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AND



CONCLUSIONS



1. The directional variation of kinematic and electromyographic (EMG) characteristics of two-joint arm movements made to targets in a two-dimensional work space was studied in monkeys trained to make targeted arm movements under different behavioral conditions. 2. In each animal, kinematic measures of movement (movement amplitude, movement time, peak velocity, and trajectory curvature) and endpoint spatial position within the target zone varied as a function of the direction of the target from the starting position. Movements made toward the body into the ipsilateral hemispace generally had the smallest amplitude, lowest peak velocity, and longest movement time. 3. Although the directional variation in peak velocity could partially be accounted for by predicted anisotropies in the inertial load imposed by the arm, deviations from these predictions suggest that movement amplitude is controlled more rigorously by the CNS. Adjustments in movement time may be used to compensate for inertial anisotropies. 4. The spatial characteristics of movements (amplitude, trajectory curvature, or endpoint error) were influenced little by the visibility of the target during movement, the advanced knowledge of target location, or the presence or absence of an external trigger cue. However, temporal characteristics (movement time, peak velocity, and for some animals, reaction time) varied more as sensory cues were changed. 5. The time of initial EMG activity in muscles acting around the shoulder varied systematically as a function of target direction. A cosine model accounted for a large fraction of the variability in initial onset time, as determined in a trial-by-trial analysis. The amplitude of the EMG activity was more narrowly tuned, however. Muscles acting at the elbow showed less activity and more variable directional tuning. 6. We conclude that directional variations in the kinematic characteristics of movement, and thus, the dynamic force requirements of the task, must be taken into consideration as contributors to the apparent directional coding described for neuronal populations in different portions of the CNS.



INTRODUCTION



The articulated multijoint design of primate upper extremities allows the terminal segmentsof the limbs to be transported in a large number of directions. Studies of the neural control of movements made in different directions have revealed that the discharge of neurons in multiple areas of the CNS, including primary motor (Caminiti et al. 1991; Georgopoulos et al. 1982, 1984, 1992; Kalaska et al. 1989; Schwartz et al. 1988), premotor (Caminiti et al. 1990a), and posterior parietal (Kalaska et al. 1983, 1990) regions 684
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of the cerebral cortex, as well as in the cerebellar cortex (Fortier et al. 1989), varies in a systematic way as a function of movement direction. Georgopoulos and his colleagues (Georgopoulos et al. 1983a, 1984, 1988) have inferred that the activity of populations of neurons establishesa “population code” of movement direction. Although the evidence is strong that the activity of a population of cortical neurons can predict movement direction, there also is evidence that the discharge of cells in the cerebral cortex (Cheney and Fetz 1980; Evarts 1968; Evarts et al. 1969; Fu et al. 1993; Kalaska et al. 1989; Smith et al. 1975) or areassuch asthe cerebellum (Mano and Yamamoto 1980) or the basal ganglia (Georgopoulos et al. 1983; Turner and Anderson, unpublished observations) shows a correlation with other kinetic and kinematic variables, such as force or the amplitude or velocity of displacement. If the net force necessaryto make movements of accurate speed and/or amplitude varies for movements in different directions, then an apparent ‘ ‘directional’ ’ code may actually be one that adjusts not only direction, but the net force that must be applied in different directions. Gordon et al. ( 1994a) recently have presented evidence that the brain plans the direction and the extent of movement independently. Their evidence showed a greater variable error in movement distance than in movement direction when humansmade reaching movements and a differential adjustment in the variability in these two dimensions when the hand moved to targets at greater distances. They also presented evidence to show that, when movements were made in the absenceof on-line visual feedback, systematic variations in acceleration and peak velocity occurred for arm movements in different directions (Gordon et al. 1994b). Because the inertial load of the arm differs for movements parallel versus transverse to its long axis, it was predicted that equal force impulseswould produce higher peak acceleration and velocity for movements transverse to the long axis of the forearm than for those in line with the arm. The data of Gordon et al. were consistent with this prediction, although there also was evidence for some compensation for the inertial anisotropy. This implies that the brain must plan different adjustments in the forces that determine extent for movements made in different directions. In conjunction with a study of the variation in the activity of pallidal neurons during movements in different directions (Turner and Anderson, unpublished observations), we have examined the pattern and extent to which movement variables other than direction change as monkeys make two-
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joint reaching movements in different directions across a two-dimensional work surface. Our data support the hypothesis that the nervous system makes some adjustments to compensate for the inertial anisotropy of the arm. If the activity of neurons in the motor cortex or other supraspinal structures is closely linked to the activation of particular groups of muscles, then the timing, as well as the magnitude of activity in these central neurons, might also be expected to vary with directionally rel ated variations in the timing of the related muscles. We also have examined the directional “tuning” of the timing and magnitude of muscle activity in muscles acting at the shoulder and elbow. The continuous gradation of the time of onset of activity in shoulder muscles, in particular, demands careful study of the tim ing of changes in neural activity in central structures during mo vements in different directions. METHODS



Data were collected from three juvenile male A4acaca fasciculabs monkeys (monkeys F, I, and 0; initial weights 2.3-2.8 kg). All experiments were conducted in accordance with the Guiding Principles for Research Involving Animals and Human Beings of the American Physiological Society. During training and experimentation the animals were maintained on a restricted food ration in their cages during the week and were fed ad libitum on weekends. They had free access to water at all times in the home cage. Applesauce was used as the primary reward during experimental sessions. Because animals were juveniles at the time they were selected for these studies, it was important to assure that their food intake was sufficient to produce continued growth over the several months of the experiments. Apparatus During training and experiments monkeys were perched in a primate chair that was positioned in front of a work space that consisted of three parallel surfaces mounted -6 cm above each other (Fig. 1). The lowest surface was a digitizing pad (30.5 X
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45.7 cm active area) inclined 5’ toward the monkey and covered with a protective sheet of black PVC plastic. The digitizing pad extended in front of the monkey from just below the axilla so that, with the right hand and forearm prone on the surface, movements of the hand across the digitizing pad predominantly entailed flexion and extension of the elbow and horizontal ab- and adduction of the shoulder. A sheet of mirrorized Plexiglas was positioned parallel to and 6 cm above the digitizing pad surface. In this position the mirror surface came to just below the chin of the monkey. Throughout the training and experiments described here, the monkey could see his arm on the work surface because of small incandescent lamps with reflectors that illuminated the work surface. An array of 25 light-emitting diodes (LEDs, arranged as 8 spokes) was set in a sheet of flat black Plexiglas located 6 cm above and parallel to the mirror (see Fig. 1). Each spoke was separated by 45”, with three LEDs positioned 1, 2, and 3 in. from a central LED. When emitting, an LED was visible to the monkey as a virtual image at the surface of the digitizing pad, each LED denoting a different target position. When not emitting, the LEDs were invisible. The diagram to the right of the top view in Fig. 1 indicates the relationship between target direction and angular nomenclature used. Targets directly to the right of the center LED were at O”, those directly away from the monkey were at 90”, etc. A flat Plexiglas splint was secured with Velcro straps to the ventral surface of the monkey’s right forearm and the palm of the hand, extending from the distal phalynx to within 1 cm of the elbow. Electronics for monitoring position over the digitizing pad and two small magnets were embedded in the distal end of the splint, just under the first interphalangeal joint. This splint 1) limited movement at hand and wrist joints, 2) provided signals that indicated the position of the monkey’s hand as it moved across the digitizing pad, and 3) produced the logic signals necessary to monitor and control the animal’s behavior, by way of the embedded magnets and small magnetically actuated reed switches that were fixed below the digitizing pad. In this report, the position of the distal end of the splint and that of the monkey’s hand will be considered identical. The digitizing pad controller sampled splint position at lo-ms intervals. The digital signal from the controller was converted in real time to two analog voltages reflecting hand position on the work surface in X and Y coordinates with a spatial accuracy of to.6 mm. The lights and feeder were controlled by magnetically actuated reed switches that were fixed below the digitizing pad, directly underneath the position of each LED’s image on the surface. During experiments the magnets in the splint closed a reed switch if the center of the distal end of the splint was within a “target zone” for any LED image. Because of the orientation of the magnets in the splint, the effective target zone was actually ellipsoidal, with a major axis of -2.4 cm and a minor one of 1.2 cm. The major axis was oriented parallel to the forearm. The monkeys, when well trained, moved to target positions with a much higher accuracy than that required by the size of the target zone, although they adopted different positions within the target zones of different targets (see RESULTS). The color and intensity of the LEDs indicated to the monkey whether his hand was within a target zone. The central LED was lit continuously throughout an experiment, and its virtual image denoted the start position on the work surface. Its color was green when the monkey’s hand was positioned within the allowed range of the start position; when the hand moved out of the zone, the central LED turned red. All of the other LEDs ( “target” LEDs) were red when lit, but when the monkey’s hand entered the correct target zone, the associated target LED was lit at roughly twice its normal brightness. Trigger tones were delivered through a small speaker mounted above the behavioral apparatus.
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Arm FIG. 2. Temporal organization of the Sensory, Precued, and Self-timed behavioral conditions. The top 2 solid lines represent hand position on the workspace in X and Y coordinates. Horizontal lines below represent target light and trigger tone signals in each of the 3 behavioral conditions. A solid line shows the times when a sensory signal is presented to the monkey. A shaded line indicates that the signal is off. The wider solid line after target acquisition indicates that the target light is brightened. Inset below shows a typical tangential velocity profile and the behavioral epochs of interest around the time of the movement.
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Behavioral paradigms Animals were trained to make arm movements under three cognitive conditions designed to manipulate the use of spatial and temporal memory. As illustrated in Fig. 2, these conditions, termed “sensory, ’ ’ ‘ ‘ precued, ’ ’ and “self-timed’ ’ required the same basic arm movements. In all three conditions, the monkey was required to 1) hold its hand within the start position zone for a variable period (Start Position Time), 2) move its hand to a specified target location within 0.8 1.6 s (different for different animals) after the onset of a trigger tone (Response Time), and 3) hold his hand at the target location for at least 0.4 s (Target Time). An applesauce or fruit juice reward was delivered on -50% of the trials, pseudorandomly selected, that were performed with the required temporal and spatial accuracy. SENSORY CONDITION. Under the sensory condition the target light and trigger tone were presented simultaneously. The monkey was required to position his hand within the start position zone for 1.5, 2, 2.5, or 3 s, selected randomly. At the end of this time, a pseudorandomly selected target LED was lit and a trigger tone sounded simultaneously. The monkey was required to move his hand to the target zone for that LED within 0.8 s and hold it there for the criterion time. PRECUED CONDITION. Under the precued condition the target light was illuminated for 0.1 or 0.5 s beginning 0.8-2.3 s in advance of the trigger tone. The monkey was required to continue holding his hand within the start position zone until the trigger tone sounded at the end of the randomly selected start position time. Note that, under the precued condition, the target was not illuminated again until movement to the target was completed. SELF-TIMED CONDITION. In the self-timed condition, both the central start light and a single peripheral target light were illuminated continuously, and no tone sounded to trigger the movement. Instead, the animal was required to keep its hand stationary in the start zone for 0.8 or 1.5 s (different times for different monkeys) and then to move to the peripheral target within 1 s. Under this



condition, the continuously lit target light specified the spatial position of the target, but the animal had to determine the time of movement initiation internally. The self-timed condition was used only for monkeys F and I. BLOCK STRUCTURE OF THE BEHAVIORAL PARADIGM. Different behavioral conditions were presented in separate blocks of trials. In one block, either three, four, or six of the targets were presented, and the targets were either presented at fixed distances from the start position in pseudorandomly varied directions, or they were presented pseudorandomly along a single line at 1, 2, or 3 in. from the start position in directions separated by 180’ (e.g., 45 and 225”). To obtain a balanced number of trials for each of the targets used in a block, a trial performed incorrectly was presented again at the end of the random sequence.



Surgical procedures After the animal was trained, electromyographic (EMG) electrodes were implanted by the use of aseptic procedures, as described previously (Anderson and Turner 199 1; Horak and Anderson 1984). Pairs of fine Teflon-insulated multistranded stainless steel wires were implanted into up to seven of the following muscles acting at the arm and trunk: posterior deltoid, anterior deltoid, biceps brachii, long head of triceps brachii, brachioradialis, pectoralis, or teres major. The wires were led subcutaneously from each implanted muscle to an externalized connector. In monkey F the connector was in a vitreous carbon ring (Biosnap, Bentley Laboratories) that was slipped through a small skin excision over the lower rib cage below the scapula. In monkeys I and 0 the EMG wires were led to a connector implanted on the skull just behind the recording chamber. The placement and integrity of the EMG electrodes were verified by the absence of similar signals at the same time during movement (no cross talk) and by either a palpable contraction elicited when electrical stimuli were applied through the implanted electrode or by verification of placement when the muscles were dissected after euthanasia.
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180 Deg. Target



FIG. 3. Measurement of initiation and termination of movement and electromyographic (EMG) activity during single movements made in reciprocal directions in the sensory condition. Left: movement to a target at 0” (see Fig. 1) . Right: movement to a target at 180”. Successive lines from top to bottom show I) EMG activity of anterior deltoid, 2) EMG activity of posterior deltoid, 3) EMG activity of biceps brachii, 4) X position of the hand, 5) Y position of the hand, 6) Tangential hand velocity, 7) Time of trigger tone presentation (on during black bar). Gains for each variable are equal for left and right. 0, EMG onset; F, end of first EMG burst; T, trigger onset; M, movement initiation; E, movement termination.
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Recording EMG signals were differentially amplified (gain = 2,000~5,000 times), filtered (20-Hz to 5kHz band pass), full-wave rectified, and recorded on VCR tape (Vetter PCM recorder, O-5 kHz) together with X and Y hand position determined from the digitizer pad output and logic signals that indicated times of target illumination, switch closure, and reward delivery.



Data analysis



lated as the straight line distance between the hand positions at times 44 and E. The curvature of the movement trajectory was computed with the equation c = (V&& MT/D&



-



1



where C is the computed movement curvature, VMT is the average tangential velocity during the movement time, and DMT is the straight line distance between movement endpoints (movement amplitude). Because integrated velocity (VMT MT) is equal to the distance traveled along the trajectory, the integrated velocity of a curved trajectory will be greater than that of a straight one, and by subtracting 1, C is equal to zero when the integrated velocity equals the straight line distance. Curvature was then assigned a sign of positive for clockwise and negative for counterclockwise trajectories at the time of peak velocity. EMGDATA. Bursts of integrated EMG data were detected in each trial with the use of combined voltage threshold and duration criteria (see Fig. 3). These criteria were set separately for the onset and the offset of the first EMG burst in each muscle. Chosen points were displayed graphically, and criteria were adjusted until they satisfactorily picked off the beginning and the end of most bursts. The detection of burst terminations was less reliable than detection of onsets. Resulting times of burst onset and offset were screened against the raw digitized records, and data from trials in which background activity or prolonged activity after the burst precluded accurate detection were discarded. l



Data were digitized off-line with the use of the ComputerScope-Phy system (RC Electronics). Kinematic data were acquired over several days in which neural data also were collected (Turner and Anderson, unpublished observations). EMG signals, together with other kinematic and behavioral signals, were collected on the same days as neural data collection in monkeys F and I and on separate days in monkey 0. Because the RC system required the same digitizing rate on all channels, signals reflecting X and Y hand position were digitized at a frequency of ~-250 Hz. When digitizing EMG, signals from four muscles at a time were full-wave rectified, integrated with pulsed sampling integrators (sample time 10 ms; Bak Electronics), and digitized along with X and Y hand position at 250 Hz. KINEMATIC DATA MANIPULATION. Hand X and Yposition signals were filtered and X and Y velocity calculated with the use of a cubic spline smoothing routine (Hutchinson 1986). This technique produced relatively smooth velocity profiles without introducing an appreciable time shift. Tangential velocity was calculated with the use of the equation DIGITIZATION.



The variables Vx and Vr are smoothed X and Y hand velocity, and VT is the resulting tangential velocity. A custom program applied threshold, slope, and duration criteria to assure stable hand position during the task hold periods and to determine the onset (M) and termination (E) of the movement from the velocity signal (see Fig. 3). Measures of motor performance (reaction time, RT, and movement time, MT) were computed from these values and the logic signals. Movement amplitude was calcu-



Statistical analysis ANALYSIS OF VARIANCE (ANOVA). Multiple two-way ANOVAs were used to test for significant effects of target direction and behavioral condition on six parameters of motor performance: movement time, peak velocity, curvature, movement amplitude (start to end point straight line distance), endpoint radial error, and endpoint lateral error. Mean values for each movement parameter were computed for each target direction/behavioral condition combination presented on each data collection day. The daily means were used as samples in the ANOVAs. Because not all
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x (cm) FIG. 4. Directional paths are displayed for (thin line). A : monkey centered on the center



variation of hand-path trajectory and start and end positions in 3 different animals. A-C: mean hand all trials recorded on an early day (dotted line), a late day (thick line), and an intermediate day F. B: monkey I. C: monkey 0. D-F: start and end positions in 1 block of sensory trials. Large X is of the target zone. D : monkey F. E: monkey I. F: monkey 0. Scale, in centimeters.



targets were presented under all conditions on each day, ANOVAs for unequal numbers of samples were used (Systat). DIRECTIONAL TUNING OF MUSCLE ACTIVITY. Regression analysis was used to characterize the nature of the directional modulation of each muscle’s response. A cosine function was fit to the onset times or the mean amplitudes of a muscle’s initial movementrelated burst across target directions in the following form



17 days for monkey 0. More trials were collected under the sensorycondition (9,272 trials) than under the precued or selftimed conditions (6,621 and 4,219 trials, respectively). Typical trajectories are shown in Fig. 4A for movements made by the three animals under the sensory condition. The three lines to each target indicate the mean trajectory for a block of trials collected on an early recording day (dotted R = a + b*cos (D -p) line), a late recording day (thick line), and an intermediate recording day (thin line). For each animal the final position where D represents target direction, the predictor variable, and R in the target zone, and especially the curvature, changed represents the onset time or the EMG amplitude predicted by the over the months during which recording was carried out. function. Target direction, instead of movement direction, was used The start position and position at the end of the transport as the predictor variable to eliminate distortions in the fit due to outliers. The resulting coefficient p represents the direction in phase are shown in Fig. 4, D-F, for blocks of sensory trials which the predicted latency or amplitude was maximum. Coeffistudied during one recording day for each animal. The hand cient a is equal to the mean of EMG onset time or burst amplitude positions in the start zone were in a circumscribed, approxiacross all target directions, and b reflects the magnitude of the mately circular zone, and the positions at the end of the directional modulation in onset time or amplitude. The coefficients transport phase (without correction, see Fig. 2) showed no for this circular function were found by nonlinear least-squares consistent trend toward increased variability either along the estimation by the use of a Quasi-Newton minimization method axis of the forearm or along the direction from the center to (Systat). the peripheral target. Movements made under the precued condition had a similar distribution of endpoint positions, in RESULTS spite of the fact that the target was not illuminated during The primary movement datapresentedwere recordedon days the movement (not illustrated). The distribution of endin which neural datawere alsorecordedfrom the three monkeys. points also did not change consistently with changesin target This included 23 days for monkey F, 35 days for monkey I, and distance (not illustrated).
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VARIABLES. Figure 5 illustrates the relation between target direction and four kinematic variables: movement amplitude, hand-path curvature, peak velocity, and movement time. The means of values measured on all recording days are shown for movements made in the sensory, precued, and self-timed conditions. For each of the animals, there was a significant effect of target direction on these variables (F test, P < 0.0001). Mean peak tangential velocity (Fig. SC) varied significantly with target direction for all animals ( l-way ANOVA, P < 0.001). For monkeys F and I, movements made under the sensory condition (squares connected by dotted lines) had lowest peak velocities when they were made toward the body and into the ipsilateral hemispace (270 and 3 15” targets). Movements made transverse to this direction (45 and 90”) had the highest mean peak velocities. We examined the potential effect of inertial anisotropy on the movements made by these animals by examining the relation between the peak velocity and the direction of movement at the time of peak velocity (Fig. 6). Velocity and direction at this time should reflect the initially programmed force impulse. The different lines in the polar plot of Fig. 6 connect the mean values for each target direction on 18 different days in which monkey I made movements to all 8 targets under the sensory condition. As shown by the eccentric shapes of the polygons, peak velocity was consistently higher for movements initially directed between 0 and 90” than it was for movements directed between 270 and 360”. The exaggeration in peak velocity was not symmetrical, however. It was greater for initial movement directions between 0 and 90” than it was for initial movements in the reciprocal direction, between 180 and 270”. Data from monkey F were similar (not illustrated). Because the inertial load would be highest along the long axis of the forearm and lowest transverse to this axis, an equal magnitude force pulse would be expected to produce the highest peak velocity in the direction transverse to the KINEMATIC
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FIG. 5. Directional variation of 4 kinematic parameters measured under 3 behavioral conditions. A: movement amplitude. B: hand-path curvature. C: peak tangential hand velocity. D: movement time. Mean values ( +-SE) are plotted for data collected across all recording days. Squares connected by dotted lines, sensory condition; triangles connected by solid lines, precued condition; diamonds connected by dashed lines, self-timed condition. Directional arrows as in Fig. 1.
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long axis of the forearm and the lowest peak velocity in directions aligned with the arm’s long axis (Gordon et al. 1994b). When the animal’s hand is positioned in the start zone, the long axis of the forearm is directed along a line directed from the start zone to a point between the 90 and 135” (or the 270 and 3 15) target positions, although its precise direction depends on the size of the animal (J. Buford and M. E. Anderson, unpublished observations). Thus the data described above are consistent with the possibility that the directional variation in peak velocity could result in part from the difference in the inertial loads imposed by moving the arm along or transverse to its long axis. The asymmetry of the distribution of peak velocities, however, argues that inertial anisotropy of the arm cannot completely account for the values observed under these task conditions. Inertial anisotropies also could influence movement amplitude. Figure 5A shows that movement amplitude, mea60
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60 270 FIG. 6. Asymmetry in peak velocity of movements made in different L initial directions. The angle on the polar plot indicates the vector direction between the start position and the position of the hand at the time of peak velocity. The eccentricity of the points (connected by straight lines) represents the peak velocity at the same time. Different lines connect data collected from monkey I on 18 days during sensory condition blocks. The radius of the central circle (centered on 0 cm/s) is 20 cm/s.
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0 FIG. 7. Directional variation of spatial endpoint errors measured under 3 behavioral conditions. A : lateral error at the end of the movement, measured as the right-angle distance from a line between the centers of the start and target positions. B: radial error at the end of the movement, measured as the distance of the hand from the center of the target position parallel to the line between the start and target positions. Symbols and arrows as in Fig. 5.
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sured as a straight line from the start position to the end of the transport phase, did vary as a function of target direction for all three animals. Movement amplitude was smallest for movements made toward the body into the ipsilateral hemispace(270 and 3 15’). Movements in the opposite directions, between 90 and 180”, had the largest amplitudes, however, in spite of an expected high inertial load for these directions. An additional explanation for the asymmetry of movement amplitude along linear movement axes is the offset in start position, shown in Fig. 4. All three animals adopted initial positions in the start zone that were offset toward the body (y-axis). This meant that movements from this position to targets at 270 and 3 15 in the circle of peripheral targets would be smaller than those in opposing directions. In fact, movements away from the body (between 90 and 180”), which were generally the largest, would have been even larger if animals had moved to the center of the peripheral target zone. Instead, however, they tended to move to positions close to the inside edge of the target zones for targets away from the body. Figure 7 shows that the mean constant radial and lateral errors, although different for different target directions, were similar for movements made to visible (squares and diamonds) and nonvisible, precued targets (triangles). The directional variation in movement time, illustrated in Fig. 5D, provides supportive evidence that the nervous system adjusted, in part, for inertial properties to produce movement amplitudes that placed the hand within the target zone. For monkeys F and I, MT was inversely related to peak velocity for each direction. Peak velocity and movement time showed a different directional tuning pattern for monkey 0 (Fig. SC). As shown in Figs. 4C and 5& movements made by this animal to targets at 0 and 3 15” were particularly curved, even after several months of practice. Peak velocity was also highest during movements to these two targets. The velocity profile for these curved movements was double-peaked, although the first peak was consistently larger. This peak velocity was better related to movement curvature than it was to the movement amplitude (i.e., straight line distance between start and end points). Because of the curvature of movements to targets at 0 and 3 15”, the start- to end-point movement amplitudes in Fig. 5A underestimate the total distance traveled to these targets by this animal. As was the case for monkey I, the small start- to endpoint amplitude of movements made by monkey 0 to targets
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at 270 and 3 15” must primarily be a consequenceof the bias of the start position within the hold zone (see Fig. 4). Effects of behavioral condition VARIABLES. For each animal, the pattern of directional tuning for kinematic variables was remarkably robust across all behavioral conditions. As illustrated in Fig. 5, this was especially true for monkey I, which performed in the visually guided, precued, and self-triggered conditions, and for monkey 0, in which only the visually guided and precued conditions were used. There was more variability in monkey F. For temporal characteristics of the movements (peak velocity and movement time), behavioral condition did have an effect on the magnitude of directional variation in both monkeys F and 1. The peak-to-peak variation in the tuning curves was clearly smaller for movements made in the sensory condition than in the precued or self-initiated conditions for both monkeys F and I (see Fig. 5, C and 0). This was supported by a significant main effect of condition on peak velocity (F test, P < 0.0001) and movement time (F test, P < 0.0001) in monkey I and a significant interaction between condition and direction in monkey F (F test, P < 0.0001). The sensory condition was the only one in which there was both a temporal signal to initiate movement and a spatial signal of target location that was visible during the movement. The directional variations in spatial characteristics of the movements (movement amplitude and mean errors in radial or lateral directions) were remarkably similar under the sensory-guided, precued, and self-triggered conditions (see Figs. 5A and 7, A and B). For none of the animals were the overall differences significant at P levels 
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