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Abstract We investigated, by using simulations, possible mechanisms responsible for the errors in the direction of arm movements exhibited by deafferented patients. Two aspects of altered feedforward control were evaluated: the inability to sense initial conditions and the degradation of an internal model. A simulation which assumed no compensation for variations in initial arm configuration failed to reproduce the characteristic pattern of errors. In contrast, a simulation that assumed random variability in the generation of joint torque resulted in a distribution of handpaths which resembled some aspects of the pattern of errors exhibited by deafferented patients.



of internally generated motor patterns, the selection of appropriate response synergies, the assisting of external forces during movement, the correction of directional errors, the coordinating of temporal features of joint kinematics, the assisting of central programs, and the triggering of program fragments (reviewed by Hasan and Stuart 1988; Hasan 1992). Recently, our understanding of the role of proprioceprive input in humans has been advanced considerably by the study of patients with sensory neuropathies. These patients typically exhibit varying degrees of diminished sensation to light touch, temperature, pin prick, limb position, and vibration, but lack any significant motor involvement. Studies of single-joint arm movements in Key words Reaching 9Proprioception 9Joint torque 9 these patients have revealed a variety of deficits, includMotor control 9Human ing a difficulty in maintaining the position of the hand against both constant and elastic loads, an inability to compensate for unexpected limb perturbations, and an Introduction altered control of both the trajectory and end-point of voluntary movements (Rothwell et al. 1982; Sanes et al. Afferent information appears to be an important element 1985; Forget and Lamarre 1987). These symptoms are in the control of volitional movement. Studies of surgical manifested as an increase in the variability of movedeafferentation of a monkey's forelimb have revealed ments. Most of the deficits associated with deafferentathat sensory information, though not required for the ini- tion are attenuated if visual information is present, sugtiation of movement, is critically important for the gesting that vision can compensate, at least in part, for skilled performance of basic motor acts (Knapp et al. the absence of proprioceptive information (Sanes et al. 1958, 1963; Taub and Berman 1963; Bossom 1974). 1985). Both exteroceptors (such as tactile receptors), which reMore recent findings suggest that vision compensates spond to conditions in the external environment, and for proprioceptive loss by updating an internal model of proprioceptors (such as muscle spindles, Golgi tendon the mechanical properties of the limb. In contrast to preorgans, and joint receptors), which respond primarily to vious investigators, Ghez and colleagues (1990) required the actions of the organism itself, are capable of provid- deafferented patients to coordinate the motion of two ing relevant information to the CNS during movement. joints during a planar reaching movement of the arm. PaThe role of proprioceptive information has received con- tients were required to control the direction as well as siderable attention, leading to a host of proposed func- the amplitude of the movement and were typically tested tions. Among these are the smoothing and stabilization under conditions in which they were unable to see the arm. For both normal subjects and patients, the peak acc . A . Bunco (~) - J. B o l i n e 9 J. F. S o e c h t i n g 9 R. E. Poppele celeration of the hand varied systematically with moveDepartment of Physiology,6-255 Millard Hall, ment direction, paralleling variations in the effective inUniversity of Minnesota,Minneapolis,MN 55455, USA. ertia of the arm. Deafferented patients also exhibited sysPhone: (612) 626-3146, FAX no.: (612) 625-5149, e-mail: [email protected] tematic errors in movement amplitude that followed
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Fig, 1 Results of an experiment by Ghez et al. (1990) designed to examine the effects of deafferentiation on the accuracy of human reaching movements. The top plot shows handpaths recorded during reaching movements made to 24 targets spaced 15 deg. apart. The middle plot shows a histogram of the number of trials versus movement direction. The dashed line in the middle plot depicts the expected density for a uniform distribution, the solid line represents the actual local density. In the bottom plot, the directional error as a function of target direction is presented9 The solid line in this plot is a LOWESS fit of the scatterplot for a deafferented patient. The dashed line depicts the corresponding fit for a control subject, plotted on an enlarged scale. In contrast to control subjects, the deafferented patients exhibit a variability in directional error that differs across target directions. Reprinted with permission



these inertial anisotropies, i.e., they tended to considerably overshoot the target in directions where the effective inertia of the arm was least. Normal subjects, on the other hand, compensated for differences in inertia by systematically varying their movement time, so that movements were always of the required extent. While such compensation could have occurred via feedforward or feedback mechanisms, distance errors were substan-



tially reduced when deafferented patients were allowed to see their arm on every other trial, arguing for feedforward compensation (Ghez et al. 1990). They also concluded that, under normal circumstances, proprioceptive information allows for the feedforward compensation for inertial anisotropies by updating an internal model of the mechanical properties of the limb. While errors in movement extent were well explained by an inability of the deafferented patients to compensate for variations in the inertial field of the hand, errors in movement direction were not. Figure 1 reveals that movements made by deafferented patients were clearly biased in favor of certain directions, despite the fact that targets were evenly distributed. However, while handpaths tended to accumulate in regions where the effective inertia of the hand was least, they also accumulated densely in other regions as well, most notably in regions approximately orthogonal to these (for the patient presented in Fig. 1). Such a pattern of errors would not be expected if deafferented patients were simply failing to account for inertial anisotropies: Since the effective inertia of the hand takes the form of an ellipse, handpaths would, instead, be expected to follow a bimodal distribution. If directional errors result from the degradation of an internal model, this degradation must be manifested as something other than the inability to compensate for inertial anisotropies. Alternatively, the pattern of directional errors exhibited by deafferented patients could result from an entirely different aspect of altered feedforward control, e.g., the inability to correctly sense initial conditions. In order to obtain a better understanding of the potential processes leading to directional errors in deafferented patients, we simulated two degree of freedom arm movements in various directions. In one simulation, pseudo-random errors in initial arm configuration were introduced to assess whether directional errors could be explained by inadequate information regarding initial conditions. In another simulation, pseudo-random errors in joint torques were introduced to assess whether directional errors could be explained by a degraded internal model representing the relation between joint torques and motion. The results of the simulations revealed that these two assumptions lead to different patterns of movement errors.



Materials and methods In order to construct a working hypothesis regarding the errors exhibited by deafferented patients, we felt it was necessary to determine the variation in joint torque at the elbow and shoulder for movements in different directions. To achieve this, we performed an experiment that was designed to capture the essential features of the task presented to deafferented subjects in Ghez et al. (1990). Experimental procedures were approved by the Institutional Review Board of the University of Minnesota. In this experiment, a neurologically normal subject, from whom informed consent was obtained, was required to make movements of 15 cm amplitude in eight directions in the horizontal plane (Fig. 2). The initial posture of the arm during the experiment was 25 ~ of shoulder flexion ( h o r -



469 izontal adduction) relative to a straight line passing through the shoulders, and 90 ~ of elbow flexion, where full elbow extension was 0 ~ (see Fig. 2). The wrist was held in a neutral position during all movements. On each trial, the subject was instructed to make a single uncorrected movement at a "fast" speed to one of the eight targets. These reaching movements were performed quite naturally with virtually no training and thus can be considered "overlearned". A total of five movements were made to each target. During all movements, the locations of the shoulder, elbow, and wrist joints were tracked via a motion analysis system (Model VP320, Motion Analysis Corp.) which uses reflective markers and cameras to obtain a time-varying record of three-dimensional linear position. Linear position was sampled by this system at 200 Hz and fed to a workstation, where software provided by the manufacturer allowed the construction of a time-varying record of shoulder and elbow angular position. These angular position records were smoothed using a Butterworth filter with a cutoff frequency of 15 Hz, then downloaded and transferred to a microcomputer, where movement records to the same target were aligned at velocity onset and averaged. These averaged angular position records were further smoothed digitally, using a sliding, two-sided exponential filter with a time constant of 10 ms. The particular smoothing methods employed were chosen to facilitate subsequent differentiation. The joint torques at the shoulder and elbow were determined from angular position, velocity, and acceleration using standard equations of planar motion (cf. Hollerbach and Flash 1982):



Ts=(Is+le+2Acoscl))O+(le+ACos~)gia--(Asin~)~2-(2Asin~)~O (1) Te=(Ie+A cos~ )O +le(b+(A sinq~)02 (2) where Ts and Te are the joint torques acting at the shoulder and elbow joints, respectively, O and q~ are the angles of flexion at the shoulder and elbow, respectively (see Fig. 2), and A (0.101 kg m 2) is equal to mfdfl a (where mr=mass of the forearm, dr=distance from the elbow to the center of mass of the forearm, and la=length of the upper arm). The values of I s and I e (the inertias of the upper arm and forearm) used in these calculations were 0.29 and 0.09 kg 9m 2, respectively, and were determined using direct measurements of the subject's arm segment lengths and estimates of the segment's masses (approximately 2.7% of body weight for the forearm and 3.0% for the upper arm). It should be noted that what we (and Hollerbach and Flash 1982) refer to as joint torque (T~ and Fig. 2 Results of an experiment designed to determine the variation in joint torque at the shoulder and elbow for movements in different directions in the horizontal plane. The center of the figure depicts the starting position of the subject (0=25 ~, ~=90 ~ and the resulting handpaths (an average of five trials) for movements in eight directions, performed at a fast speed. Surrounding the plot of handpaths are the corresponding joint torques at the shoulder (solid. lines) and elbow (dotted lines). In the plot of handpaths data points are shown at 5 ms intervals



Te) is mathematically equivalent to what has been referred to as 'muscle torque' by others (Smith and Zernicke 1987). Also, Eq. 1 assumes the shoulder to be stationary in space. While some translation of the shoulder does occur during reaching movements, the extent of this translation does not significantly influence TS and Te (unpublished observations). Lastly, in the sign convention we used, positive values of torque indicate flexion torques.



Results T h e j o i n t torques for m o v e m e n t s to all eight targets, along with the a v e r a g e h a n d p a t h for m o v e m e n t s to these targets are d e p i c t e d in Fig. 2. In this and subsequent figures, m o v e m e n t direction (degrees) is d e f i n e d as increasing in the c o u n t e r c l o c k w i s e direction, with m o v e m e n t s to the 3 o ' c l o c k p o s i t i o n b e i n g d e f i n e d as m o v e m e n t s at 0 deg. In the torque plots s u r r o u n d i n g the h a n d p a t h s (center), solid lines indicate s h o u l d e r torque and d o t t e d lines i n d i c a t e e l b o w torque. T h e h a n d p a t h s p r e s e n t e d in this figure w e r e d e t e r m i n e d t r i g o n o m e t r i c a l l y f r o m the a v e r a g e d e l b o w and s h o u l d e r a n g u l a r p o s i t i o n profiles to allow direct c o m p a r i s o n with h a n d p a t h s p r o d u c e d b y s i m u l a t i o n (also d e t e r m i n e d t r i g o n o m e t r i c a l l y - s e e below, S i m u l a t i o n s o f a r m m o v e m e n t s in different directions). T h e h a n d p a t h s c a l c u l a t e d in this w a y c l o s e l y res e m b l e h a n d p a t h s r e c o r d e d d u r i n g s i m i l a r tasks perf o r m e d in the sagittal and frontal planes ( M o r a s s o 1981; G e o r g o p o u l o s et al. 1981; F l a n d e r s 1991). W i t h r e g a r d to the torque profiles, Fig. 2 reveals that profiles for different j o i n t s and different directions are s i m i l a r in that they g e n e r a l l y exhibit one clear p r o p u l s i v e p h a s e and one b r a k i n g phase. T h e o n l y e x c e p t i o n is the s h o u l d e r torque r e c o r d at 45 deg. A l t h o u g h the profiles o c c a s i o n a l l y differ in duration, the torques at the two j o i n t s are a l m o s t a l w a y s in phase, with the e x c e p t i o n o f the r e c o r d s f r o m
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a bell-shaped velocity profile. Accordingly, the velocity profile v(t) is



v( t)=df/T{ 1-cos( 2Ht/T) }



and the x and y locations of the hand, for a movement directed at an angle c~, are



,sive



x(t)=xo+d(t)coso~



::ction K



Fig. 3 Variationin peak propulsive torque at the shoulder and elbow for movementsin differentdirections in the horizontalplane. The solid line is a least-squares fit of the peak propulsive torque at the shoulder as a function of movement direction; the dotted line is a least-squares fit of the peak propulsive torque at the elbow as a function of movementdirection (degrees) the movements at 90 ~. Perhaps less obvious is the systematic variation in amplitude of both the shoulder and elbow torque with movement direction. This finding is demonstrated more clearly in Fig. 3, where a least-squares fit of peak propulsive torque at the shoulder and elbow is plotted against movement direction. Although the maximum and minimum propulsive torques produced at the shoulder and elbow occurred for movements in different directions, the peak propulsive torque at both joints varied systematically, appearing roughly 'cosinetuned' to movement direction. In fact, the distortion from sinusoidal modulation was quite small, being approximately 11% for the shoulder and 15% for the elbow.



Directional tuning of torque profiles and their dependence on arm posture The analysis of the experimental data presented in Figs. 2 and 3 suggested that arm movements in different directions could be achieved, to a first approximation, by using a simple torque template. Shoulder and elbow torque profiles would be generated by simply scaling the amplitude of this template. As suggested by the results in Fig. 3, these amplitudes would vary sinusoidally with movement direction. In order to test this hypothesis more rigorously and to also ascertain how the amplitude tuning might depend on the amplitude of the expected movement and on the initial posture (i.e., shoulder and elbow angles of the arm), we computed torque profiles derived from idealized arm movements. We made standard assumptions concerning the trajectory of the hand: the path is rectilinear and the tangential velocity profile of the hand is bell-shaped (Morasso 1981; Soechting and Lacquaniti 1981; Hollerbach and Atkeson 1987). In particular, we assumed that the distance d(t) along the handpath was given by: (3)



where df is the amplitude of the movement and T is the movement time. This function analytically approximates



y(t)=yo+d(t)sino~



(5)



where Xo, Yo defines the location of the hand at the start of the movement, measured relative to the shoulder. From Eqs. 3 and 5, we computed the angular motion at the shoulder and elbow, assuming the lengths l of the upper arm and the forearm (including the hand) to be equal (cf. Hollerbach and Atkeson 1987). If we define R to be the distance from the shoulder to the hand and 7~ the angular direction of the hand relative to the x-axis



R2=x2+y2



d(t)= dr{ t/T-sin(2Ht/T)/2II}



(4)



tanTJ=y/x



(6)



then



R/l=2cos~/2



~g=O+qV2



(7)



Movement direction a was varied in 5 ~ increments and angular motions at the shoulder and elbow were computed for a given movement time T and for a given movement amplitude dr. Following numerical differentiation of the angular motions, the shoulder and elbow torques were computed using Eqs. 1 and 2. Since changes in movement time will affect only the amplitude of the torque profiles, but not their shapes (Hollerbach 1984), we typically chose a movement time of 350 or 500 ms. We explored the effect of specifying different movement amplitudes (df). This parameter can be expected to have an affect on the spatial tuning of shoulder and elbow angular motions and torques, because the effective inertia of the arm depends on its configuration. We also explored the effect of changing the initial posture of the arm by varying the initial value of the elbow angle (~). In the simulations, we always assumed a shoulder angle (O) of 25 ~ (see Fig. 2), roughly corresponding to the posture used by Ghez et al. (1990). If movement direction (~) is specified relative to the orientation of the humerus, then the spatial tuning of the torque profiles will be unaltered by a change in the value of the initial shoulder angle (Oo), since O does not appear explicitly in Eq. 1 and 2. If movement direction is specified in a frame of reference fixed in space, then the spatial tuning of the torques will be rotated by an amount that is equal to the change (AOo) of the initial shoulder angle. We begin by showing the results of these simulations for initial conditions that are identical to those investigated experimentally, namely an initial elbow angle of 90 ~ (cf. Figs. 2, 3). Movement amplitude was chosen to be 35% of arm length I and a movement time of 350 ms was chosen. The temporal profiles of shoulder (Ts) and elbow (Te) torques are illustrated in Fig. 4 as a function of the movement direction. Timing marks are provided at 25%, 50%, and 75% of movement time. In most respects, these idealized torque profiles correspond to those com-
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Fig. 4 The amplitude variation of simulated shoulder and elbow torque profiles with movement direction in the horizontal plane. The initial elbow angle in this simulation was 90 ~ movement amplitude was 35% of arm length, and movement time was 350 ms. Timing marks are provided at 25%~ 50% and 75% of movement time. The calibration bars denote 4 Nm for the shoulder torque records and 2 Nm for the elbow torque records



pnted from experimental data (Fig. 2). Thus, the propulsive part of the shoulder torque (the first half of the movement) is most positive for movements between the forward and medial directions, whereas elbow torque is most positive for movements directed medially and backwards. For all directions, the torque profiles appear to be quite similar in shape with a reversal in sign near the midpoint of the movement. In this respect, the results of the simulation differed from the experimentally obtained data where the times at which Te and Ts reversed sign could differ substantially. This was especially true for the movement in the forward direction illustrated in Fig. 2. (It should be noted that the handpath for this movement direction deviated substantially from rectilinear motion, contrary to the assumptions of the present simulations.) The spatial tuning of the shoulder and elbow torques is illustrated in Figs. 5 and 6. In the plots in Fig. 5, the variations in torque amplitude with direction (using the same convention as in Fig. 2) and with time (increasing radially from the inner circle to the outer circle) are illus-



~7 Lateral (0 ~



trated. Torque amplitude is indicated by the intensity of the shading, flexion torques being shaded darkly and extension torques being shaded lightly. As could already be ascertained from an inspection of Fig. 4, the propulsive part of the shoulder torque is largest for movements directed about 140 ~ (medial and forward) for flexion. The peak propulsive extension shoulder torque is for a direction just opposite (namely - 4 0 ~) and the directions at which the shoulder braking torques are maximal coincide with the directions of peak propulsive torques. In other words, for Ts, the torque profile is anti-symmetrical with the braking torque being close to the inverse of the propulsive torque. This is not the case for Te. The peaks of the propulsive torques still occur for movement directions that are close to 180 ~ out of phase, namely at about - 1 5 5 ~ (flexion) and 25 ~ (extension). However, the directions at which the elbow braking torques are maximal do not coincide with the directions at which the propulsive torques reach their peak values. Thus, in Fig. 5, maximum elbow braking torque occurs for a movement direction o f - 1 4 5 ~ (extension) and 10 ~ (flexion). This is also apparent in Fig. 6, where we have plotted the spatial tuning of the torques on a polar plot. In the plots in Fig. 6, we computed the average torque amplitude over the first half of the movement (propulsive torque) and over the last half (braking torque). For each movement direction, the distance from the center of the circle is proportional to the mean amplitude. Whereas the directional tuning for each
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Fig. 5 The spatial tuning of shoulder and elbow torque amplitude for simulated movements. The initial elbow angle in this simulation was 90 ~, movement amplitude was 35% of arm length and and movement time was 350 ms. On these plots movement direction increases counterclockwise relative to the 3 o'clock position, as in Fig. 2. Time increases radially along an imaginary line connecting the inner circle to the outer circle. Torque amplitude is indicated by the intensity of scaling: flexion torques are shaded heavily and extension torques are shaded lightly



of the components of shoulder torque (propulsive and braking, flexion and extension) is the same, it is clear in Fig. 6 that the directional tuning for the braking component of T e is again different for flexion and extension and that both differ from the directional tuning of the propulsive components. The polar plots in Fig. 6 appear to demonstrate a close to sinusoidal variation in the amplitude of the individual torque components with movement direction. This was borne out by quantitative analysis. For the results illustrated in Fig. 6, the distortions from sinusoidal modulation were uniformly small. With the exception of elbow braking torque, they were all less than 5.5%. The modulation in elbow braking torque was more distorted from sinusoidal, with values of 8% and 11.5%. Peaks in the braking components of the elbow torques are not oppositely directed from peaks in the propulsive torques because the equations that define the torques (1 and 2) contain position dependent terms. More specifi-



Fig. 6 Polar plots depicting the spatial tuning of the average shoulder and elbow torque amplitude over the first half of the movement (propulsive torque) and over the last half (braking torque). Movement direction is defined as in Fig. 5. In these plots, torque amplitude increases radially along an imaginary line connecting the inner circle to the outer circle. Initial elbow angle 90 ~, movement amplitude 35% of arm length, and movement time 350 ms for the simulation



cally, the effective limb inertia depends on the elbow angle, as do the Coriolis and centripetal acceleration terms. Clearly the posture of the arm is very different towards the end of the movement as compared to at movement onset. According to this line of reasoning, one would expect the divergence between the directional tuning for the propulsive and braking torques to increase as movement amplitude (dr) is increased. This prediction is supported by the results of simulations presented in Fig. 7. We varied normalized movement amplitude (dfl) from 0.1 to 0.55, while keeping the initial elbow angle equal to 90 ~ in all instances. (Normalized movement amplitudes greater than 0.55 could not be obtained for all movement directions, e.g., the arm was fully extended for a movement of about 0.58 in amplitude in a direction 60 ~ forward from lateral.) The plots in Fig. 7 illustrate the variations in phase of the changes in shoulder and elbow angles (measured with respect to the direction of movement), as well as the variations in the shoulder and elbow torques. The phase angle denotes the movement direction for which each parameter (e.g., shoulder angle) is maximal. Figure 7 reveals that the phase of shoulder angle (O) and shoulder torque (Ts) changes minimally with movement amplitude (
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