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SUMMARY AND CONCLUSIONS 

I. The experiments described here are 
addressed at identifying some of the proc- 
esses underlying arm movements in mon- 
keys. 

2. We used three adult monkeys that 
were trained to point to a target light with 
the forearm and hold at that position for 
about 1 s in order to obtain a reward. Dur- 
ing the experimental sessions the monkey 
was seated in a primate chair and its fore- 
arm was fastened to an apparatus that per- 
mitted flexion and extension of the forearm 
about the elbow in the horizontal plane. 

3. We tested their performance prior to 
and after bilateral dorsal rhizotomy (C, - T3). 
Forearm movements were performed with- 
out the sight of the arm both before and 
after the surgical intervention. In intact ani- 
mals we unexpectedly displaced the arm 
prior to movement initiation (150-200 ms) 
and observed the outcome of this displace- 
ment on movement termination. Our results 
indicated that the arm moved accurately to 
the target. The same procedure was used in 
the deafferented monkeys, yielding qualita- 
tively the same results; i.e., a displacement 
of the initial position did not affect the at- 
tainment of the intended final position. 

4. These results are relevant to the ques- 
tion of what is being controlled by motor 
commands. It appears that the controlled 
variable is an equilibrium point resulting 
from the interaction of agonist and antago- 
nist muscles. Consequently, a change in the 
equilibrium leads to movement and the at- 
tainment of a new posture. The fact that 
both intact and deafferented monkeys dis- 
play essentially similar motor behavior in 
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our highly practiced task should not obliter- 
ate the dramatic difference in motor per- 
formance that exists between intact and 
rhizotomized animals. In fact, the success- 
ful execution of the learned motor perform- 
ance in the deafferented animal is contingent 
on the animal’s body being in a fixed relation 
to the arm apparatus. Whenever we changed 
the usual spatial relationship between the 
monkey’s body and the arm apparatus, the 
animal’s pointing response to the target was 
inaccurate. All of our intact monkeys, in 
contrast, were able to compensate quickly 
for any variations in their accustomed posi- 
tion with respect to the arm apparatus. The 
dramatic inability of the deafferented mon- 
key to execute accurate pointing responses 
in an unusual postural setting underscores 
the great importance of the afferent feed- 
back. These findings suggest that, in the per- 
formance of visually evoked learned move- 
ments, one of the major functions of the 
afferent feedback is in the adaptive modi- 
fications of learned motor programs. 

INTRODUCTION 

While there is little doubt that certain 
motor tasks depend on neural patterns that 
are programmed prior to movement initia- 
tion (15, 24-27), it is not yet clear which 
parameters of movement these programs 
control. It is also unclear whether we can 
conceive of a motor program as an assembly 
of a number of processes or modules, each 
specifying a particular function such as the 
control of velocity or the control of final 
position. In this study we have focused on 
these issues and particularly on those proc- 
esses that subserve both the movement of 
the arm to a visual target and the acquisition 
of final arm position. 
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The idea that movement and posture are 
subserved, to a first approximation, by a sin- 
gle mechanism is not entirely new. Asatryan 
and Feldman (2, 9, 10) have, in fact, sug- 
gested that arm movements in man may re- 
sult from a shift in the equilibrium point 
of the muscle-load system. On the basis of a 
completely different type of study, investi- 
gators have similarly concluded that speech 
may be controlled by central commands that 
specify final vocal tract configurations 
rather than particular patterns of movement 
(18). Bizzi et al. (4), in a recent study on 
head-movement termination in both intact 
and deafferented monkeys, have described 
findings that are consistent with this idea. 

The present study was designed to inves- 
tigate not only some aspects of the central 
processes or programs subserving arm 
movement to a visual target, but also the 
importance of afferent proprioceptive input 
in the adaptive calibration of the central pro- 
gram specifying final position. 

METHODS 

These experiments were performed on three 
adult rhesus monkeys (Macaca mulatta) trained 
in a pointing task. The monkeys sat in a primate 
chair with the right arm strapped to a splint, 
which was clamped to a manipulandum that al- 
lowed rotation of the forearm about the elbow in 
the horizontal plane (Fig. 1). The pointing task 

required that the monkey position its hand in 
front of a small target light. Seventeen target 
lights, which were yellow light-emitting diodes, 
were spaced at 5” intervals along a small arc 
centered around the axis of rotation of the elbow. 
The monkeys were trained to point to whichever 
light was on and to hold the arm at that posi- 
tion for about 1 s. To obtain a reward (juice), 
the monkey had to point to an electrically defined 
target zone centered on the target light. The 
zones were 12-H’ wide. This width was found 
to make the task moderately hard without requir- 
ing the monkey to hunt for the target zone with 
a zigzag approach. In the intertrial interval (3- 
5 s), the monkey was free to choose any arm 
position. 

Arm movements were monitored by means of 
a precision potentiometer at the end of the pivot 
shaft. A torque motor, coupled to and concentric 
with the shaft of the pivot arm on which the el- 
bow rested, was used to load the arm. Strain 
gauges mounted on the shaft permitted precise 
measurement of the load applied. Muscle activity 
was monitored by means of Teflon-coated wires 
whose ends were scraped and implanted percu- 
taneously in the biceps and in the long head of the 
triceps muscle. On some occasions as many as 
six leads were implanted in a single muscle to 
obtain a better estimate of total muscle activity. 

The experiments were conducted in a dark 
room, and an opaque cover was placed over the 
arm shield to prevent the animals from seeing 
the right arm. A PDP-11 computer controlled 
the experiment automatically and acquired the 
data in real time. 

FIG. 1. Monkey set up in arm apparatus. Arm is strapped to splint, which pivots at elbow. Target lights 
are mounted in perimeter arc at 5” intervals. During experimental session, the monkey was not permitted to 
see its arm, and the room was darkened. 
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FIG. 2. Schematic representation of event sequence during a trial. Trials lasted between 2 and 2.3 s unless 
terminated sooner by a reward. Inter-trial interval was randomized between 3 and 5 s. Target zone was approxi- 
mately 12” wide and could be positioned over a 70” range. 

Training procedure 

Each trial was started by a tone and the ap- 
pearance of a flashing target light. Trial duration 
was randomized and gradually shortened to 
about 2 s. Inter-trial intervals were also random- 
ized (3-5 s). When the monkey’s arm moved 
into the target zone, the light stopped flashing 
and stayed on continuously. The frequency of 
the tone also changed at this time. The position 
of the light was randomized from trial to trial, 
and the computer program checked so that the 
monkey’s arm was not in the target zone in which 
the light would next appear so that the monkey 
would be forced to move its arm on each trial. 
In addition, the computer program ascertained 
that the limb remained continuously within the 
correct zone for 1 s prior to reward delivery. 

Testing procedure 

Once the monkey was proficient in this task, 
the changes in tone and light flashing when the 
monkey moved into the target zone were elimi- 
nated. Trials were either loaded or unloaded, and 
loads were applied about 20% of the time. The 
load most often used was a constant torque load 
whose onset time, duration, amplitude, and di- 
rection were randomized to prevent the monkey 
from predicting load characteristics. In most in- 
stances, the load was applied 150-200 ms prior 
to movement initiation for a duration that ranged 
between 100 and 180 ms and caused the initial 
position of the arm to be displaced. In other 
cases, the load was applied during the movement 
or when the monkey’s arm was in the target zone. 
Figure 2 schematizes the sequence of events dur- 
ing a trial. 

Deafferenta tion procedure 
After the preoperative experiments were per- 

formed, a bilateral cervical and upper thoracic 
(C,-T,) dorsal rhizotomy was performed intra- 
durally to eliminate afferent input from the arm. 

The completeness of the dorsal root section, 
which was performed using a dissecting micro- 
scope, was tested by repeatedly looking for a 
stretch reflex change in the muscle activity 
(EMG) when the arm was unexpectedly loaded. 
The completeness of the root section was also 
checked anatomically by examining serial sec- 
tions stained with modified Fink-Heimer and 
cresyl violet stains. 

After a short recovery period (2-5 days de- 
pending on the condition of the monkey), arm 
movements were recorded under the same con- 
ditions as for normal monkeys. The delivery of 
reward, which occurred only if the forearm was 
correctly oriented within the target zone for 1 s, 
represented the only source of feedback. 

The data recorded were arm position, velocity, 
and acceleration, strain-gauge output, and EMG 
activity from biceps and triceps muscles. The 
data were sampled at lo-ms intervals and stored 
in the computer during the experiment. 

Analysis of jinal position 

Final position was analyzed by computing the 
average final position achieved at each target 
zone. The mean final position, its standard de- 
viation, and the sample size for each target were 
then used to compute the regression line that best 
fit the plot of forearm final position versus target 
position. In addition, t tests were used to com- 
pare the final positions achieved at each target 
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zone i n the unload 
in the loaded trials 

ed trials with those achieved 

RESULTS 

Effects of disturbances of arm initial 
position on accuracy of arm jnal 
position in intact monkeys 

To induce changes in initial arm position, 
short-duration constant-torque loads were 
applied during approximately 20% of the 
trials, randomly selected. The intervals be- 
tween presentation of the target light and 
load onset were random. In addition, dura- 
tion (which ranged between 100 and 180 ms), 
direction, and amplitude of the loads were 
also randomized to prevent the monkey 
from predicting load characteristics. The 
load was timed so that it was often removed 
just prior to arm-movement initiation. On 
the average, the load displaced the arm 
about 10”. 

Figure 3 shows examples of A, a typical 
arm movement; B, a movement in which the 
load displaced the arm away from the target; 
and C, a movement in which the load dis- 

placed the arm toward the target. Although 
the proprioceptors were unexpectedly stim- 
ulated when the loads were applied, the 
monkeys were still able to perform consis- 
tently; as shown in Table 1, there were no 
significant differences among the final posi- 
tions achieved in the three conditions. Table 
2 shows that the performance of the mon- 
keys is described very well by a straight 
line (high value of r2>, and that the slope 
and intercepts are close to those anticipated 
for the perfect subject. 

Arm movements made by 
deafferented monkeys 

Figure 4 shows some typical movements 
to visual targets made by deafferented mon- 
keys that were unable to see the right arm. 
Table 3 summarizes a study of the consis- 
tency of the movements to different target 
lights. Straight lines were fit to these data to 
see to what extent the overall performance 
was biased. The good fit by a straight line 
to the plot of final position versus target 
light indicated that the deafferented mon- 
keys performed essentially as the intact ani- 

Arm / 

FIG. 3. Flexion movements made by intact monkeys to visual targets without sight of their limbs. A : a normal, 
unloaded movement and the pattern of EMG activity recorded from biceps and triceps muscles. B: a movement 
in which the torque motor has displaced the arm away from the target. C: an instance in which the motor moved 
the limb toward the target zone. In both cases, the forearm reached the correct final position. Note in B and 
C an increase in activity of stretched muscles. Time calibration, 1 s; vertical bar, 15”. L indicates timing and 
duration of load application. Target light is on during actual pointing. Initial forearm position was different 
from trial to trial. 
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TABLE 1. Performance in intact animals 

Light No. Normal, deg Displaced, deg t 

2 -29.0 k 3.8 (11) 
3 -26.0 + 5.2 (2) 
4 - 19.0 k 4.9 (8) 
5 -8.5 + 2.3 (9) 
6 -3.8 f 2.3 (9) 
7 0.4 t 3.8 (11) 
8 5.6 + 3.9 (17) 
9 11.0 + 4.0 (24) 

10 12.0 -I 5.7 (20) 
11 20.0 + 3.2 (10) 

4 -17.0 + 3.2 (7) 
6 -5.7 + 2.0 (12) 
7 3.3 + 7.5 (13) 
8 7.0 + 5.7 (18) 
9 11.0 + 4.0 (21) 

10 16.0 + 4.4 (25) 
12 28.0 + 3.5 (13) 
13 28.0 + 3.3 (9) 
14 37.0 + 5.0 (4) 

- 18.0 + 3.2 (19) -17.0 * 5.9 (7) 0.425 
-13.0 + 5.3 (32) -11.0 + 6.3 (9) 0.824 
-11.0 + 9.7 (4) - 10.0 k 9.4 (2) 0.12 

5.1 I!I 4.4 (17) 5.2 iz 5.8 (7) 0.04 
1.8 + 5.7 (17) 3.7 + 6.2 (5) 0.61 
7.8 + 4.0 (21) 6.7 + 5.5 (6) 0.456 

26.0 + 7.4 (4) 27.0 -+ 5.2 (4) 0.22 

Monkey M69 

Monkey M72 

Monkey G-9 

-30.0 + 3.4 (11) 0.65 
-25.0 + 3.5 (5) 0.25 
-15.0 + 9.7 (5) 0.856 
-13.0 + 8.0 (9) 1.62 

-5.8 -i 4.0 (9) 1.30 
-1.5 t 8.9 (8) 0.328 

4.9 + 4.5 (12) 0.435 
12.0 + 3.4 (15) 0.503 
14.0 f 3.7 (14) 1.239 
21.0 t 3.4 (20) 0.790 

- 19.0 * 0.66 (2) 

2.1 + 4.8 (6) 0.420 
7.1 + 4.3 (8) 0.05 
9.5 t 4.0 (9) 1.53 

15.0 k 5.9 (11) 0.503 
30.0 + 4.2 (6) 1.01 
33.0 + 2.6 (3) 2.688* 
37.0 Ik 6.6 (2) 0.02 

1.54 

Values are means I~I SE of average final position during normal trials and trials in which the initial 
position of the arm was displaced within the reaction time of the monkey. Data from several sessions were 
pooled to provide a larger sample of loaded movements. Figures in parentheses are ~2. Column labeled displaced 
indicates final position reached by the arm when its initial position was displaced. Lights spaced at 5” intervals. 
* Significant difference at 0.05 level for two-tailed test since we are testing whether means are different or not. 

TABLE 2. Linear regression analysis of data in Table 1 

Monkey Condition Slope Intercept r2 SE n 

M5.5 Normal 5.9 -39 0.91 4.0 120 
Displaced 5.5 -37 0.879 1.2 113 

M69 Normal 5.4 -38 0.925 1.1 124 
Displaced 5.7 -41 0.919 1.3 108 

M72 Normal 5.6 -40 0.887 0.93 120 
Displaced 5.5 -39 0.828 1.6 66 

G-9 Normal 
Displaced 

4.8 -40 0.887 0.93 120 
4.4 -34 0.829 2.5 40 

Values show good fit of straight line to data of target position versus final position. Ideally, the slope 
should be 5” per light number, and the intercept should be -40” from the straight-ahead position (corresponding 
to an elbow angle of about 98”). r2 is the square of the correlation coefficient, SE is the standard error of the 
intercept, n is the sample size. 
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ARM MOVEMENTS MADE BY DEAFFERENTED MONKEY 

p*+ 

0 

1 Sec. 

FIG. 4. Typical unloaded arm movements made by deafferented monkeys to visually presented targets. 
The horizontal lines drawn between biceps and triceps tracings indicate a joint angle of about 90”. In all cases 
the monkey moved correctly to the target zone and obtained a reward. Note that initial forearm position was 
different from trial to trial. 

mals did on this task (Table 4). An exam- 
ination of a large number of movements sug- 
gested that deafferented monkeys did not 
usually overshoot the target zone. As in the 
movements of intact animals, there ap- 
peared to be some oscillation in the trajec- 
tories of deafferented monkeys, suggesting 
a slight underdamped system. 

The characteristics of the EMG seen in 
deafferented animals are similar to those ob- 
served in normals: a burst of activity in the 
agonists followed by a lower level of tonic 
activity during the rest of the movement and 
the holding phase. Similarly, the antagonists 
sometimes showed some activity near the 
time of peak velocity (16, 17). To test 
whether this activity was produced by cur- 
rent spread from the agonists, bipolar elec- 
trodes with a small separation between the 
two tips were inserted into the muscles 
rather superficially. The results of this test 
made it clear that it was the activity in the 
antagonists, not the spread of signals from 
the agonists, that was being recorded. This 

finding is evidence of braking actions being 
a component of trajectory control. 

Effects of disturbances of initial 
position on accuracy of Jinal position 
in deafferented monkeys 

Short-duration loads were applied under 
the same conditions as in intact monkeys. 
Figure 5 shows a number of movements 
made to different targets after the initial arm 
positions were displaced. In some cases the 
loads displaced the arm away from the target 
and in others, toward the target. As might 
be expected, since the animal was devoid 
of sensation in the arm, neither displace- 
ments away from nor toward the target 
evoked either an increase or a decrease in 
muscle activity. The average final position 
at each target zone was computed (see Ta- 
ble 3), and a regression line was fitted to 
these data. Table 4 shows that these lines 
correspond to the positions of the lights and 
that a straight line gives an excellent fit to 
the data. For each target position, t tests 
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TABLE 3. Performance in deafferented animals 

Light No. Normal, deg Displaced, deg t 

4 -21.0 + 2.0 (12) - 21.0 k 6.7 (3) 
5 -11.0 t 3.0 (6) -8.0 + 2.0 (4) 
7 0.7 + 1.4 (5) 0.0 + 0.0 (1) 
8 4.4 + 4.3 (10) 0.0 t 3.0 (3) 
9 10.0 + 3.9 (25) 10.0 + 3.0 (7) 

10 17.0 * 3.0 (43) 17.0 k 4.0 (22) 
11 22.0 + 3.4 (63) 21.0 t 3.3 (18) 
12 27.0 t 4.6 (26) 26.0 ? 5.2 (10) 
13 30.0 * 4.4 (33) 33.0 + 3.3 (4) 
14 33.0 + 3.9 (29) 35.0 + 3.0 (8) 
15 39.0 + 3.4 (39) 37.0 + 2.5 (3) 

Monkey M69 

-25.0 IL 3.6 (10) 
- 17.0 +_ 4.4 (16) 

-7.0 + 3.9 (6) 
-4.3 + 4.7 (4) 

2.6 + 4.0 (10) 
4.0 2 3.2 (6) 

11.0 + 2.0 (6) 
14.0 + 3.9 (6) 

- 19.0 + 6.4 (15) 2.99* 
- 14.0 + 6.2 (17) 1.61 

-6.2 + 3.0 (6) 0.398 
-3.3 + 4.3 (8) 0.357 

0.2 + 7.0 (8) 0.510 
4.0 k 4.8 (5) 0.04 
8.6 t 3.0 (5) 1.52 
8.0 + 7.5 (5) 1.89 

Monkey M72 

-31.0 + 7.3 (2) -29.0 + 3.3 (4) 0.369 
- 17.0 2 4.4 (10) - 17.0 + 4.5 (13) 0.04 

-9.8 + 5.6 (29) - 10.0 + 4.1 (45) 0.165 
0.0 IL 4.9 (31) 0.46 + 3.4 (25) 0.413 
4.6 + 4.2 (24) 5.5 + 3.9 (29) 0.911 
9.6 + 3.6 (23) 12.0 + 3.7 (12) 1.838 

16.0 f. 3.9 (13) 16.0 k 3.7 (25) 0.08 

Monkey G-9 

0.02 
1.89 

2.0 
0.07 
0.103 
1.126 
0.533 
1.649 
1.55 
1.29 

Values are means + SE of average position during normal trials and trials in which the initial position 
of the arm was displaced within the reaction time of the monkey. Data from several sessions were pooled to 
provide a larger sample of loaded movements. Figures in parentheses are n. Column labeled displaced 
indicates final position reached by the arm when its initial position was displaced. Lights spaced at 5” intervals. 
* Significant difference at 0.05 level for two-tailed test since we are testing whether means are different or not. 

TABLE 4. Results of linear regression analysis of final-position data for 

deafferented monkeys 

Monkey Condition Slope Intercept Y2 SE n 

Mb9 Normal 5.7 -41 0.918 1.3 73 
Displaced 5.6 -40 0.951 1.0 69 

M72 Normal 5.0 -34 0.810 1.4 166 
Displaced 5.3 -37 0.879 1.0 183 

G-9 Normal 5.5 -40 0.941 1.0 216 
Displaced 5.3 -38 0.909 1.9 102 

Values shown for normal movements and movements in which initial position was displaced. Slope is in 
terms of degrees per target light and should ideally be 5” per light. Intercept should be -40” (position of 
light no. 1). r2 is square correlation coefficient, SE is standard error of intercept, n is sample size. Data 
from several days were pooled to obtain a larger sample of loaded movements. 
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ARM MOVEMENTS MADE BY DEAFFERENTED MONKEY 
(WITH INITIAL POSITION DISPLACEMENT) /Biceps 

* I 

1 Sec. 

FIG. 5. Examples of movements to different targets performed by a deafferented monkey. In all these ex- 
amples the initial position of the limb was changed shortly before the voluntary initiation of muscle activity. 
Note the absence of stretch-related activity, suggesting that the animal was, indeed, functionally deafferented. 
In all cases the movement was performed correctly. In A, the torque motor displaced the forearm away from 
the final position. In B, the forearm was displaced toward final position. Timing and duration of load applica- 
tion indicated by arrows. 

were performed to test for differences be- 
tween the unloaded and the loaded average 
final positions. No significant differences 
were found. 

The results of this experiment are consis- 
tent with the hypothesis that movements are 
preprogrammed. Since the animals had no 
information about the mechanical events 
caused by the loads, the motor plan speci- 
fying final position was not affected. In these 
cases only the trajectory was disturbed, not 
the final equilibrium point. 

Postural maintenance as an 
active process 

Figure 6 shows that the application of a 
torque step of long duration to the arm 

of an anesthetized, deafferented monkey 
causes a displacement of the arm toward 
the load. After a short time, the arm comes 
to rest in a new position; it remains in this 
position until the load is removed, at which 
time it moves back to its initial position. 
In the anesthetized, deafferented prepara- 
tion, the exact position that the arm takes 
depends on such factors as how the animal 
is supported, the exact orientation of the 
forearm in the splint, and the distance of 
the pivot arm from the trunk. However, our 
observation indicates the presence of the 
elastic restoring force. 

The results described above show that 
postural maintenance requires, under the 
conditions studied, that the nervous system 
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monkey when bias loads were applied to the 
arm. Typically, the monkey would attempt 
to make a movement to a target, but would 
overshoot or undershoot the target, become 
very upset at its failure to get a reward, and 
stop performing. Its arm would, of course, 
be pushed in the direction of the maintained 
load, causing a shift in the preferred posi- 
tion in between the trials. 

FIG. 6. Springlike behavior of the elbow joint of 
anesthetized, deafferented monkey when constant 
torque load is applied. During application of load, arm 
moves to new equilibrium position determined by load 
size. The arm returns to its old position when the load 
is removed. Arrows indicate time of load onset and 
offset. 

must actively coordinate the force output of 
all the muscles acting on a joint so as to 
balance the elastic restoring forces. 

Effects of changes in point of rotation 
of elbow on limb movements 

Two postural manipulations were used in 
both the intact and the deafferented mon- 
keys. One manipulation consisted in apply- 
ing a constant torque load in the direction 
that flexes the arm. Thus, movements 
toward targets requiring flexion were aided, 
whereas movements requiring extension 
were hindered. In both cases the monkey 
had to adjust its motor output to avoid over- 
shooting or undershooting the target. The 
intact monkeys were able to make essen- 
tially normal movements within a few at- 
tempts. 

The behavior of the deafferented monkey 
was in marked contrast to that of the intact 

Normal Position 

A second type of manipulation involved 
shifting the center of rotation of the elbow 
rest 1 or 2 inches forward from the monkey’s 
body, a maneuver that caused a change in 
the canonical position of the arm. This pro- 
cedure also changed the joint angle required 
to point at the different lights (see Fig. 7). 

The intact animal had little difficulty deal- 
ing with this novel posture and, as in the 
case of the bias loads, adjusted to it in a 
few movements. The deafferented monkey, 
on the other hand, performed poorly in this 
posture. Table 5 shows the results from one 
such session. The table shows that the ani- 
mal performed poorly even when it could 
see its arm. 

DISCUSSION 

The experiments described here were di- 
rected at investigating some of the processes 
controlling forearm movement in monkeys. 
To this end, we studied the way in which 
intact and deafferented monkeys pointed 
with the forearm to visual targets following 
unexpected changes in initial arm position. 
We will first discuss the significance of the 
results obtained by changing an initial arm 
position, and second we will consider the 
role of afferent feedback elicited during arm 
movements. 

Perimeter 

Elbow Forward 

Schematic representation of postural manipulation performed on intact and deafferented monkeys. 
that moving The normal position of the manipulandu m is shown on the left. The diagram on the right shows 

the elbow forward causes the normal rel ation between joint angle and target light to be changed. 
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TABLE 5. Effects of changing normal 
position of elbow in deafferented animals 

Successful 
Trials/Total 

No. of 
Trials Elbow Position 

2 l/30 
8/30 

2 l/30 
1 l/30 

2413 1 

Normal position 
Moved forward 2 inches 
Back at normal position 
Moved forward 2 inches, sight of arm 

permitted 
Back at normal position, sight 

permitted 

Ratio of successful trials versus total number of 
trials indicates the effect of changing the normal 
position of the elbow. The table shows that the 
monkey did significantly worse on those trials in 
which the elbow was moved forward, changing the 
normal relation obtained between the target light and 
the joint angle required to point at the light. These 
results were obtained in a single experimental session. 

Traditionally, voluntary movements to a 
target have been thought to be controlled by 
means of continuous feedback, and the ter- 
mination of such movements has been 
thought to be dependent on signals from the 
proprioceptive system (8, 11). This might be 
true for certain classes of movement, but 
for our monkeys, who had learned the task 
very well by the time of deafferentation, it 
is conceivable that most parameters of 
movement, including its termination, might 
be controlled by a central program. The abil- 
ity of our monkeys to execute forearm 
movements as soon as 2 days after the sur- 
gery is certainly consistent with this hy- 
pothesis. However, we should point out that 
the movements we studied did not require 
a very accurate termination because the 
zone centered on the target light was lo- 15” 
wide. Consequently, our observations indi- 
cate that our deafferented animals had the 
capacity of carrying out rather coarse move- 
ments. The question of whether precise, fine 
movements could be executed even in the 
absence of afferent return was not investi- 
gated. 

It might be argued that adequate forearm 
movements were possible because of in- 
complete deafferentation. We believe this 
to be unlikely. We extensively searched for 
short-latency reflex responses in the EMG 
after sudden arm displacement, but never 
found any evidence of such responses. Our 

observations of the predictable errors made 
by the animals when constant bias loads 
were applied even more strongly suggested 
that the deafferentation was functionally 
complete. These observations ,also implied 
that the slow-conducting, unmyelinated fi- 
bers in the ventral roots (5), as well as the 
few myelinated fibers described in some 
species (6, 13), do not provide the type of 
information about external disturbances 
that could have been used by the deaffer- 
ented animals in our study to adjust forearm 
movements. 

Fast motor relearning soon after deaffer- 
entation should also be considered. We be- 
lieve this to be unlikely because our deaf- 
ferented monkeys were very slow learners. 
These animals had considerable difficulties 
in adjusting their motor performance when a 
bias load was applied to the arm, even while 
they could see the arm. In addition, although 
they were able to perform adequately with 
their arm in the splint during the experi- 
mental trial, they did not otherwise engage 
in spontaneous motor behavior for at least a 
week after deafferentation. With the fore- 
going considerations in mind, we feel that it 
is reasonable to assume that at least some of 
the processes that subserve arm motility in 
the intact animal continue to be operative af- 
ter deafferentation. Whether, in time, some 
modification in the central programs will oc- 
cur in our deafferented animals is for the 
moment a moot question. However, any 
‘ ‘relearning” would still require that arm 
movements are controlled by a central pro- 
gram, albeit a new one, operating without 
any feedback other than “knowledge of re- 
sults” obtained through the delivery of re- 
wards. 

We shall now put forward our interpreta- 
tion as to why a sudden change in initial 
arm position is not followed by an error in 
final position in either intact or deafferented 
monkeys. Clearly this finding indicates that 
central commands must be able to control 
final arm position independently of initial 
position. We believe that, to a first approxi- 
mation, our seemingly unexpected findings 
can be explained by postulating that the mo- 
tor program specifies, through a selection of 
a set of length-tension properties in agonist 
and antagonist muscles, an equilibrium 
point between these two sets of muscles that 
correctly positions the arm in relation to the 
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visual target. This view may be illustrated 
by reference to a simple mechanical analog. 
Assume that the muscles moving a body seg- 
ment can be represented by springs whose 
resting length can be set at some value and 
by damping elements, for instance, a pair 
of springs acting across a hinge in the ago- 
nist-antagonist configuration. If the CNS 
were to specify a new length-tension rela- 
tionship for one of the springs, movement 
would occur until a new equilibrium point 
of the two opposing springs was reached. 
According to this hypothesis, movements 
are at the simplest level transitions in pos- 
ture. 

This view ought to be qualified. First, al- 
though we may have detected a process un- 
derlying arm movement, it is certainly not 
the only process that occurs during the 
movement. It is quite clear that the arm 
movements that monkeys use to reach a 
given position can vary in velocity. Conse- 
quently, the mechanism by which an in- 
tended posture is achieved must coexist 
with a mechanism specifying intended arm 
velocity. According to this view, the way 
in which arm movements are programmed 
resembles oculomotor control in the sense 
that eye saccades are thought to be con- 
trolled by a process specifying eye velocity, 
the so-called pulse-generating mechanism, 
while final eye position is determined, 
presumably, by a separate mechanism. 

Second, although the experiments re- 
ported here were directed at understanding 
one aspect of the logical organization of the 
motor system- the process underlying at- 
tainment of final arm position-we do not 
know the mechanism by which this process 
is implemented. For instance, it is possible 
that the central commands for a given equi- 
librium point specify a new level of activity 
in the agonist muscles, while the neural in- 
put to the antagonist muscles remains con- 
stant. However, it is also conceivable that 
the CNS might shift the equilibrium point 
between agonists and antagonists by send- 
ing commands for new levels of activity to 
both sets of muscles. 

Third, once a given position is attained, 
there usually is a progressive attenuation in 
both agonist and antagonist EMG activity 
without any change in final arm position (un- 
published observation). This finding indi- 
cates that the central process might gradu- 

ally select a series of length-tension curves 
for agonists and antagonists, which may per- 
haps differ in slope, but which all specify 
the same final position. This as yet unex- 
plored dynamic characteristic of the pro- 
gram underlying final arm position, as well 
as the postulated independence of the proc- 
ess controlling velocity, indicates that a 
number of parallel processes underlie arm 
movement and that motor control may be 
thought to be organized in a modular 
fashion. 

The second goal of our studies was to de- 
velop some perspectives on the role of af- 
ferent feedback during voluntary move- 
ments. We have shown that in the deaffer- 
ented animal the successful execution of 
forearm programs released by target presen- 
tation was contingent on the animal’s know- 
ing the position of its arm relative to its 
body. Whenever we changed the usual spa- 
tial relationship between the animal and the 
arm apparatus or applied a constant bias 
load, the monkey’s pointing response was 
inaccurate. All of our intact monkeys, in 
contrast, were able to compensate quickly 
for any variations in their accustomed posi- 
tion with respect to the arm apparatus. The 
dramatic inability of the deafferented mon- 
key to execute accurate pointing responses 
in an unusual postural setting or when a con- 
stant bias load was applied underscores the 
great importance of afferent feedback in up- 
dating and adjusting the execution of 
learned motor patterns when posture is 
changed. These findings emphasize the 
widespread influence and importance of af- 
ferent impulses in the control of voluntary 
movement. They suggest that, in addition to 
contributing to the classical spinal and su- 
praspinal reflex loops, which may servo as- 
sist movement (19, 20, 28, 29), provide load 
compensation (1,3,7), and/or linearize mus- 
cle properties (22, 23), the afferent system 
may affect, in a manner that is not yet un- 
derstood, a reorganization of the central 
processes that are released when targets are 
presented (12). It is perhaps of interest to 
comment that while servo assistance or load 
compensation can occur during a single cen- 
trally driven movement, the postulated reor- 
ganization has a longer time scale encom- 
passing a few movements. 

Finally, it should be stressed that in our 
experiments the monkey’s arm was fastened 
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to an apparatus that permitted flexion and 
extension of the forearm about the elbow in 
the horizontal plane. Hence, the motor be- 
havior that we observed was both con- 
strained and impoverished. While these lim- 
itations were unavoidable at this stage in our 
work, it is tempting to speculate that the 
functional organization of these simple mo- 
tor acts is relevant to the organization of 
more complex motor acts (14). Specifically, 
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