the ability consciously to con .trol and grade muscular movements and forces in the absence of vision depend on k inesthetic sensibility. Some of these abilities have been considered in the preceding discussions of the various components of kinesthetic sensibility. However, they are not always tested in terms of their component parts, and they certainly are not used in such a way th at their components can contribute only one at a time 1,so it is appropriate to consider some combi ned kinesthetic performances further. Where such combinations have already been discussed, as in the combination of joint-plus-cutaneous sense with muscle sense to provide position and movement sense (sect. II, E and F), or in the combination of the centrally generated sense of force with afferent inputs to provide a sensation of heaviness (sect. IvC), they are not mentioned further. Nor is it possible or appropriate in this review to consider many of the more complex psychophysical aspects of kinesthesia (141, 283). A. Detection of Joint Displacement Clearly, the appreciation of movement on afferent inputs. The traditional experimental approach constant angular velocity on a joint and to way when he is confident that a movement



or of altered position must depend has been to impose movements of ask. the subject to indicate in some has occurred. The subject usually
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is required to relax muscular tension, and implicit in this requirement is the assumption that muscular tension will aid detections. Often the subject also is required to nominate the direction of the detected movement. This method was introduced by Goldsheider (99) and has been adopted as the sole test of kinesthetic sensibility in most neurological examinations. In the clinical situation the magnitude of displacement prior to detection is judged against the performance on the opposite side of the body (when that is normal) or against the examiner’s clinical experience of normality. In the experimental situation the results are given as the detection threshold, which is the angular displacement occurring prior to detection. Goldsheider (99) showed that the detection thresholds for proximal joints are much lower than for distal joints, but the lowest thresholds were obtained on occasions when the subject could not state the direction of the detected movements. In such circumstances it is likely that the detections were based on the discharges of relatively nonspecific phasic receptors. The data presented by Laidlaw and Hamilton (163, 164), who used similar testing procedures but required their subjects to indicate the direction of detected movements, showed no consistent differences between proximal and distal joints. Also, corresponding joints on opposite sides of the body were found to have similar thresholds, and no difference was found between movements into flexion or extension. It was noted that “the ability to determine whether the movement that is felt is in one of two directions appears to be a separate factor, for the movement is apperceived before one can decide in which direction it is” (164). This is borne out by the finding that in certain cases of cerebral cortical damage patients can be aware of imposed movements long before they know their direction or can detect the altered position to which they lead (18, 125). Only when an awareness of both movement and its direction is required of a subject can tests of detection of movement be regarded as specific for kinesthetic mechanisms. In such tests the thresholds for the same joint reported by various workers vary considerably (52, 99, 163, 164). This variability probably depends on whether or not subjects were given a warning signal immediately before each displacement and on the different methods of supporting and counterbalancing the tested joints. Even if Goldsheider’s (99) claim of greater sensitivity of proximal joints could be borne out this need not imply a greater concern of the central nervous system for proximal rather than distal joints. Distal joints are more strongly perceived in phantom limbs (129) and are more severely affected by cortical lesions (124, 135), and so appear to have an importance related to the area of cortical representation of the body parts (232). As every position is arrived at through a movement and every movement causes a change in position, it is difficult to devise a test of static position sense in which movement could not be implicated.., In the tests described above the detections were of movements rather than of discrete positions, and increasing the velocity of displacement lowered the threshold for detection (35, 52, 84, 99). In a recent study, however, Horch, Clark, and Burgess
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(138) made a definite attempt to have subjects judge and match different static positions. The subjects relaxed their muscles and the knee joint was displaced through 3-4’ at an angular velocity of less than l”/min, which is below the threshold for movement detection found in any of the studies reported above. The subjects reported no perceived movements. Nevertheless, they could detect the altered position and could direct an experimenter moving the other leg to a correct matching position. It also was found that sensations associated with maintained indentation of the skin fade in a shorter time than it took to make the slow displacements, so that it seems unlikely that cutaneous receptors were responsible for the awareness of knee position. This was borne out in a later study in which performance was unaffected by cutaneous anesthesia or intra-articular injection of local anesthetic, permitting the conclusion that inputs from muscle receptors were sufficient to account for it (F. J. Clark, personal communication). To some extent position and movement are signaled or processed separately and evidence has been reported indicating that, at least for sensations based on the discharges of muscle receptors, movement and altered position can be perceived separately 63, 104, 197; see sect. IIF). B. Ability



to Direct a Limb to a Given Point



In analyzing the ability to direct a limb to a given point in the absence of vision several factors must be considered. The method by which the subject originally locates his target is clearly important, for any errors in the locating mechanism will be compounded with those of the kinesthetic systems (and perhaps motor systems; see below) used in attempting to direct a limb to it. If different sensory systems are used in locating the target and guiding the limb to it, the internal neural calibrations of these systems are also important, particularly the internal alignments of such calibrations. (“Internal neural calibrations” are taken here to mean simply the internal neural schemas or gauges against which signals are translated into perceptions of joint position, velocity of movement, or direction of visual axis.) The subject’s ability to remember the location of a target also will require consideration, especially when some time elapses between locating the target and directing a limb to it. It is unlikely that the fineness of motor control is a limiting factor in directing a limb to a given point. Normal subjects can execute finer movements under visual guidance than they can detect kinesthetically (see sect. IvB). Furthermore, observations on patients with various neurological deficits support the idea that limitations of performance in directing a limb are imposed by sensory rather than motor disturbances. Thus, Head (124) wrote: “Whenever the faculty of recognising posture is disturbed by a lesion of the brain, the patient experiences greater difficulty in finding the affected limb with the normal hand than vice versa” (see also 125). If a blindfolded subject points to an object, lowers his arm, and then attempts to point again to the same place with the same arm, the mean
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errors made are about 2.5” at the shoulder joint (57). Bearing in mind that the errors consist of the errors of initial positioning as well as those of the succeeding trials, it follows that the true mean accuracy in this test is about 1.3”. This exceeds the threshold for detection and registration of direction of imposed movements at this joint, which Laidlaw and Hamilton (164) reported as about 0.4” (at 0.2”/s), and is closer to the discrete static positions recognized as different in the studies of the knee joint mentioned above (138). If a subject locates a target visually, pointing is more accurate than when the location is made by a hand that is lowered before pointing again with it (21). Location by a hand that is held extended near the target before pointing again with it permits accuracy that is about equal to that achieved with visual location (207). Least accurate of all is location bY one hand . and pointing with the other (2 1). Whether the subject is seated or standing may also be important, as body sway may influence performance (141). In all these tasks not only the kinesthetic sensitivities of the locating and pointing parts are important, but also the delays involved (207). Another consideration is the strength and retention of the memory of the target position. It has been shown that the ability of subjects to match the angle of a passively positioned knee joint by active posi tioning of the opposite leg from 15 s to 3 min later is nearly constant and that their ability to match the angle from memory is equally good (138). Thus proprioceptive memory is good. An important point arising from this last finding is that continuing input from peripheral receptors may seem unnecessary for knowledge of static joint position if signals generated during movement can be accurately perceived and remembered. However, the finding that there is perception of altered position after imperceptible movements indicates that awareness of static joint position is provided, at least in part, by continuing inputs (138). Such signals of altered position are not obtained through integration (in a mathematical sense) of signals of velocity (197). Any errors in directing a limb to a given point are likely to be increased when that target is another part of the body. This is because the task involves the simultaneous use of kinesthetic sensation in the moved limb and the tactile or kinesthetic abilities required to localize the target. Again, errors will be compounded. Nevertheless, the ability is readily assessed and has formed the basis of many tests of proprioceptive sensibility . Most such tests are modeled on that introduced bY Slinger and Horsley (269) and involve asking a blindfolded subject to point, say, the two hands to the sa.me location on two scales on opposite sides of a glass plate. Errors are read directly off the surface of the target plate. Paillard and Brouchon (229) tested the ability of blindfolded subjects to align the index fingers of the outstretched arms by movements at the shoulder joint. They found less error and variability when the subjects actively moved the target arm into position than -when it was passively placed there by an experimenter (see also 182). Interestingly, they found that mouemint of the target arm was important for accuracy because, if it was
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positioned passively, it then could be actively held in position without improving performance. Once the target arm was positioned the estimates of its position altered gradually with time, so that the indicator arm pointed progressively lower for longer delays between positioning and matching. This decay was more marked after active positioning and, after delays of about 12 s, the systematic errors were the same for both active and passive positioning. Such decays are unlikely to be due to a fading of the memory of the proprioceptive signals or to an adaptation of receptors signaling static position (138). Instead, they are likely to reflect the changing discharges of receptors that are sensitive to active movement. Other studies by the same workers have explored this matter further (230). _ Of importance in aligning body parts is the internal neural calibration of position sense that appears to exist for every joint. This calibration is not fixed, but can be modified on the basis ofvarious sensory experiences. An example was given by Harris (122), who described an experiment in which a subject learned to guide one hand to a target viewed through prisms so that its location was apparently shifted laterally. When this ability had been acquired for one hand, however, the subject could not point directly to the target with the other hand, but pointed instead toward its apparent, displaced location (see also 62, 121). Also, when only the first hand had been trained under distorted vision, the subject would err when attempting to place his two unseen hands a known distance apart. The adaptation did not involve simply the learning of a new pattern of movement for the trained hand because it was just as great when the subject pointed at different targets. Instead, it was as if the internal calibration of the position of the trained hand had altered independently of the internal calibration of the opposite hand. Harris concluded that “when proprioception and vision provide conflicting information . . . proprioception gives way,” but the generality of this has been strongly contested (141). A recent finding also bears on the question of internal calibration of position sense. Craske (63) observed that vibration of the muscles operating about the wrist or elbow can cause subjects to perceive that the joint is bent to a position well beyond its maximal normal excursion. As the anatomy of the joints would have precluded the subjects from having any previous experience of such positions, it follows that the central nervous system can extrapolate from its existing internal calibrations to provide such perceptions of impossible limb positions. C. Kinesthesia



during



Motor Performances



Training of complex, graded movement is possible after deafferentation (sect. IvB), showing that centrifugal mechanisms can provide an adequate sensory basis for learning and execution of such movement. However, no proprioceptive afferent feedback about the progress or outcome of the movement is -available and vision is relied on heavily. Mechanical interference with the movement is not detected and cannot be consciously corrected for
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(168). Because normal movements are not handicapped in this way, it follows that afferent propioceptive inputs are used in their execution. Goodwin, McCloskey, and Matthews (104) asked subjects to make slow ramplike movements of flexion and extension of the elbow joint while the kinesthetic input from muscle receptors was disturbed by vibrating the elbow flexor biceps. The subjects were required to move the elbow on the vibrated side voluntarily to track a movement imposed by an experimenter on the other side. During the periods of vibration, the voluntarily moved~ arm was flexed unduly compared with the target arm, as illustrated in Figure 6. This indicated that the illusory kinesthetic sensations of extension occurring in such circumstances (see sect. IIF) were perceived and acted on by the subjects during their formulation of the appropriate motor commands required for their task. In this experiment inappropriate kinesthetic signals were acted on, leading to error. However, the experiment demonstrates that continuing reference to kinesthetic afferents is made during relatively slow movements. , Similarly, during sustained muscular contractions there is ample opportunity for kinesthetic afferent inputs to contribu te perceived signa 1s on the . basis of w rhich the contraction .s can be modified. This is especially 11.kely to occur when a blindfolded subject is required to support a weight, or even his own outstretched limb, in some fixed posture against gravity. Any deviation from the required posture is then like an imposed movement and would set up kinesthetic afferent signals according to which the force of the muscular contraction could be modified voluntarily. The outstretched limb of a blindfolded subject deprived of kinesthetic afferent feedback slowly sags under the influence of,gravity as he attempts to hold it still (168). Other indications of the dependence of voluntary motor control on perceived kinesthetic afferent inputs are the various constant errors occurd
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FIG. 6. Effect of vibration applied to an arm that the subject was using to make a voluntary movement. Left arm was moved by the experimenter to provide a reference and the subject was asked to track it with his right arm. During periods indicated, vibration was applied to the biceps of the right arm, which was the one 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 was contracting throughout. [From Goodwin, McCloskey, and Matthews (104).]
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ring in the execution of movements that are variously loaded or obstructed while in progress (e.g., 132, 307). .These have been recently reviewed by Granit (109). The postural contractions necessary to permit one to stand upright without swaying may not depend entirely on inputs from the vestibular system: subjects with bilateral vestibular loss can regain their ability to stand upright with their eyes closed (141). Such stability presumably depends on tactile and kinesthetic inputs. Interestingly, these subjects “are just as likely to swim downwards as upwards when submerged in water” (141). When proprioceptive afferent inputs are disturbed postural stability is impaired. The classical example is the swaying, sometimes to the point of falling, that occurs when patients with tabes dorsalis close their eyes (Romberg’s sign). Similarly, when the kinesthetic inputs from postural muscles are altered by vibration in normal subjects whose eyes are closed, the subjects sway and may fall. Thus, vibration of both Achilles tendons causes a subject to sway and even fall backward as if compensating for an apparent stretch of the vibrated muscle (69, 104): the subject, however, is unaware of the movement until the fall is imminent, suggesting that vestibular input is strongly overridden. Indeed, if the subject is simply prevented from swaying backward by an experimenter placing a hand against his back, he perceives that he is being pushed forward (104). These observations indicate that kinesthetic afferent inputs from muscle are important for postural stability. No similar evidence exists for the importance of inputs from joint receptors and it is known that subjects with bilateral total replacement of the hip joint can stand upright with their eyes closed without swaying (104, 114). All the considerations above apply to slow or sustained muscular contractions in which there is time for conscious adjustments of motor command to be made on the basis of kinesthetic signals. Faster movementsso-called “ballistic” movements - usually are considered to be completed in so short a time that voluntary intervention, whether based on kinesthetic or other Herent inputs, is thought to be impossible. Such movements are those completed in less than a voluntary reaction time, which usually is considered to be ZOO-250 ms (158), although some suggestions of a considerably shorter time have recently been offered (61, 74, 225, 258). Some modification of rapid movements that -are in progress may be possible, however, on the basis of internal centrifugal mechanisms (11). For rapid movements, in particular, the kinesthetic afferent signals available prior to a movement are likely to have considerable importance in the framing of appropriate commands. VI.
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hfouement and position of joints are signaled entirely by afferent mechanisms. Each can be perceived independently and, to some extent at least, can be signaled or processed independently. ‘Nevertheless, in most circumstances they are likely to be treated together by the nervous system.
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Thresholds for detection and registration of the direction of imposed movements are similar for all joints, although distal joints are more strongly “represented” cortically than proximal ones. There is no reason to believe that actively executed movements are signaled by mechanisms different from those that signal passive movements, although the sensitivities of the sensory mechanisms involved probably are enhanced during voluntary activity. This is especially so for sensations based on intramuscular receptors. The role of joint receptors in the senses of movement and position is doubtful. Electrophysiological studies of joint receptors indicate that in many joints, especially in the midrange of joint excursion, these receptors cannot give sufficiently detailed information to account for observed proprioceptive acuity. Anesthetization of joints impairs kinesthetic sensation only when accompanied by anesthetization of the overlying skin. Total replacement of joints with prostheses causes only minimal kinesthetic impairment. Possibly joint receptors have greater importance in some joints than in others and at extremes of joint excursion more than in the midrange. Possibly they provide some degree of central facilitation for discharges from intramuscular receptors. However, their positive contribution to kinesthetic sensibility has yet to be demonstrated. Therefore the use of the term ‘Ijoint sense” for the senses of movement and position is not desirable. Cutaneous receptors appear to support or facilitate the specific kinesthetic signals from intramuscular and possibly joint receptors. In addition, they may provide specific perceived signals of joint position and movement, particularly in distal joints. The principal receptors subserving the senses of movement and position are intramuscular receptors, probably the primary and secondary endings of the muscle spindles. Of the evidence advanced over the past 25 years purporting to show that intramuscular receptors have no role in kinesthesia, none now stands unchallenged. Instead, positive evidence exists for a kinesthetic contribution from intramuscular receptors in both limb muscles and extraocular muscles. For joints in the fingers and toes the discharges of intramuscular receptors probably are facilitated centrally by discharges from regional cutaneous and possibly joint receptors. For more proximal joints central facilitation of this kind may be less important. The demonstration of important contributions by muscle afferents to consciousness in no way diminishes their importance in unconscious reflex motor controls. “Corollary” or collateral motor signals probably are used centrally for the interpretation of discharges from muscle spindles. These motor signals are not themselves perceived as movements or altered positions, nor are the fusimotor-induced discharges from the spindles perceived. Instead, the motor signals are used centrally to discount fusimotor-induced activity from spindles, leaving only that part of the spindle discharge that is evoked by muscle stretch to reach consciousness. No sensation of movement or of altered position arises from collateral, corollary, or reentrant motor signals within the central nervous system. This



is so for motor commands involving all limb muscles that have been investigated and is also probably true for commands to extraocular muscles. There is a sensation of muscular force or effort accompanying centrally generated voluntary motor commands. This sensation is not evoked by the discharges of afferent nerves, but arises within the central nervous system from, or together with, motor commands. It arises rostra1 to the spinal motoneurons, possibly from corticofugal motor pathways. Most people rely on this sensation of muscular force or effort in judging muscular tensions or the weights of lifted objects, preferring it to any alternative signals that might be available. Some signal must be available, however, to enable one to choose which of a range of motor commands and accompanying sensations of force or effort is appropriate in any particular judgment. In judging heaviness of a lifted object, for example, some signal must be provided to indicate which command is sufficient to lift or support the object. Despite a normal reliance on sensations of force or effort in judging muscular tensions, normal subjects can perceive afferent signals related to the tensions and pressures generated during muscular contractions. These include afferent signals of tension from intramuscular receptors. I thank D. Burke, S. C. Gandevia, G. M. Goodwin, A. K. McIntyre, M. J. Rowe, and J. Stone for their helpful comments on various sections of this review. Miss Diane Madden and Mrs. Cynthia Prescott gave invaluable help in preparation of the manuscript. My own research is supported by the National Health and. Medical Research Council of Australia. REFERENCES 1. ADATIA, innervation
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