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Neural control of on-line guidance of hand reaching movements Claude Prablanc *, M ichel Desmurget and H≠ Gr6a



Abstract: Orienting one’s gaze towards a peripheral target is usually composed of a hypometric primary saccade followed by a secondary ‘corrective saccade’ triggered automatically (without conscious perception) by the retinal error at the end of the primary saccade and characterised by a short latency. Due to visual suppression during the saccade. the artificial introduction of a random small target jump durin g that short period remains undetected and triggers after the end of the primary saccade a normal ‘corrective saccade’. As a result this procedure simulates an error in the planning of the primary saccade. On the other hand optimum hand pointing (trade-off between movement time and accuracy) is considered classically to involve a natural parallel initiation of saccade and hand response based on a poor peripheral retinal location. and a further amendment of the hand motor response based on the retinal error provided by the simultaneous vision of target and hand during the movement home phase. To test the hypothesis that the retinal feedback at the end of the primary saccade is used to update the visual target position and amend the ongoing hand motor response. we developed a paradigm involving both an optimum hand pointing and an undetected random target perturbation during the orienting saccade. In order to show that the amendments were controlled by a loop comparin g the perceived target location with the dynamic hand position signal. vision of the limb was removed at movement onset. Results showed that the movement was smoothly monitored on-line without additional time processing demands. This functional property of flexibility of the ongoing hand motor response, was generalized from movement extent to movement direction. The undetectability of the perturbation at ;I conscious level was not a prerequisite for motor flexibility. which was further shown to depend on a critical phase of the limb movement beyond which the latter was no longer amendable, even when the limb was visible, The hand pointing flexibility was further generalisrd from pointing to the more complex hand reaching and grasping process. It was shown that the flexibility of both the transport and the grasp components were closely coupled. A careful analysis of the data suggested the controlled variable to be the general posture of the upper limb, reaching Bernstein’s intuitions about redundancy reduction in skeletomotor systems with degrees of freedom in excess. A kinematics study of the motor flexibility of reaching and grasping in a patient with a bilateral optic ataxia filvoured the idea of a posterior parietal cortex involvement in the error processing underlying motor tlexibility. reaching the same conclusions as other recent studies using either Positron Emission Tomography or Transcranial Magnetic Stimulation.



Introduction One of the major problems encountered in understanding the variables responsible for the accuracy of visually guided behaviour such as pointing or
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grasping is whether the main factors influencing movement accuracy arise from perceptual error\. non-linearity in visual to motor transformations or from motor errors. A natural visually guided behaviour involves generally an oculomotor response and an eye-head (gaze) orienting to foveate the object to reach or grasp, which may influence the ongoing hand pointing response. Thus many potential sources contribute to the improvement or the deterioration of the response accuracy. In the following investigations we will focus on those movements



which require a good compromise between response time and accuracy of hand reaching or grasping movement. The following chapter follows the logits of a series of studies aimed at understanding both the mechanisms responsible for an optimum response of the eye-hand coordination in a reaching or grasping task and their underlying neural structures. Properties of the oculomotor



system



In order to have some insights in the understanding of the functional organisation of the visuomotot channel, it will be taken advantage of some peculiarities of the oculomotor system in the following. The oculomotor response to a double-step stimulus is known to induce a so called ‘refractory period’, lengthening the reaction time to the second step. And its relationship with the superior colliculus (the main subcortical structure controlling the execution of saccades) is considered in Ltinenburger et al. (2003, this volume). However. when a stimulus light is presented within the peripheral visual tield, it elicits a reactive primary saccade with a latency of about 200-250 ms which amplitude is systematically hypometric by about 10%. This primary saccade is followed by a very short latency corrective saccade (about 120-150 ms), which has then a very different status from the long reaction time to the second step of a double-step stimulus. The main difference between those two situations is that in the latter one the subject is unaware of the error of his primary saccade and has no consciousness of executing a corrective saccade: this point is crucial for the following experiments. This behavioural property of two successive saccades in response to a stimulus beyond IO to 15 degrees eccentricity is known since Becker and Fuchs ( 1969). and has been documented in further studies (Prablanc and Jeannerod, 1975: Deubel et al., 1982; Eggert et al.. 1999). Because the accuracy of the peripheral retina diminishes with the eccentricity, it has been proposed that an optimisation of the system would require a systematic undershoot of the primary saccade to make sure that the post-saccadic stimulus falls within the same hemisphere as the initial one. This idea was supported by saccadic adaptation experiments (Henson, 1979: Deubel et al.. 1986) in which an initially



hypermetric saccade induced by systematically moving the stimulus back during this ongoing saccade was after some hundreds of adaptation trials conpensated in such a way that the final oculomotor response still became hypometric. This could explain why corrective saccades have such a short latency. their area being highly predictable. thus allowing an immediate triggering without any need for an interhemispherical transfer and decision. Several other explanations have been proposed. Becker (1976) suggested that the corrective saccade was internally prepared and triggered on the basis of a comparison between the very short-term stored target location and the efference copy of the primary saccade, the post-saccadic retinal error estimation being just used as a triggering go signal. This explanation accounted well for experiments performed with subjects having highly hypometric saccades (Shebilske, 1976). Harris (1995) proposed that saccadic undershoot would be consistent with an adaptive controller that attempts to minimize total saccadic flight time rather than retinal error. However, the link between the hypometry of the primary saccade and the short latency of the corrective saccade has never been clearly established. Indeed Prablanc and Jeannerod (1975) showed (through feedback stimulation) that whatever the hemitield where the stimulus fell at the end of the initial primary saccade, the elicited corrective saccade exhibited the same short latency provided the second stimulus was not too eccentric with respect to the direction of gaze and perceived as identical to the initial stimulus. As a consequence. although the normal hypometria of saccades may have had some purposive functionality, the short latency of the corrective saccade did not dependent from the hemitield where it appeared at the end oi the saccade. provided the error was not exceeding some 10 to 15%. Other investigations showed that within the normal physiological variability of the primary saccade the latency of the corrective raccades was inversely proportional to the retinal error. Even shorter corrective saccade latencies have been described in highly hypometric saccades. at the limit of pathology, whose latency could be as low as 50 ms and thus suggesting they were internally triggered (Bahill et al.. 1975). One of the explanations for a relatively long latency of the primary saccade has been eluded from
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experiments with gap paradigms in which the tixation could be disengaged by turning the fixation stimulus off some tens of ms before the onset of the peripheral target (Fischer and Ramsperger. 19X4;). The role of the fixation cells within the rostra1 part of the deep layers of the superior colliculus is now acknowledged as one of the main mechanisms responsible for the phenomenon of the so called ‘express aaccades’ observed both in man and monkey with latencies ranging from 70 to I20 ms. During the xaccade it is commonly admitted that there are both central and retinal inhibitory mechanisms which prevent to \ee a blurred image (Campbell and Wurtz, 1978; Li and Matin, 1997). In a study dealing with the onset 01‘the reafferent retinal functionality during the end of the saccade Prablanc et al. (197X) performed two experiments: one in which the peripheral xtimulus was cut off at the onset of the orienting saccade and the other one in which the stimulus was cut off during the deceleration phase of the saccade. In the first experiment the probability of‘ having a secondary saccade (partially OI frilly corrective) turned out to be a function of the primary saccade error. It was compatible with a hypothesis proposed by Shebilske (1976) stating that the error signal between the efference copy and a stored memory of target position could trigger a corrective saccade irrespective of any retinal feedback. The second experiment revealed that when the stinulus was cut off at a velocity lower than lOO”/s there was a 50% probability of having a corrective saccade although the stimulus had disappeared some hundred milliseconds before. More recently Grealy et al. (1999) and Masaon et al. (1999) also reported the existence of retinal processing during the saccade. Thus it seems that some retinal processing occurs before the end of the main saccadc, updating the stimulus location, and is able to further trigger ;I corrective saccade at around I20-I.50 ms after the end of the main saccade. To sum up with the corrective saccade. its short latency is due to the likelihood of the stimulus retinal error, an absence of decisional processe\ to trigger it, by contrast with Ltinenberger (3003, this volume). and a pre-processing during the deceleration part of the primary saccade.



Coordination orientation



between saccadic and limb



When trying to respond optimally (that i\ to say as quickly and accurately as possible) by a hand pointing toward a peripheral target, there is a natural coupling of eye and hand responses. In order to disentangle the respective roles of the efferent signals. the retinal reafferences from the stimulus and the retinal reaffcrences from the hand, a paradigm allowing to open the different loops independently (Prablanc et al.. 1979a) was developed. The experimental apparatus was inspired by the Held and Gottlieb apparatus (195X) with a mirror allowing to prevent the vision from the hand while maintaining the vision of the stimulus. A half reflecting mirror was used allowing to turn on or off the visual reafferences from the whole limb within a few milliseconds through an electronic shutter controlling a light source in between the plane of the mirror and the plane of pointing. In all conditions subjects were required to point as quickly and accurately as pos\ible to the peripheral target. The observed sequence was alway\ a saccade followed within SO to 100 ms by a hand movement. In all subsequent experiments (except when mentioned explicitly), vision of the hand was precluded durin, ~7its whole movement duration, without knowledge of results. When the peripheral stimulus was permanently visible. but the hand was never visible. there was a trend towards undershooting for the eye primary saccade and a corresponding trend toward undershooting for the hand pointing. becoming more pronounced as target eccentricity increased. However. there was no correlation for a given target between the primary saccade amplitude and the correspondin g hand pointing accuracy. The same effect was observed when the peripheral stimulus was turned off at saccade onset. These experiments suggest that there is no correlation for a given target between the oculomotor primary saccade extent or its efference copy and the corresponding amplitude of the hand pointing. indicating independent variabilities. although the two eye and hand responses are synergically initiated. However, an important factor responsible for the hand pointing accuracy was found to be the vision of the hand prior to the onset of the pointing movement (Prablanc et al., 1979b), a result replicated in many



further controlled experiments (Rossetti et al.. 1994, 1995: Desmurget et al., 1995b; Vindras et al.. 1998). Implementing an accurate response (both in its planning and control components) required the accurate knowledge of the initial hand location, as well as the final target location. This consistent result questioned a theory of motor control: the equilibrium point hypothesis (EPH) put forward by Feldman (1966, 1986) and Bizzi’s team (Bizzi et al., 1976, 1978, 1992) stating that a final position irrespective of initial position was encoded for generating a goal-directed movement. With respect to the coordination between eye and hand, the non-negligible delay between the saccade latency and the hand latency, observed even when subjects are instructed to point as quickly and accurately as possible towards a target (the hand starts near the end of the saccade; Prablanc et al., 1979a; Biguer et al.. 1982; Neggers and Bekkering, 2001). drove to an electromyographic (EMG) study (Biguer et al., 1982) to look at the signals at the origin of the upper limb response. This relatively early EMG control signal was nearly synchronous with the saccadic responses, indicating that hand and eye responses were initiated in parallel on the basis of the peripheral retinal signal. When the head was free to move, the same phenomenon of synergic initiation was observed and the increase in the number of degrees of freedom (eye + head for a same gaze direction) induced a better accuracy of the hand pointing. likely because immobilizing the head disrupted a natural mechanism of over-redundant multi-joint synergies involved in visuomotor coordination. Another experiment performed by Vercher et al. ( 1994) tested different conditions of eye-head-hand coupling trying to understand the source of accuracy of the pointing. Situations were compared systematically under peripheral vision without gaze orientation, and under synergic or sequential responses of the gaze and hand, with eye. head or trunk free to move. The overall result of this study showed that coupling the eye and hand led to better pointing accuracy than pointing under peripheral vision. However, the sequential organisation of gaze and hand responses had no advantage over the synergic one and the accuracy depended mainly upon the number of degrees of freedom of the motor apparatus allowed by the experimental condition and



the amount of visual information available (peripheral versus central). As in this latter experiment all subjects underwent the different conditions with the same initial knowledge, i.e. the hand seen foveally prior to movement onset, it provided a good estimate of the roles of target gaze capture and of synergy of naturally involved joints. Based on the above observations, the classical hypothesis. according to which the hand motor planning errors should mostly be amended during the end part of the movement based on simultaneous vision of the target and hand pointing movement, was further questioned. The idea that motor error correction does not begin first by retinal error processing between target and hand during its deceleration phase, but rather is based on an early detection of non-visual hand path signal and visual target location, was then proposed. The unconscious double-step paradigm and the flexibility of motor response A first paradigm was developed with an initial vision of the hand prior to movement, including always the same instructions (pointing as fast and accurately as possible). The different sessions of this first paradigm included a target turned off at saccade onset, a target turned off 120 ms after saccade end, and a target permanently on. In all sessions the vision of the hand was turned off at movement onset in order to evaluate the effects of initial and final positions coding, but without further visual source of motor modulation of the initially planned movement. A control session was carried out to evaluate the role of an exact knowledge of initial and final conditions prior to movement. by instructing subjects to initiate their movement only after the peripheral target was foveated. Then the target was turned off at hand movement onset in order to disentangle planning and control. The results were in agreement with the notion of an initial planning further modulated by the quality of the updated target location (Prablanc et al., 1986): indeed the poorest planning, based on the peripheral retinal signal followed by updating of the goal through saccadic gaze anchoring during the whole hand movement. produced a higher pointing accuracy than the best planning resulting from a sequential organisation of saccade and hand pointing,



despite the lack of visual reafferences from the hand movement and of any final pointing error knowledge. In order to bring the undoubted evidence that the target-related reafferent retinal signal at the end of the saccade was responsible for the updating of the stimulus and further used for the correction of the unseen hand path, rather than the simultaneous vision of the hand and target, an experiment taking advantage of the inaccuracy of the primary saccade towards a peripheral target, was carried out. The rationale was the following: if a subject is not aware of the natural error at the end of the primary saccade, introducing an artificial error during the saccade when vision is strongly weakened or suppressed should not change anything from a cognitive point of view. The remaining error at the end of the saccade should be corrected when its value stays within some normal biological limits. A paradigm was designed with several peripheral targets both for pointing and orienting. which could be maintained stationary or in a few cases slightly displaced randomly right or left at time of peak velocity of the orienting saccade. The target always moved from a central fixation point along a frontoparallel line towards a peripheral target. The initial fixation point and the target were the same for the eye and the hand so that there was a perfect spatial compatibility between the motion workspaces for the eye and for the hand. Subjects were naive and did not know anything about the possible occurrence of the perturbation. The hypothesis was that the hand planning directed towards the initial target should be amended towards the perturbed one, although no a priori prediction was made on the time necessary to implement the corrections. The results showed that, although there was some variability in the pointing responses, their mean distribution was shifted by the same amount as the target perturbation, without additional processing time. In addition subjects were totally unaware of the perturbations as well as of any kinaesthetic sensation of correction. The smoothness of the corrections was such that it was not possible to split the kinematics of the trials even on the basis of the accelerationdeceleration profiles (Goodale et al., 1986; PClisson ct al., 1986). When the perturbation shortened the required movement, its duration was reduced, whereas when the perturbation lengthened the required move-



ment, its duration was increased. Moreover, the durations of perturbed movement corresponded to those of normal movements of the same extent. In order to show that subjects did not fail to report the jump, a forced choice control experiment was used, close to the previous one. Perceptual responses were found to be at the level of chance both for perturbed right and left targets. The previous result was obtained with a perturbation of the amplitude of the required movement, and the next logical step what to test, whether a change in target direction could be handled in such an easy way and still without consciousness. A complementary experiment was thus performed to address this issue (Prablanc and Martin, 1992). The generalisation from amplitude to directional changes was not necessarily expected: indeed many authors have proposed the movement to be encoded through two distinct channels, one specifying the direction. the other one the amplitude (Rosenbaum. 1980; Gordon et al., 1994: Desmurget et al., 1998b, for a review). The experimental paradigm was very similar to the experiment of Goodale et al. (1986) or PClisson et al. (1986). The starting point of the hand was near the body belly while the fixation and peripheral targets were disposed on a circle centred around the head axis. Two experimental conditions were carried out. In the first one, the instruction given to the subjects was to point as quickly and accurately as possible to the target. Whereas vision of the static starting position of the hand was available. it was cut off at movement onset preventing the subject from estimating the accuracy of his motor response. At the beginning of each trial, subjects had their hand at the starting location close to the body whereas the eye was fixating the central fixation point. When the target jumped to a peripheral position, the eye and hand initiated their response toward this peripheral target which could either remain stationary or randomly jump to the right or to the left during the early part of- the saccade. Subjects were unaware of the jump when it occurred but nonetheless corrected their path direction smoothly with a latency of about I40- 170 ms. By contrast with the previous experiment on amplitude perturbation, this experiment exhibited a significant increase of movement duration by about 80 ms despite the fact that movement amplitude re-



mained nearly constant. This increase in movement duration was however not observed in subsequent experiments using a similar paradigm (Desmurget et al., 1999, 2001) but with smaller directional perturbations. As in the previous experiment on amplitude perturbation, subjects were unaware of the perturbation and in a very few cases reported a sensation of inaccuracy they could not explain. The second experimental condition was identical to the first one except that there was a permanent vision of the hand. This control condition was carried out in order to test if the vision of the hand would bring some additional cues about the perturbations, and to detect a possible earlier correction of the hand path as compared to the first experimental condition without visual reafferences from the hand movement. The results were strikingly similar: the subjects’ sensations were the same, without any perception of the jump, corrections of the hand path occurred at the same time as in the first condition, the only difference being the smaller scatter of endpoints under normal vision than under vision cut off at movement onset. Is the non-conscious percept of the perturbation a pre-requisite for automatic and fast motor corrections? To answer this question, Komilis et al. (1993) undertook a first experiment in which an amplitude perturbation was triggered exactly as in Goodale et al. (1986), except that the triggering signal producing the random stimulus perturbation was not the saccade but either the hand movement onset or its peak velocity. As subjects were aware of all perturbations (except the very few when saccade and hand movement onset were coincident), the instruction was to point to the second target in the rare cases when a perturbation occurred. Subjects were also instructed not to make a second voluntary corrective hand movement if they felt their response was wrong after touching the stimulus plane, in order to keep the same natural strategy as that used in the experiment of Goodale et al. ( 1986). The results clearly showed that the non-conscious aspect of the perturbation was not a prerequisite for the flexibility of the response, as perturbations applied at movement onset were automatically cor-



rected. However, when the perturbation was applied at peak hand movement velocity, no corrections occurred, although theoretically the remaining time (250-300 ms) was long enough to allow for corrections, suggesting the movement was structured in such a way that flexibility of the hand path became more and more difficult after mid-flight. and not only because of the remaining time. Further experiments of consciously perceived perturbations were carried out to test the flexibility of a reach and grasp behaviour considering that these movements are carried out by distinct anatomic pathways. These experiments also questioned the autonomy of the reach and grasp components (Paulignan et al., 1991; Chiefh et al.. 1993). They were conducted with several physical objects, the perturbation consisting in switching the lit object randomly from one to its neighbours like in the pointing experiment by Pelisson et al. (1986). The tirst object location perturbation experiments involved a substitution (in which the illumination of a target object switched from the initially presented location to a new one at hand movement onset) and showed up an on-line correction of the response, characterized by an early change on the peak and time to peak acceleration profile and a discontinuity on the velocity profile exhibiting frequent double peaks associated with a significant lengthening of the movement duration (Paulignan et al., 1991). Other types of perturbation experiments were carried out with physically displaced objects at hand movement onset either in location (GrCa et al., 2000) or orientation (Desmurget et al., 1995a) and showed up quick on-line hand path corrections with an interesting underlying reorganisation of all joints involved in the movement. The methodological difference between the Paulignan et al. (199 1) perturbations and the other related above ones was likely that the object was perceived as a categorical choice between different stationary objects, whereas the second type of perturbation was perceived as a real object displacement. This latter method induced stronger effects, looking like a ‘magnetic reaching’. Thus the non-conscious percept of the perturbation does not appear to be a prerequisite for automatic and fast motor corrections. whatever the complexity of the task: hand pointing or reaching and grasping an object.



Joints motion in reaching and grasping: which variable may he controlled? Beyond the demonstration of a large and autonomous motor flexibility, the previous experiments allowed some investigation of the motor variables controlled by the nervous system in such reaching and grasping actions. In a set of studies involving oriazf~tiorz purturh tiorz at movement onset. the existence of a given final posture of the upper limb at object contact was found to be only dependent upon the final tilt of the object, as if the intended posture reached an equilibrium point vector (defined by the set of II degrees of freedom) at the different joint angles. Theoretically. the perturbations could have been successfully compensated by changes limited at more distal joints such as wrist pronation or supination, because of a lowet inertia in distal than in proximal joints. considering that the required movements were under speedaccuracy constraints. In fact all joints from the more proximal to the more distal were modified to reach the same final posture for a given final orientation of the object (a cylinder). This was far from being trivial. considering the two degrees of freedom in excess between the object and the upper limb joints involved in the task. Thus both the arm and forearm rotations turned out to be equally involved in the corrective process. A generalisation of this result to even more de5‘Trees of freedom in excess. was obtained in an experiment involving a positiotwl pertcrrbcrtim at movement onset (Gr& et al., 2000). The object to grasp was a small sphere. In this case. the object to grasp had 3 degrees of freedom whereas the whole hand grip recruited the main 7 degrees of t’reedom of the upper limb (3 at the shoulder, 2 at the elbow and 2 at wrist). Changing only the location of the sphere at movement onset produced a change in all 7 degrees of freedom of the upper arm. bringing them in the same posture as the one reached for an object directly presented at the tinal location. A ma.jor feature of these corrections was their quick and automatic aspect with little or no training effect, like if the perturbed object seen alone in an otherwise dark environment, acted like a ‘magnet on the upper limb movement and its final posture.



To sum up. the controlled variable in reaching and grasping movements seemed to be the final posture, also proposed by Rosenbaum et al. ( 1995), as this variable was closely associated with a given ob.ject location or orientation, whether it was reached normally or folollowing a perturbation. Displacement



versus positional coding



Based on previous results, Desmurget et al. (1998a) investigated whether the final posture reached by the arm was a real equilibrium point (Feldman. 1966: Bizzi et al., 1992: Feldman et al.. 1998) in the 7D joint space. i.e. whether it was independent from the initial arm posture before movement onset. The rationale was the following: if the initial posture was unusual and not properly evaluated, a vector encoding of movement should predict a systematic bias of the final posture as compared to a comfortable initial posture. The EPH on the opposite should predict the same tinal posture for a given object tilt, whatever the initial posture. Experimentally a consistent and highly significant effect of the starting initial posture on the posture reached at hand contact with the object was found. Despite these posture differences it could still be predicted what the tinal posture would be, given an initial posture. This last result led to the conclusion that the initial posture of the upper limb had some influence on its final posture hardly compatible with the EPH. Another experiment conducted by Rossetti et al. (1995) led to the same conclusion: a bias was introduced in the perception of the initial hand location (in the sagittal plane 20 cm ahead of the belly) through prisms. but with no bias in the location of the target. As soon as the movement began toward a target lit at the periphery. the hand view was suppressed to keep the planning phase uncontaminated by the visual reafferences from the hand, only the target remaining Iit. This experiment was intended to test whether the movement was encoded on the basis of the visual vector joining the seen hand to the seen target, or whether it could be encoded as an equilibrium point corresponding to the final hand location. in a body centred frame of reference. irrespective of the (biased or not) visual knowledge of the initial condition. The result showed that the biased initial visual hand location significantly influenced the hand pointing,



162 despite its limited influence (about 30% only of the visual vector bias being taken into account). On the basis of a purely visual vector coding, a nearly 100% shift should have been expected. This result was hardly compatible with the EPH which predicted the lack of influence of a visual shift of the hand before the onset of movement on the final accuracy of the hand pointing. A series of experiments on deafferented patients have also been conducted to support or to reject the EPH, which have generally concluded that apart mono-articular movements which support the EPH, most multi-joint movements are severely affected by the lack of proprioception. It is why either visual perturbations or force field perturbations without tactile information, such as Coriolis forces, may be more useful to test theories of motor control, as they do not alter severely proprioception (Coello et al., 199 1. 1996; Dizio and Lackner, 1995). In summary, this series of experiments dealing with either pointing or reaching and grasping objects all indicated that the flexibility of the motor response during the whole response was a general property of visually guided movements. The capability of correcting on-line motor programs was not per se new. as many previous studies had shown the capability of motor responses to be amended continuously throughout the movement (Georgopou10s et al.. 1981; Soechting and Lacquaniti, 198.3). However, most of these studies had focused on the capability of the CNS to take into account early unexpected on-line events and measured the latency of motor corrections. more than tried to investigate whether these corrections can be smoothly implemented within the frame of the initial programming. or whether they express the capability of the CNS to cancel and reprogram the initial movement. A series of experiments were thus undertaken to show that. although there is some global morphological organisation of the commands undoubtedly reflecting a pre-planning by the prefrontal structures and the premotor cortex (Grafton et al.. 1998: Cisek and Kalaska, 2002). these structures are probably no longer involved in the execution of the overall response. And the corrections which occur are under the control of a servo system which takes care of the error signals and convert them into appropriate motor modulations.



Neural substrates of quick automatic guidance of the hand: a clinical hint for the posterior parietal cortex (PPC) involvement The above series of searches for an automatic process in goal-directed movement has emerged into the association of the visuomotor psychophysics studies with functional visual imaging such as Positron Emission Tomography (PET) and Transcranial Magnetic Stimulation (TMS), which have allowed significant advances in the identification of the main neural substrate responsible for those subtle correction processes, that were difficult to obtain without the psychophysics methodological tool introducing a pseudo-error in the planning process. The clarity of the results obtained are also due to a careful mastering of both the imaging paradigms and its statistical tools. Controlling a single variable at a time, without the subject’s awareness was determinant in the extraction of the relevant signals. The underlying neuroanatomical correlates of the functional properties described above are shortly considered by Johnson and Crafton (2003, this volume) with exactly the same psychophysical experiments of eye-hand pointing to unconsciously displaced targets during the orienting saccade as in Prablanc and Martin (1992). These experiments were carried out under simultaneous PET. oculomotor and arm movement recordings. which allowed quantitication of spatio-temporal characteristics of eye and hand kinematics together with contrast brain activity. The sharp contrast between images of perturbed and unperturbed visuomotor responses (which were perceived as being exactly the same by the subjects) revealed the activity of a network including isolated patches in the contralateral PPC and the upper arm related motor cortex and in the ipsilateral anterior cerebellum (Desmurget et al., 2001). Another identical type of experiment with TMS stimulation alone showed that when a pulse inhibited the contralateral PPC to the used arm in exact synchrony with hand movement onset, the fast automatic corrections were cancelled (Desmurget et al.. 1999). whereas when the hand ipsilateral to the stimulated PPC was tested, there was no impairment in the automatic correction, thus showing that the motor impairment observed with the controlateral pointing hand was not related to a visual impairment. These two converging results,



reported by Johnson and Grafton (2003, this volume), demonstrate how sharp psychophysical experiments may become powerful tools combined with neuroimaging investigation techniques, as well as transcranial magnetic stimulation used as a transient functional inhibition of given cortical structures. Along this chapter an indirect clinical evidence will be presented showing that the lack of PPC may be responsible for the absence of smooth on-line corrections to the movement. Although the role of PPC in sensorimotor processes has been generally considered as essential for movement planning (Andersen et al., 1998: Snyder et al., 2000), the above-mentioned functional neuroanatomical studies in Johnson and Grafton (2003. this volume), indicate that the PPC participates to on-line regulation of movement. However, there was no clinical evidence that it did. Many previous experimental paradigms that have investigated goal-directed movements have not been able to differentiate between the two components of planning and control. To further assess with a clinical approach the involvement of PPC not only in planning but in on-line motor control, the kinematics of hand movements was studied in a patient with a bilateral PPC lesion who had no clinical deficit in planning her grasping movements in central vision and whose characteristics were close to normal subjects (see Figs. I and 2). Although this patient had recovered from her lesion, she still presented an ataxic pointing behaviour in her far peripheral visual field. characteristic of the optic ataxia described by Perenin and Vighetto (1988). This case of a bilateral PPC lesion was chosen rather than an ipsilateral one, because the behavioural recovery could not be related to a functional substitution by the ipsilateral PPC of the lacking contralateral one. The patient was instructed to reach and grasp a small cylinder presented at different locations within an apparent angle of about IO degrees and her motor performance was compared to that of four healthy control subjects. To address on-line control specifically, the cylinder quickly and unexpectedly jumped, on a few trials at movement onset, to a new location some IO degrees (of apparent visual angle) apart. Despite her optic ataxia. the patient could easily grasp stationary objects seen in fovea1 vision. exhibiting the same kinematical pattern as controls. Therefore she could plan movements accurately. In response to the object



jump. healthy control subjects produced smooth and fast corrections. However, unlike the controls. the patient was unable to amend her ongoing movement when the target suddenly jumped. In this situation. she completed two distinct movements, a first one toward the initial object location, followed by a second one toward the final object location. These results. in agreement with those emphasized by Johnson and Grafton (2003, this volume), support the idea that beyond a role in movement planning. PPC plays a major role in the on-line control of reach-to-grasp movements and that quick amendments to the motor program cannot be embedded within the ongoing response in patients with a parietal lesion. A functional schema for eye-hand coordination of rapid movements This schema is mainly based upon the existence of both a general planning and of a fast feedback control derived from the comparison between the target representation and the current hand signal (Fig. 2). This latter signal has two potential sources: the tirst one is efferent and is the output of the controller acting upon the upper limb apparatus, also referred to as the effcrence copy. available without sensory transmission delays. The action of such outflow signals has received some support from an experiment reporting an unconscious correction in a deafferented patient submitted to the unconscious double-step paradigm, a correction (Bard et al., 1999) suggesting that part of‘movement corrections could be mediated without proprioception. The second source of correction is afferent and comes from the different receptors among which the muscle spindles transmitting the essential proprioceptive signals (Gandevia and Burke, 1988: Prochazka and Hulliger, 1998). However, many authors have argued that such signals had a non-negligible delay, too long to enter within a servo-loop, knowing that there are also delays on the efferent side where conduction and contraction increase the total delay. Such systems with non-negligible time delays with respect to the duration of fast movements are known to be unstable and to induce oscillations (Hollerbach. 1982; Gerdes et al., 1994). Nonetheless, this stability problem has been tackled by several researchers who basically have shown that the combination of an efferent signal and of a delayed afferent signal could
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PC unit Fig. I. Representation of the double-step hand reaching and graaping apparatus a bilateral PPC lesion. The object to grasp was a cylinder which the subjects could either remain stationary or mope toward5 another random location a few duration less than 80 ms. To prevent any strategy the perturbations represented



be used to predict through an internal model the actual signal (Hoff and Arbib, 1992; Miall et al., 1993; Wolpert et al., 1995; Miall. 1998; Schweighofer et al., 1998a,b; Scarchilli et al., 1999; Desmurget and Grafton, 2000; Spoelstra, 2000) and then to allow an efficient non-delayed feedback action. The simplified diagram of Fig. 3 illustrates the operating mode of the eye-hand coordination and both its fast and slow processing modes. A description of the fast processing mode is presented when both time and accuracy constraints are required: if a target appears at the periphery, the difference between the eye position and the target position produces a retinal error which triggers after a detection/decision delay, a saccade planning and a hand pointing planning. based on a poor spatial resolution. At the end of the saccade, the target is updated through the addition of the oculomotor efference copy and of the residual retinal error, to give a sharp target central representation. Due to inertia, the hand starts near the saccade end. During the initial phase of the hand movement, together with the delayed (Pd) signal from hand position, the efference copy of the hand movement is sent to the internal model (see Vercher
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