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SUMMARY AND CONCLUSIONS 

I. This paper introduces a series of studies in which we analyze 
the impairments in a planar reaching task in human patients with 
severe proprioceptive deficits resulting from large-fiber sensory 
neuropathy. We studied three patients, all of whom showed absence 
of discriminative tactile sensation, position sense, and stretch re- 
flexes in the upper extremities. Muscle strength was normal. We 
compared the reaching movements of the patients with those of 
normal control subjects. The purpose of this first paper was to 
characterize the spatial errors in these patients that result primarily 
from impairments in the planning and execution of movement 
rather than in feedback control. This was done by using a task in 
which visual feedback of errors during movement was prevented. 

2. Subjects were instructed to move their hand from given start- 
ing positions to different targets on a horizontal digitizing tablet. 
Hand position and targets were displayed on a computer screen. 
Subjects could not see their hand, and the screen display of hand 
position was blanked at the signal to move. Thus visual feedback 
during movement could not be used to achieve accuracy. Move- 
ment paths were displayed as knowledge of results after each trial. 

3. Compared with controls, the patients made large spatial er- 
rors in both movement direction and extent. Directional errors were 
evident from movement onset, suggesting that they resulted from 
improper planning. In addition, patients’ hand paths showed large 
curves and secondary movements after initial stops. 

4. The overall control strategy used by patients appeared the 
same as that used by controls. Hand trajectories were approxi- 
mately bell shaped, and movement extent was controlled by scaling 
a trajectory waveform in amplitude and time. However, both con- 
trol subjects and patients showed systematic errors in movement 
extent that depended on the direction of hand movement. In control 
subjects, these systematic dependencies of extent on direction were 
small, but in patients they produced large and prominent errors. 
Analysis of the hand trajectories revealed that errors were associ- 
ated with differences in velocity and acceleration for movements 
in different directions. 

5. In an earlier study, we showed that in subjects with normal 
sensation that the dependence of acceleration and velocity on direc- 
tion results from a failure to take the inertial properties of the 
limb into account in programming the initial trajectory. In control 
subjects, these differences in initial acceleration are partially com- 
pensated by direction-dependent variations in movement time. In 
patients, the variations in acceleration and velocity for movements 
in different directions are similar to those seen in controls, but 
compensatory variations are much more limited in patients than in 
control subjects. 

6. Other movement impairments that are seen consistently in 
patients, including directional errors and large curvatures are, like 
inertial errors, exaggerations of subtle anomalies that also are seen 
in controls. They apparently result from a failure to take into ac- 
count complex biomechanical properties of the limb. Some of the 
anomalies, such as the presence of secondary movements as well 

as large errors in slow movements, clearly can be attributed to 
impairments in feedback control. However, we propose that an 
important role of proprioceptive input in the control of movement, 
in addition to providing feedback for corrections, is to form and 
update internal representations of the properties of the limbs. 

INTRODUCTION 

It has been established for more than a century that sen- 
sory information from muscles and joints is necessary for 
limb movements to be accurate (Bastian 1887; Landry 
1855). Thus patients with large-fiber sensory neuropathy, 
in whom the sense of limb position is absent, show promi- 
nent errors in reaching for visual targets (Ghez et al. 1990; 
Rothwell et al. 1982). However, despite considerable study, 
the mechanisms by which proprioceptive information contri- 
butes to accuracy remain incompletely understood. Analysis 
of movements performed without vision by patients with 
large-fiber sensory neuropathy have demonstrated large in- 
creases in variability of limb position or force exerted during 
various tasks (Forget and Lamarre 1987; Ghez et al. 1990; 
Rothwell et al. 1982; Sanes et al. 1985). In part, this in- 
creased variability results from an inability to detect errors 
made during the course of movement and the resulting fail- 
ure to make appropriate corrections. For example, single- 
joint movements are undershot when loads are introduced 
unexpectedly (Rothwell et al. 1982; Sanes et al. 1985). 
These errors are reduced significantly when patients are al- 
lowed to use visual information to correct their movements. 

Surprisingly, the strategies used by these patients when 
making single-joint movements have been found to be nor- 
mal. Thus like subjects with intact sensation, deafferented 
patients program single-joint movements (Forget and La- 
marre 1987) or forces (Gordon et al. 1987) of different 
amplitudes by scaling a relatively stereotyped trajectory pro- 
file according to the distance to be moved. This would sug- 
gest that the programming of movement extent does not 
require proprioceptive input from the limb. However, the 
task faced by the brain in controlling multijoint movements 
is significantly more complex than in single-joint move- 
ments. For example, in single-joint movements the inertial 
load is the same for movements in different directions or 
from different starting positions. This is not true for 
multijoint movements. As noted by Hogan ( 1985)‘) the iner- 
tial resistance to movement of the upper limb, measured at 
the hand, has an elliptical configuration, with its long axis 
oriented in the direction of the forearm segment. Assuming 
typical morphometric characteristics of the human arm, the 

0022-3077/95 $3.00 Copyright 0 1995 The American Physiological Society 347 



348 J. GORDON, M. F. GHILARDI, AND C. GHEZ 

inertial resistance to motion in the direction of the forearm 
segment is about two to three times greater than the resis- 
tance to motion in a direction perpendicular to the forearm 
(Gordon et al. 1994a). 

In a recent series of studies of planar arm movements, we 
have found that human subjects show a variety of systematic 
errors in extent and direction (Ghez et al. 1995; Gordon et 
al. 1994a,b). Some of these errors are related to the direction 
of movement and the configuration of the arm relative to the 
workspace, suggesting that they depend on biomechanical 
factors. In this and the following paper, we report a series 
of experiments designed to determine the contributions of 
proprioceptive information to the programming of direction 
and extent in a planar reaching task. We examine the move- 
ments of patients who have normal muscle strength but near 
total loss of proprioception from the limbs because of large- 
fiber sensory neuropathy. In the experiments reported in this 
paper, we first characterize trajectory and end point errors 
in multijoint movements made without visual feedback. We 
then examine whether the strategy used by subjects with 
intact proprioception for scaling trajectory profiles to the 
required distance also is used by the patients. Finally, we 
examine the dependencies of errors in extent and direction 
on the direction of movement. The results will show that 
the errors made by deafferented patients vary systematically 
with the direction of movement and that some of these errors 
reflect a failure to plan movements in accord with the inertial 
anisotropy of the limb. In the next study, we examine how 
patients use visual information to reduce extent and direction 
errors. Portions of the present data have been reported pre- 
viously in abstracts (Ghez et al. 1988; Gordon et al. 1987, 
1990) and in a review (Ghez et al. 1990). 

METHODS 

Subjects 

Subjects were five men (four right handed and one left handed) 
and three women (all right handed) between the ages of 28 and 
42 who were neurologically intact and three patients with severe 
large-fiber sensory neuropathy. Two of the patients were right- 
handed women (MA, 42, and GL, 54) and one left-handed man 
(CF, 60). All were informed of the nature of the experiments and 
consented to be subjects as required by our Institutional Review 
Board for human experiments. We have described MA and CF in 
recent reports (Ghez et al. 1990; Sainburg et al. 1993b), whereas 
the clinical history of GL, who has been the subject of several 
studies, was described in detail previously (Forget 1986; Forget 
and Lamarre 1987). Briefly, all three patients had complete loss 
of position, vibration, and discriminative touch sensation in both 
upper extremities, including elbow and shoulder. Pain, temperature, 
and coarse touch sensation were preserved, however. Somatosen- 
sory evoked potentials from both upper and lower extremities were 
absent. Conduction in sensory nerves was slowed significantly, a 
finding consistent with a loss of large-diameter afferent fibers. On 
the other hand, muscle strength was normal, and electromyography 
did not reveal any pathological changes. Whereas the degree of 
sensory loss in the upper extremities was roughly similar in the 
three patients, lower extremity involvement was most severe in 
patients GL and CF, who were wheelchair bound. Patient MA, on 
the other hand, could walk, albeit unsteadily and with a wide base. 
In all three patients, the disease has not progressed for several 
years, and the patients’ disabilities have remained largely un- 
changed. 

Apparatus and tasks 

The apparatus and testing procedure have been described in 
detail in recent reports (Gordon et al. 1994a,b). In brief, subjects 
sat facing a computer screen and used their dominant hand to move 
a hand-held cursor, in the form of a puck, on a horizontal digitizing 
tablet (42 x 30 cm, Numonics) . The hand-held cursor was attached 
to a light-weight cast custom molded from thermoplastic material, 
which immobilized the wrist. The position of the hand-held cursor 
on the tablet was sampled by a computer at 200 Hz and displayed 
on the computer screen as a cursor shaped as a crosshair. 

The digitizing tablet was directly in front of the subject, so that 
its center was aligned with the midsagittal plane of the subject. 
For some of the experiments, the tablet was located at about waist 
level. The subject’s upper arm was approximately vertical and the 
elbow was flexed at -90’. In other experiments, the tablet was 
positioned at the shoulder level, and the subject’s upper arm was 
supported in a sling suspended by cables from the ceiling. In this 
case, the elbow angle was -90’ and the shoulder was flexed -5O- 
60’ forward of the frontal plane. In all experiments reported in 
this paper, the digitizing tablet and the subject’s arm were hidden 
from view by the combination of a two-way mirror and a drape 
attached to the subject’s neck. Thus subjects were not able to see 
their arm during movement. 

Subjects were required to move their hand from a starting loca- 
tion to a target, each of which was displayed as a circle on the 
computer screen. At the beginning of a trial, subjects were to 
position the screen cursor in the start circle. Then, after an unpre- 
dictable time, a tone serving as a “go” signal was presented. 
Subjects were then to make a single, rapid, and uncorrected move- 
ment to the target circle. Movements were to be “fast”, though 
at a comfortable speed rather than as fast as possible. Subjects 
were not instructed to respond with short reaction times. To pre- 
clude visually based corrections, the screen cursor was blanked 
after presentation of the tone and for the duration of the movement. 
Knowledge of results (KR) was provided by displaying the hand- 
path on the screen at the end of the trial. Movements of the hand- 
held cursor on the tablet were reduced on the screen in a ratio of 
2.4 to 1. Thus, all subjects were required to learn a visuomotor 
transformation, relating target distances on the screen to hand 
movements on the tablet. Both controls and patients learned this 
transformation very quickly, in the first few trials. We noted no 
differences between control subjects and patients in the ability to 
learn and maintain this transformation. 

Twenty practice trials with visual feedback of the cursor were 
provided at the beginning of individual sessions to familiarize the 
subjects with the task. Trials then were presented in blocks of 40- 
80 trials, depending on the target array being used ( see below). 
Trials were separated by 5-s rest periods, whereas blocks were 
separated by rest periods of 2-4 min. Within blocks of trials, 
targets in different directions and/or at different distances from 
the starting position were presented in a pseudorandom order. The 
same target was never presented twice in succession. 

We used two sets of target arrays with different starting positions 
requiring movements in different directions. Zero degrees refers to 
targets and movements along a frontal plane to the right. Increasing 
angles are counterclockwise from this direction. Thus a target ori- 
ented 90” from the starting position is directly forward. The first 
array (see Fig. 1, inset) consisted of 10 targets at five different 
distances (2.4, 4.8, 9.6, 19.2, and 33.6 cm) in each of two direc- 
tions, 30 and 150°, from two starting positions. In experiments 
with this series of targets, the tablet was centered in front of the 
subject at waist level, its lower edge -10 cm from the subject’s 
body. One starting position was located near the lower left and the 
other near the lower right comer of the tablet. The second target 
array consisted either of 12 or 24 targets in equally spaced direc- 
tions from a central starting position. The targets were a constant 
distance (7.5 cm) from the starting position. For these experiments, 
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the tablet was placed at shoulder level so that movements of all 
limb segments remained in the horizontal plane and the influence 
of gravity was eliminated. 

We also examined the production of slow movements using 24 
targets radially arranged around a central starting position. In this 
case, subjects were instructed to move their hand at a slow and 
constant speed straight to the target. As before, the screen cursor 
was blanked during movement to prevent corrections based on 
visual error information, and KR was provided by displaying the 
hand path on the computer screen after the trial. 

Data analysis 

The movement paths of each response were smoothed using 
a cubic spline (Press et al. 1986) and tangential velocities and 
accelerations were computed using standard methods. Automatic 
computer routines were used to find the onset, peak acceleration, 
peak velocity, and termination of the movements. These critical 
points were checked manually and corrected when necessary. Oc- 
casionally in controls and frequently in patients, movements were 
not terminated cleanly. Instead, after a local minimum in velocity, 
the movement might continue either as an oscillation around the 
end point or as a slow drift. Such drifts were often in a different 
direction then that of the main transport phase of the movement 
(see Fig. 1 for examples) and the local minimum in velocity corres- 
ponded to a bend in the path. In these cases, we considered the 
movement end point to be at the local velocity minimum. In several 
experiments in both controls and patients, we compared the errors 
based on this minimum with errors computed once the limb came 
to a complete stop. Although the spatial distributions of the two 
sets of endpoints were different, the average magnitudes of the 
errors were the same. Analysis of these secondary movements will 
be presented in the following paper (Ghez et al. 1994). 

Movement extent was defined as the length of a straight line 
from the starting point to the end point of the movement, whereas 
movement direction was computed as the orientation of this vector 
in degrees. Extent error was computed as the difference between 
actual movement extent and the target distance. Directional error 
was defined as the difference between the movement and the target 
directions. A directional error was defined as negative when it was 
clockwise and positive when it was counterclockwise. 

To quantify the curvature of each path, we computed, for each 
trial, the difference between the movement direction at the end 
point and at the peak acceleration. Because this measure is in 
degrees, it provides an indication of the effect of the curvature on 
the directional accuracy of the movement. It is most useful as a 
measure of curvature when there is a single curve or when second- 
ary curves are relatively small. This was the case for most move- 
ments by both controls and deafferented subjects. 

For the analysis of the data obtained using the target array with 
five distances and two directions, we computed for each subject 
the mean extent error (constant extent error) and the mean direc- 
tional error (constant directional error) for the movements per- 
formed in the 30 and 150’ directions. We then computed the stan- 
dard deviation (SD) of extent and directional errors for movements 
to each of the 10 targets. The averages of the SDS for the five 
targets in the 30 and 150’ directions were defined as the mean 
variable errors. 

To assess the distribution of the end points of movements aimed 
to each target, we surrounded each distribution with a contour 
whose orientation was computed by the method of principal com- 
ponents and whose size and shape was based on the interquartile 
range in each of the major axes. The principal components proce- 
dure (Sokal and Rohlf 198 1) was used first to determine the princi- 
pal axis, that is, the axis along which there is the greatest variability. 
The minor axis then was defined as orthogonal to the principal 
axis. The “center” of the distribution was defined as the median 
value of the data along each of these axes. The two axes were 

drawn so that they would cross at this point. The lengths of each 
of the two axes were scaled using the same procedure that is used 
to draw “box plots” for one-dimensional data (Chambers et al. 
1983) : the distance of each line from the center was computed as 
the distance of the farthest data point in each direction along that 
axis that did not exceed 1.5 times the interquartile range. Finally, 
the adjacent ends of the axes were connected with curved lines 
each of which was equivalent to a quarter of an ellipse. 

To characterize the relationship between movement direction 
and various trajectory parameters in tasks requiring movements in 
24 or 12 directions, we used a nonparametric curve-fitting proce- 
dure, called LOWESS, or locally weighted scatter-plot smoother 
(Cleveland 1979). This procedure is a locally weighted moving 
average with an iterative robustness algorithm that reduces the 
influence of outliers. LOWESS provides for a user-supplied width 
parameter that defines the number of points around each value on 
the abscissa to be used in the moving average. We adjusted the 
value of this parameter so that it was the same in all plots and 
corresponded to a width of ~20”. 

RESULTS 

Deafferented patients show large errors in the direction 
and extent of reaching movements 

We first examined movement paths and trajectories using 
the set of five targets in each of two directions described in 
METHODS. In controls, movement endpoints were clustered 
close to the targets even though subjects could not visually 
monitor their movements while they were being made. Fur- 
ther, as illustrated for one control subject in Fig. 1 A, hand 
paths were relatively straight and movements were termi- 
nated abruptly. In Fig. 1 B, it can be seen that for both 
directions, end-point distributions had shapes resembling el- 
lipses. As is characteristic of normal subjects in this task 
(Gordon et al. 1994b), the long axes of these ellipses were 
aligned with the direction of movement (Fig. 1, top right), 
indicating that variability in extent was generally greater 
than variability in direction. 

Movements made by all three deafferented patients were 
much less accurate than those of controls and showed three 
major anomalies (Fig. 1) . First, movement paths were often 
highly curved. Second, end-point distributions were larger 
than normal, indicating that errors in both direction and ex- 
tent were increased markedly. Third, instead of terminating 
abruptly, the hand often drifted for a considerable distance. 
These drifts often moved the hand in a direction that was 
different than that taken during the main transport phase of 
the movement. 

In the patients, movement paths showed consistent differ- 
ences for targets in different directions. In patients MA and 
GL, paths directed to the targets at 30’ show a consistent 
curvature, much larger than that seen in controls. Movement 
paths to the 150” targets have variable initial directions and 
curvatures. This pattern is reversed in the left-handed patient, 
CF, suggesting that the differences in curvature in the two 
directions depend on systematic differences in the patterns 
of interjoint coordination. 

The required movements in the 30 and 150” directions differed 
both in terms of interjoint coordination and in terms of inertial 
and gravitational loading. For right-handed subjects, movements 
directed at 30’ targets (like those at 150’ targets in left-handed 
subjects) were produced primarily by external rotation of the shoul- 
der, assisted by lesser amounts of elbow extension and shoulder 
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FIG. 1. Individual hand paths (A) and end points (B) of 1 right-handed control subject (JG) and 3 patients with loss of 
proprioception (2 right handed: MA and GL; 1 left handed: 0’). Data taken from experiments in which each subject made 
20 movements to each of 10 targets in 2 directions and 5 distances. Targets are represented as large circles. In both A and 
B, the targets in the 2 directions are separated for purposes of illustration. Inset for A shows the actual arrangement of 
targets. A: movement paths to the farthest targets in each direction are plotted as a series of dots each representing the 
position of the hand at successive 20-ms intervals. B: end points are indicated for the movements to all targets. Each set of 
end points for movements to a single target is fitted with a contour that approximates the shape of the distribution (see 
METHODS). 

abduction. They thus were opposed mainly by the inertia of the tion (Gordon et al. 1994b), even though the curvature of 
forearm. In contrast, straight movements in the 150’ direction (like 
those at 30” in left-handed subjects) were produced with approxi- 

movement paths in control subjects is considerably less than 

mately equal amounts of shoulder flexion and elbow extension. In 
that of deafferented patients. This finding supports the idea 

this direction, acceleration of the hand had to overcome the com- that direction and extent of hand movement are planned 

bined inertias of the forearm and the upper arm. Moreover, because separately (Gordon et al. 1994b), because patients used a 

there was more upward movement of forearm and upper arm in similar interjoint coordination pattern for movements of dif- 
this direction, the gravitational load in the 150’ movements was ferent distances, even though it led to consistent directional 
greater than in the 30’ movements. errors for movements to certain targets. 

The systematic dependence of extent and direction errors 
The large and consistent curvatures of the 30’ movements on movement direction is shown quantitatively in Fig. 2 for 

in patient MA, and of the 150’ movements in CF, suggest five controls and three patients. In this figure, extent and 
that both subjects apparently did not make the small amount direction errors are broken down into mean constant and 
of elbow extension and shoulder abduction necessary to variable errors and plotted separately for movements in the 
achieve linearity. Thus the patients largely confined these 30 and 150’ directions. The errors in the movements to 30’ 
movements to a single joint: they reduced the movement targets for right-handed subjects were combined with the 
to external rotation of the shoulder. Interestingly, for this biomechanically equivalent ones made to the 150” target for 
direction, the end points of movements to nearer targets in left-handed subjects. In each part of the figure, mean errors 
the same direction were distributed along the curved paths across subjects are indicated by the heights of the bars sepa- 
of the movements to the most distant targets (compare Fig. rately for movements in the 30 and 150’ directions. The 
1, A with B) . A similar correspondence of intermediate end- superimposed symbols show the mean errors of individual 
point distributions to the average path of movements to far subjects. We used t-tests to compare the mean errors of 
targets has been reported for subjects with intact propriocep- patients and controls. For variable extent error, constant di- 
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rectional error, and variable directional error, the mean errors 
of patients were significantly greater than those of controls 
for movements in each of the two directions (P < 0.05). 
For constant extent error, two of the three patients were 
markedly hypermetric for movements to the 30” target. How- 
ever, the difference between patients and controls did not 
quite reach statistical significance for this variable (P = 
0.06). It also can be seen in Fig. 2 that there is a tendency 
for constant errors of both extent and direction to differ 
systematically in the two directions. These direction-depen- 
dent differences in errors are present to a small degree in 
controls and appear much exaggerated in patients. Move- 
ments to the 30” targets are overshot and show positive 
(counterclockwise) directional errors. Movements to the 
150” targets are less overshot (and even slightly undershot in 
controls) and show negative (clockwise) directional errors. 
These directional differences can also be seen in the end- 
point distributions of Fig. 1. Thus, in general, patients make 
much larger variable and constant errors than control sub- 
jects, and directional differences between constant errors 
represent exaggerations of differences that are present in 
controls. 

Deafferented patients show a normal strategyfor 
controlling movement extent by scaling a stereotyped 
waveform 

In a preceding study (Gordon et al. 1994a), we showed 
that, in subjects with intact sensation, the small directional 
differences in movement extent are associated with larger 
variations in peak tangential velocity and acceleration, We 
therefore compared these trajectory parameters for move- 

FIG. 2. Mean errors in extent and direction 
in patients (n = 3) and controls (n = 5). 
E&h plot shows mean errors across all 5 target 
distances for movements made with the target 
set shown in Fig. 1. Heights of the bars repre- 
sent the mean errors for either patients or con- 
trols in one direction (30 or 150“). The super- 
imposed symbols show the mean errors of in- 
dividual subjects. A: constant extent error. B: 
variable extent error. C: constant directional 
error. D: variable directional error. 

ments in the two directions in the patients. Ensemble aver- 
ages of responses to the five targets in the two directions in 
patient MA show that the velocities and accelerations in- 
crease progressively with increasing target distance (Fig. 3). 
Moreover, trajectory shapes were the same for movements 
directed to targets at different distances (Fig. 3, bottom). 
Thus in both patients and controls movement extent was 
controlled by scaling a stereotyped waveform to the target. 
Nevertheless, there was a striking difference between the 
magnitudes of the velocities and accelerations in the two 
directions, even though the target distances were the same. 
Movements in the 30” direction had consistently higher peak 
velocities and accelerations than those in the 150” direction. 
A similar dependence of trajectory shape on movement di- 
rection was present in the other two patients. Control subjects 
also showed these differences (compare normalized trajecto- 
ries in the two directions Fig. 3, bottom), but they were 
generally smaller. 

To quantify the directional dependence of trajectory pa- 
rameters, we computed the means and SD of peak accelera- 
tion, peak velocity, and movement extent for each target. 
These are plotted against target distance for patient MA and 
for a control subject in Fig. 4. In both patients and controls, 
the peaks in velocity and acceleration increase with increas- 
ing target distance indicating the use of a “height control” 
strategy (Ghez 1979; Gordon and Ghez 1987a), in which 
movement extent is controlled by varying primarily the mag- 
nitude of muscle activations, rather than their duration. How- 
ever, the relative differences in amplitude of these peaks 
between movements at 30 and 150” are much greater in the 
patient (see also Fig. 3). For example, for the control subject 
whose data is plotted in Fig. 4, mean peak velocity is on 



352 J. GORDON, M. F. GHILARDI, AND C. GHEZ 

Patient MA 
150” 

Velocity 

% [~ 

Acceleration 

t”“““““‘l 
0 1200 ms 

Normalized Velocity 

Control JG 

Control JG 

average 26% higher in the 30’ direction than in the 150’ 
direction (averaging across all target distances). In the pa- 
tient, mean peak velocity in the 30’ direction is on average 
172% higher than in the 150’ direction. These results indicate 
that the extent errors made by deafferented patients do not 
reflect an anomalous strategy for controlling their move- 
ments. Instead they appear as exaggerations of systematic 
direction-dependent extent errors seen in subjects with nor- 
mal sensation. 

Systematic extent errors result from failure to compensate 
for inertial variations 

In a previous report (Gordon et al. 1994a), we showed 
that, in normal controls, differences in acceleration and ve- 
locity for movements in different directions reflect differ- 
ences in limb inertia. These differences in inertia are largely, 
but not completely, compensated by directional variations 
in movement time. We therefore asked whether the much 
larger direction-dependent extent errors in the patients could 
be attributed to a failure to compensate for differences in 
limb inertia. To address this question, we examined move- 
ments to a series of 24 targets arranged radially at 15’ inter- 

FIG. 3. Average velocities ( top yaw ) and accel- 
erations (middle TOW) of the hand for movements 
in 2 directions and with 5 distances in 1 patient 
(MA). Each trace is the average of 20 movements 
aligned on movement onset. Normalized velocity 
traces (bottom row) for the 5 target distances are 
superimposed for 1 control subject (JG) and the 
patient. Velocity traces were normalized using pro- 
cedures described in Atkeson and Hollerbach 
( 1985 ) . Averages of movements to targets in the 
150” direction are shown on the left; those to 30’ 
targets are shown on the right. 

vals at a constant distance from a common starting position. 
It should be recalled that the inertia of the limb at the hand 
has an elliptical contour (Hogan 1985). For movements in 
the horizontal plane, the long axis of this ellipse is oriented 
approximately in the direction of the forearm segment. This 
means that if a constant force were to be applied at the 
hand in different directions, the resulting initial accelerations 
would show a corresponding directional variation with the 
lowest accelerations in directions at or close to the forearm 
axis and the highest accelerations in directions perpendicular 
to the forearm axis. The resulting contour is referred to as 
a mobility ellipse. We use a method for estimating the shape 
and orientation of the mobility ellipse for each subject in a 
specific initial position (see Appendix I of Gordon et al. 
1994a for details). This method allows us to plot an ellipse 
that shows the expected variation in initial accelerations if 
the subject were to produce equal initial forces at the hand 
in all directions. It should be noted that the size of this ellipse 
is arbitrary. In Fig. 5, these ellipses are scaled to the average 
value of the actual peak accelerations. 

Figure 5 shows the hand paths of 144 movements (6 to 
each of 24 targets) performed by a right-handed control 
subject and patient MA (Fig. 5A) and by a left-handed con- 
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trol subject and patient CF (Fig. 5B). In patient MA, move- 
ments directed at -45 and 225” are markedly hypermetric, 
whereas in left-handed patient CF, and to a lesser extent in 
control FF, this occurs for movements in the 135 and 3 15’ 
directions. These are the directions in which limb inertia is 
least. Comparison of the polar plots in Fig. 5 (middle row) 
shows that, in both controls and patients, the peak accelera- 
tions are largest along these same directions, closely match- 
ing the mobility ellipses drawn in dashed lines. The orienta- 
tions of the acceleration ellipses relative to the axis of the 
forearm were opposite for the right-handed and left-handed 
subjects, in accord with the dependence of this anisotropy 
on limb inertia. However, whereas both control subjects sub- 
stantially compensate for these differences in peak accelera- 
tions, the patients do not. The lines fitted to the extent vectors 
in the patients have an elliptical shape, which has the same 
orientation and approximately the same eccentricity as those 
passing through the acceleration vectors. Thus the systematic 
errors in extent reflect a dependence of trajectory parameters 
on the inertial characteristics of the limb. 

As we have reported previously (Gordon et al. 1994a), 
the anisotropy in initial acceleration, which results from dif- 
ferences in limb inertia, is to a large degree compensated in 
subjects with intact sensation by variations in movement 
time. Thus as is illustrated in Fig. 6 (left), the movement 
time of control subjects shows directional fluctuations that 
mirror the directional differences in peak acceleration. This 
compensatory modulation is much more limited in the pa- 
tients (Fig. 6, right). The superimposed best-fitting lines 
show that the variations in movement time are poorly and 
inconsistently related to peak acceleration. The larger direc- 
tion-dependent errors in movement extent in patients thus 
can be attributed to a more severe failure to compensate for 
inertial anisotropy. 

To quantify the effect of inertial anisotropy on movement 
extent and duration, we computed the correlations of these 
variables with the peak acceleration in controls and in pa- 
tients. We reasoned that, because target distance is constant 
in the different directions, the movement extent in control 
subjects should not be correlated with variations in peak 
acceleration. Furthermore, if directional differences in inertia 
are compensated by variations in movement time, movement 
time should show an inverse correlation with peak accelera- 
tion. In contrast, to the degree that the systematic extent 
errors of patients reflected uncompensated directional varia- 
tions in inertia there should be high correlations of move- 
ment extent with peak acceleration and low correlations of 
movement time with peak acceleration. This is what we 
found (see Fig. 7). In controls, variations in peak accelera- 
tion accounted for O.l- 11.9% of the variance in movement 
extent (squared correlation coefficient), whereas in patients 
it accounted for much more (MA: 45%; CF: 46%; GL: 
24%). In controls, variations in peak acceleration accounted 
for a substantial amount of the variance in movement time 
(33-77%), but in the patients there was considerably less 
dependence of movement time on peak acceleration (MA : 
6.3%; CF: 5.6%; GL: 12.9%). 

Directional errors and curvature also are related 
systematically to movement direction 

The movements made by the patients also showed large 
errors in direction. Like the errors in extent, these errors 
varied systematically with the direction of movement (see 
Fig. 8). Data from a right-handed control and patient are 
compared in Fig. 8A and from a left-handed control and 
patient in Fig. 8B. Figure 8, top row, shows the directional 
errors of two control subjects and two patients plotted as a 
function of target direction. In some directions, errors tend 
to be positive (counterclockwise), and in other directions 
they tend to be negative (clockwise). These variations in 
directional errors vary progressively with changes in target 
direction, typically producing four cycles in the line fitted 
to the directional errors. The presence of four peaks of direc- 
tional density was not an invariant feature in control subjects. 
Some subjects showed additional peaks, such as A4FG in 
Fig. 8A. However, all control subjects showed some degree 
of clustering, with four peaks being the most common pat- 
tern. The magnitude of clustering also varied. The control 
subject MFG in Fig. 8A showed the least clustering, whereas 
control FF in Fig. 8B showed the largest peaks of all control 
subjects we have examined. Although these variations in 
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FIG. 5. Effect of inertial variation on hand paths (top), peak accelerations (middle), and movement extents (bottom) of 
2 control subjects and 2 patients. A : comparison of right-handed control subject (MFG) and right-handed patient (MA). B: 
comparison of left-handed control subject (FF) and left-handed patient (CF). Paths are displayed as in Fig. 1. Peak 
accelerations and movement extents are displayed in a polar format. Solid line in each polar plot represents a best fitting 
locally weighted scatter-plot smoother (LOWESS) line (see METHODS). Dashed line in the peak acceleration plots represents 
the computed mobility ellipse for that subject (see RESULTS). Straight lines in the acceleration plots indicate the orientation 
of the subject’s forearm in the starting position. Locations of the targets shown ( l ) in the movement extent plots. 

directional error were present in both controls and patients, 
Fig. 8 shows that they were much greater in the patients. 
Patients consistently showed peak densities that were higher 
than those of any of the controls. Similar increases both 
in the variability and in the depth of direction-dependent 
fluctuations in directional errors are present when the direc- 
tion of movement is measured at the peak acceleration in 
both patients and controls (not shown). Thus this type of 
directional errors results, at least in part, from errors in plan- 
ning. 

Because of this direction-dependent variation, there was 
a tendency for movement paths to cluster in certain regions 
of the workspace whereas other regions of the workspace 
show a relative sparseness ( see paths in Fig. 5). To analyze 
the clustering of movement paths, we plotted histograms of 
the movement directions for each subject fitted by a local 
density function. These histograms are shown as horizontal 
plots in Fig. 8 (second row) and the local density fits are 
plotted in a polar format in Fig. 8 (third row). Although 
there were typically four major peaks of density, two to five 
peaks could sometimes be identified. Two of these peaks, 

separated by HO”, are close to the axis of least inertia (the 
directions perpendicular to the orientation of the forearm- 
indicated by the dashed lines in Fig. 8, third row). Direc- 
tional errors toward the axis of least inertia are consistent 
with a lack of compensation for inertial anisotropy (Gordon 
et al. 1994a). The other two peaks tend to be orthogonal to 
this axis and are not easily explained by inertial factors. 
Possible explanations for these peaks will be considered in 
the discussion. It should be noted that, as can be seen in 
Fig. 8, the direction-dependent directional errors were less 
consistent across subjects than the systematic extent errors. 
Nevertheless, it is clear that this type of error is again much 
exaggerated in patients relative to controls. 

In addition to the errors in movement end points, the 
patients also showed prominent abnormalities in hand paths, 
which were frequently much more curved than those of con- 
trol subjects (see Fig. 1 and Fig. 5). Like directional errors, 
these abnormalities reflect incorrect specification of the rela- 
tive motions at the shoulder and elbow. Again, we have 
found this abnormality to be an exaggeration of a similar 
tendency in control subjects, and it is also direction depen- 
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dent. We used a measure of curvature in angular units: the 
difference between movement direction at the end point of 
movement and the direction at the peak acceleration (see 
METHODS ) . With this measure, a path curving in a clockwise 
direction will have a positive value and a path curving in a 
counterclockwise direction a negative value. 

Figure 9A shows a plot of curvature as a function of initial 
movement direction (taken as the direction from the origin 
to the spatial location of the hand at the time of the peak 
acceleration) for a representative control subject. Curvature 
systematically varies with initial movement direction and 
the LOWESS fit to the individual data points is reasonably 
close. Figure 9B shows the pattern of curvature in one of 
the patients (MA). The patient shows a very similar pattern 
as the control subject but the highest curvatures are more 
than twice those of the control subject. 

The patterns of curvature and their close relation to move- 
ment direction were highly consistent among control sub- 
jects. This suggests that the curvature may have a biome- 
chanical basis. However, whereas all three patients showed 
roughly similar patterns, the two patients not shown in Fig. 9 
had considerably more variability in curvature. Thus whereas 
some of the curvature seen in patients apparently arises from 

the same mechanism as in controls, there are likely to be 
other factors that contribute to curvature of individual paths 
in the deafferented patients. 

Beaferented patients exhibit impaired trajectury cnntrnl 
in slow movements 

The trajectories of slow movements also were disturbed 
severely in deafferented patients. Figure 10 shows a repre- 
sentative series of movements to eight targets selected from 
a series of movements in 24 directions performed by pntielzt 
A4A (right) and a control (left) after the instruction of mov- 
ing at slow and constant speed. In the control subject, paths 
were straight and terminated close to their targets. Although 
the velocities fluctuated somewhat during the course of the 
movements, once initiated velocities remain above zero until 
the target is reached. In control subjects, accuracy in the 
extent of slow movements was about the same in all direc- 
tions and was achieved by varying movement time (width 
or duration control) rather than by varying peak velocity, as 
occurs for rapid movements (Gordon et al. 1994b). In con- 
trast, the movements made by patient MA showed large 
errors in extent and direction. Movements in all directions 
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FIG. 9. Movement curvature (see METHODS for definition) and superimposed LOWESS line as a function of initial 
movement direction for control subject MG (A) and patient MA (B). 

were hypermetric. In some cases, the patient appeared to 
lose track of how long she had been moving and her hand 
eventually reached the end of the workspace. In other cases, 
the hypermetria resulted from large transient accelerations 
due perhaps to variations in friction between hand and tablet 
or to involuntary bursts of muscle activation (Forget and 
Lamarre 1987; Gordon et al. 1987). In some slow move- 
ments directed to targets from 90 to 180”, there were promi- 

nent bends in the hand paths. In these cases, the elbow 
initially was driven into full extension, and shoulder adduc- 
tion followed sequentially rather than occurring simultane- 
ously. When queried about sharp curves, the patient was 
unaware of their occurrence, believing that the hand paths 
had been straight. These prominent anomalies in slow move- 
ments demonstrate that, in addition to impaired feedforward 
control of relatively fast movements, in which compensation 

Control MFG Patient MA 

270” 

180” w-s 

225” ____ 

270” ___ l-4 tivwb4&- _ 

FIG. 10. Slow movements in a control subject (MFG) and a patient (MA). A: hand paths of the control subject (left) 
and the patient (right) plotted as in Fig. 1. Targets are shown as large circles. Target directions for each movement are 
indicated near the end point of each path. B : velocity traces corresponding to the paths shown in A. 
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for inertial factors plays a large role, there are also impair- 
ments of slow movements. At least some of these impair- 
ments appear to result from errors in the timing of move- 
ments at different joints. Impairments in interjoint coordina- 
tion in these patients have been studied in separate 
experiments and are reported elsewhere (Sainburg et al. 
1991, 1992, 1993a, 1994). 

DISCUSSION 

The present findings indicate that loss of proprioception 
by large-fiber sensory neuropathy produces disorders of tra- 
jectory formation in reaching movements and disorders in 
the specification of terminal posture at the end of movement. 
In addition to expected increases in variability, we found 
large curvatures of hand paths and end-point errors that var- 
ied systematically with the direction of the hand movements. 
This directional dependence suggests that the errors and cur- 
vatures have a biomechanical origin. Moreover, large errors 
in direction are present from the onset of movement (e.g., 
Figs. 1 and 10). This suggests that at least some of the 
trajectory errors of deafferented patients do not simply result 
from a failure of feedback correction, but also reflect distur- 
bances in the programming of movement itself (Ghez et 
al. 1990). Nevertheless, these findings alone do not prove 
conclusively that the trajectory errors of patients arise from 
errors in planning. In the following paper (Ghez et al. 1994)) 
we will present additional evidence for this. 

In accord with prior observations (Forget and Lamarre 
1987; Rothwell et al. 1982; Sanes et al. 1985), we found 
substantial increases in extent variability in patients. In sin- 
gle-joint movements, this type of error can be explained 
by increased variability in the magnitudes and durations of 
electromyographic (EMG) bursts in agonist and antagonist 
muscles as well as in the timing of antagonist contractions 
that decelerate the movements (Forget and Lamarre 1987; 
Gordon et al. 1987). Although we did not monitor EMG 
activity here, in a prior study of isometric contraction (Gor- 
don et al. 1987) and in a subsequent study of interjoint 
coordination (Sainburg et al. 1993a), there were substantial 
increases in EMG variability. Increases in extent variability 
in patients also might result from their inability to correct 
initial trajectory errors. Indeed, studies by both Rothwell and 
colleagues (1982) and Sanes and colleagues (1985) have 
demonstrated that patients with large-fiber sensory neuropa- 
thy fail to compensate for variations in external loads. In 
previous studies of isometric force control, we showed that 
control subjects are able to reduce initial trajectory variabil- 
ity through internal feedback mechanisms (Gordon and Ghez 
1987b). In parallel studies of force control in patients with 
large-fiber sensory neuropathy (Gordon et al. 1987), we 
found that patients exhibit increased initial variability of the 
programmed force impulse, reflective of a primary deficit 
in motor programming, with little or no internal feedback 
compensation. Inadequate information about the initial state 
of the muscles and joints and defective regulation of motor 
neuron excitability (Gandevia et al. 1990) could account for 
the deficits in programming. 

Patients used a normal scaling strategy in reaching to 
targets at different distances. Like control subjects, they 
scaled a stereotyped and bell-shaped trajectory profile in 
amplitude and time to the distance of the target (Atkeson 

and Hollerbach 1985). With multijoint movements, how- 
ever, there were additional and distinctive direction-depen- 
dent errors that have no analog in single-joint movements. 
Interestingly, these errors were exaggerated versions of 
much smaller systematic errors also present in controls. In- 
deed, we have shown previously that in normal subjects 
there exist systematic differences in the trajectories of move- 
ments in different directions that match variations in limb 
inertia (Gordon et al. 1994a). Movements in directions for 
which limb inertia is low have larger peak accelerations 
and velocities than movements made in directions in which 
inertia is high. Although these directional variations nor- 
mally are compensated by reciprocal variations in movement 
time, some residual inertial errors are present in control sub- 
jects. Patients generally show a similar dependence of initial 
acceleration on the direction of movement, but compensatory 
variations in movement time are much more limited. As a 
result the limb trajectory becomes dominated by limb inertia. 

As discussed previously (Gordon et al. 1994a), although 
such “inertial errors” might reflect a failure in motor plan- 
ning (i.e., in matching of the duration of motor neuron acti- 
vation to limb inertia), other possibilities also could account 
for these errors. In patients without proprioception, they 
might reflect the loss of a servomechanism compensating 
for a disparity between the actual and expected load, as has 
been proposed for external loads (Hammond 1960; Marsden 
et al. 1976, 1985). Alternatively, the absence of compensa- 
tory variations in movement time might be due to reduced 
joint stiffness in deafferented patients. This in turn might 
result from changes in the mechanical properties of muscles 
deprived of their normal feedback control (Nichols and 
Houk 1976; M. Levin and A. Feldman, unpublished observa- 
tions). Because the data presented in the next study ad- 
dresses more directly the question of which mechanism ap- 
plies, a fuller discussion of this will be taken up then (Ghez 
et al. 1994). 

Another striking characteristic of the movements made by 
deafferented patients is the presence of large directional er- 
rors. These also vary systematically with the direction of 
movement. They are in some cases so large that the patients 
appear unable to reach into local areas of the workspace, a 
phenomenon we have referred to as a ‘ ‘motor scotoma” 
(Ghez et al. 1990). As was the case for direction-dependent 
extent errors, much smaller directional fluctuations in direc- 
tional errors also are seen in controls. These errors can be 
explained partially by the same static model of limb inertia 
that predicted differences in initial acceleration (Gordon et 
al. 1994a). Indeed, because of the anisotropy in inertia at 
the hand, if subjects were to direct the initial force at the 
hand in the directions of the targets, initial accelerations 
would deviate from the force directions. These errors would 
result in clustering toward the axes of least inertia, as occurs 
dramatically in the patients. 

In addition, however, we find clusters of responses in 
directions that are orthogonal to the axis of least inertia. 
These do not appear to be explained simply by inertia. One 
possibility is that, in tasks like those we have examined here, 
subjects plan the initial muscle activations for moving the 
hand in different directions by implementing simple rules 
based on the difference between the intended direction and 
the orientation of the forearm (Karst and Hasan 199 la,b) . 
However, this does not explain why the errors of deaffer- 
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ented patients should be so much larger than those of control 
subjects. 

An alternative possibility is that interaction torques, which 
become prominent during movement, contribute to the gen- 
eration of the curvatures and the extra peaks in direction 
density. In separate experiments, involving reversal move- 
ments, we have shown that deafferented patients are unable 
to compensate for interaction torques at the elbow (Sainburg 
et al. 199 1, 1992, 1994). Abnormalities of the EMG patterns 
in this more complex two-joint reversal task suggests that 
errors in muscle activation may have systematic dependen- 
cies as well. Thus control subjects make directional adjust- 
ments in the timing of elbow and shoulder muscle activation 
anticipating the occurrence of interaction torques. In con- 
trast, patients exhibit a greater degree of stereotypy as well 
as increased cocontraction. The effects of these anomalies 
in control were almost certainly not adequately captured by 
the above-mentioned simulations. In future experiments we 
plan to investigate whether the presence of complex interac- 
tion torques during movement produce some of the errors 
seen here by recording joint angles and determining the con- 
tributions of interaction torques to movements in different 
directions. 

These studies also raise the possibility that loss of proprio- 
ception may impair precision in the timing of movement 
sequences in general. For example, proprioceptive signals 
from muscle receptors might provide temporal cues about 
the actual time course of an evolving movement in which 
different muscle groups have to be serially activated (Cord0 
1990). Such signals appear to be important in timing phase 
reversals in cyclic behaviors such as locomotion and 
scratching in the cat (Grillner 1979) and wing flapping in 
the locust (Buschges and Pearson 199 1) . Moreover, the con- 
tinuous stream of proprioceptive input during movement also 
could provide information used to assess elapsed time. Anal- 
ysis of triphasic EMG patterns in single-joint force impulses 
and movements suggests a significant disturbance in the tim- 
ing of a simple agonist-antagonist sequence (Forget and La- 
marre 1987; Gordon et al. 1987). Studies of performance 
in tapping tasks also have indicated that timing accuracy is 
impaired in deafferented patients (Ivry and Keele 1989; 
Larue et al. 1993). 

A final point is that, apart from the disturbances in trajec- 
tory formation, deafferented patients were unable to cor- 
rectly specify movement endpoints. Instead of terminating 
abruptly, there were conspicuous drifts and secondary move- 
ments at the end of most movements (Fig. 1). Interestingly, 
the direction of movement during these secondary move- 
ments was often quite different than that during the transport 
phase of the movement itself. In some cases (see especially 
the movements to the 150’ targets by patient MA in Fig. 1) , 
drifts occurred as the movement slowed down. In other 
cases, the movement almost came to a complete stop before 
being accelerated in a new direction. This would imply that 
the hand locations specified by the postural commands at 
the end of movement differed from the hand locations toward 
which the movements were aimed. 

In addition, the patients were unable to move their hand 
at slow sustained speeds. Instead, their movements showed 
discontinuities and periodic arrests. This could have resulted 
in part from variations in friction of the hand on the tablet. 
However, it also may have reflected the inability of deaffer- 

ented patients to maintain a steady force as described by 
others (Rothwell et al. 1982; Sanes et al. 1985) in single joint 
tasks. This would involve a disorder in feedback control. 
However, the large directional errors and the occasional 
bends in hand paths that also occur in slow movements arise 
from significant disturbances in interjoint coordination that 
are unlikely to result purely from impaired feedback and 
therefore probably reflect impaired planning. 

These studies of patients with severely impaired somato- 
sensory input demonstrate that, in addition to its contribution 
to feedback control, proprioceptive information from the arm 
plays an important role in the planning of reaching move- 
ments. The errors made by such patients represent, in most 
cases, exaggerations of errors that also are made by subjects 
with intact sensation. These errors appear to reflect an inabil- 
ity to compensate for the complex mechanical properties 
of the arm, notably variations in inertia. This suggests that 
proprioceptive input contributes to a representation, or 
model, of the mechanical properties of the arm that is neces- 
sary for accurate movement planning. In the companion pa- 
per, we test this hypothesis more directly by examining 
whether deafferented patients can reduce their errors through 
the use of visual input about the position and movement of 
their arm. 
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