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Kinesthetic information abeut a perturb&ion can quickly 

modify motor activity by prQducing reflexive compensation, 
The purpose of the present study was to determine haw 

quickly kinesthetic information about target movement can 

modify mQtor activity, V!sual infermation about target move- 
ment is known to guide mator activity beth quickly and ac- 

curately. Therefore, we compared the speed and accuracy 

of responses to kinesthetically and visually presented tar- 

gets. 
Human subjects produced changes in elbow torque as 

quickly and accurately as possible after the random pre- 
sentation of 1 of 8 target torques. Information about the 

direction and amplitude of the target torque was provided 

either kinesthetically or visually. Responses to kinesthetic 

targets started at an average latency of 150 msec, and after 
an additional 159 msec, these responses became accurately 

graded according to target amplitude. ReSpQnSeS to visual 
targets started at an average latency of 250 msec, and after 

an additional 208 msec, these responses became accurately 

graded according to target amplitude. The accuracy of re- 
sponses to kinesthetic targets was very Similar to the ac- 

curacy of responses to visual targets. 

We Conclude that the neural processing of kinesthetic in- 
formation about target movement is sufficiently fast and ac- 

curate to guide typical motor activities. 

The human CNS receives kinesthetic input from muscle spin- 
dles, tendon organs, and joint and cutaneous receptors. One 
function of kinesthetic input is to compensate for perturbations 
to ongoing motor activity. For example, if a limb is perturbed 
during movement to a stationary target, stretch and unloading 
reflexes can quickly modify motor activity so as to resist the 
perturbation. Another function of kinesthetic input is to initiate 
and parameterize new motor commands. For example, if target 
movement is sensed kinesthetically, kinesthetic input can be 
used to select the direction and amplitude of a new motor com- 
mand that is appropriate for attaining the new target. 

It is well established that kinesthetic information about a 
perturbation can produce reflexive compensation within 20-l 00 
msec. Because this reflex mechanism works very quickly, it is 
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awful in guiding ongoing motor activity. Reflexive compenss- 

tion can occur cithcr at the ~omt that is perturbed (autogenic 
ccm~pcnsation) or at a diffcrcnt ~omt (nonautogcnic compcn= 
sati&). Autogcnic compensation -was first reported by Ham- 
mond (1954) and has been described by -many other investi= 
gators since then (e.g.- Crago et al., 1976; Marsdcn et al., 1576; 
Dufrcsne et al., 1978). There arc scvcral examples of nonau- 
togenic compensation in more recent literature: during speech, 
perturbation of the lower lip results in a compensatory response 
ofthe upper lip (Abbs and Gracco, 1984); during pinching move- 
ments, perturbation of the thumb results in a compensatory 
response of the forefinger (Cole and Abbs, 1987); and when a 
grasped object begins to slip, cutaneous input automatically 
produces a more forceful grip (Johansson and Westling, 1984, 
1987). 

It is also well established that kinesthetic information about 
target movement can be used to parameterize new motor com- 
mands, but the speed of this mechanism is not known. There- 
fore, it is unclear how useful this mechanism is in guiding typical 
motor activities. It has been demonstrated that, if a motor re- 
sponse has already been parameterized in advance of a kines- 
thetic triggering stimulus, the response can be initiated about 
110 msec after the stimulus is presented (Chernikoff and Taylor, 
1952; Evarts and Vaughn, 1978; Flanders, et al., 1986). It has 
also been demonstrated that subjects can accurately use kines- 
thetic information to parameterize new motor commands: sub- 
jects can use kinesthetic input to match the position or velocity 
of one arm, with the contralateral arm (e.g., Sittig et al., 1985, 
1987; De Domenico and McCloskey, 1987). However, since 
there was no time constraint placed on the production of these 
matching responses, it remains unclear how much time is re- 
quired for kinesthetic input to parameterize new motor com- 
mands. 

In the present study, we tested the hypothesis that kinesthetic 
information about target location can quickly and accurately 
parameterize new motor commands. In order for kinesthetic 
input to be useful in guiding a limb toward a moving target, 
new motor commands must be parameterized both quickly and 
accurately. Because visual information about target movement 
is known to be used both quickly and accurately (PClisson et 
al., 1986; Cordo, 1987; Gordon and Ghez, 1987), we compared 
responses to visually and kinesthetically presented targets. We 
compared the speed with which subjects began to respond in 
the correct direction, the speed with which response amplitude 
became related to target amplitude, and the overall accuracy of 
the responses. 

Materials and Methods 
Six normal human subjects (ages 23-49) participated in this experiment. 
In the first half of the experiment, each subject responded to a visually 
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were also projected on the visual display. These target zones were at 
the right and left borders of a 4 cm wide vase (see Fig. 1A). Each target 
zone was 1 cm wide and therefore represented a 0.75 Nm range ofelbow 
torque. 

The experimenter also controlled the angular position of the right 
elbow. Rotation of the right elbow was accomplished by a servocon- 

VISUAL TARGET 0 
trolled hydraulic connection to the right wrist cuff. The angular position 

F of the right elbow was transduced bv a mecision notentiometer. The 
right arm was screened from the subject’s view. 

Experimentalprotocol. Before each part of the experiment, the subject 
was given l-3 practice trials with each target position. After this practice 
period, we observed no further improvement in performance. The kin- 
esthetic task required more practice prior to steady-state performance. 
This was because with the kinesthetic task, the sensory modalities of 

, I the target and the knowledge of results were different. It was necessary 
0 200 400 600 600 1000 TIME (msec) for subjects to learn the correspondence between right elbow angle and 
a * 
TORQUE LINE BLANKED 

vase position. The kinesthetic part of the experiment was placed after 
the visual part of the experiment to facilitate this practice. 

For all trials in both parts of the experiment, the subject began the 
trial with a preparatory task, termed “holding the vase”: The subject 
held the left and right lines in the left and right target zones bv Droducina 
8 Nm of flexion torque with each isomet& elbow. _ - - 

In the first halfofthe experiment, the target level oftorque was visually 
presented. After 2-3 set of “holding the vase.” the rinht and left lines 
disappeared and the vase moved (Fig. 1A). The va&(i.e., the target) 
moved either to the right or to the left and stopped at 1 of 8 target 
positions. The total duration of the target movement was 70 msec. Each 

KINESTHETIC TARGET 
target position was presented 10 times in an experimental session. All 

0 2 
z 

80 trials were randomized to prevent the subject from anticipating the 
0 direction and amnlitude of taraet movement. 

In the second half of the experiment, the target level of torque was 
kinesthetically presented. After 2-3 set of “holding the vase,” the entire 
visual display was blanked and the right elbow was rotated (Fig. 1B). 
The elbow was either extended away from the subject or flexed toward 
the subject and stopped at 1 of 8 target positions. As in the first half of 
the experiment. the total duration of target movement was 70 msec. 

1 I 
0 200 400 600 800 1000 TIME lmsec) 

Each target position was presented 10 times, and all 80 trials were 
- * randomized. 

DISPLAY BLANKED The subiect was instructed to resnond to the visuallv or kinestheticallv 

Figure I. Target presentation. Target position across time was traced 
from recorded data. A, In the first half of the experiment, the lines 
representing left and right elbow torque were blanked (at 0 msec) and 
the vase was moved to 1 of 8 positions. The line representing left elbow 
torque reappeared at 700 msec. B, In the second half of the experiment, 
the visual display was blanked (at 0 msec) and the right elbow was 
rotated to 1 of 8 positions. The vase and the line representing left elbow 
torque reappeared at 700 msec. 

presented target with a fast and accurate change in torque at the left 
elbow. After a rest period of about a half-hour, the subject returned to 
the apparatus and responded to a kinesthetically presented target with 
the same type of motor response. The speed and accuracy of responses 
to visual and kinesthetic targets were then compared. 

Apparatus. Each subject sat at a table and faced a 28 x 40 cm, vector 
graphics, visual display. The visual display was about 1 meter in front 
of the subject, at eye level. The subject placed the left and right forearms 
on a horizontal surface, with each wrist in a stationary wrist cuff, In 
order to keep the subject’s elbows isometric, we provided postural sup- 
port at each elbow, and in front of the chest. The angular position of 
each elbow (measured in the horizontal plane) was 60” extended from 
a line parallel to the chest. 

By producing flexion torque at each isometric elbow, the subject con- 
trolled the positions of 2 of the graphics objects that were projected on 
the visual display. Elbow torque was transduced by strain gauges, which 
were cemented to the base of each wrist cuff. The torque signals from 
the left and right elbows were used to control the horizontal positions 
of 2 vertical lines. When the subject produced no torque, these 2 lines 
were at the extreme left and right margins of the display. When the 
subject produced flexion torque at the left elbow, the left line moved to 
the right, and when the subject produced flexion torque at the right 
elbow the right line moved to the left. A 0.75 Nm change in toraue 

presented-target by changing the amount of flexion’ torque at the left 
elbow. When the vase was moved to the right by 4, 6, 8, or 10 cm and 
when the right elbow was extended by 4”, 6”, 8”, or lo”, the subject was 
required to increase left elbow torque to 11.0, 12.5, 14.0, or 15.5 Nm, 
respectively (see Fig. 3). When the vase was moved to the left by 4, 6, 
8, or 10 cm, or when the right elbow was flexed by 4”, 6”, 8”, or lo”, the 
subject was required to decrease left elbow torque to 5.0, 3.5, 2.0, or 
0.5 Nm, respectively (see Fig. 3). 

Each subject was instructed to respond to the target movement as 
quickly and as accurately as possible. Beginning 700 msec after the onset 
of the vase movement or elbow rotation, the subject was informed about 
the success of his or her response. With the visual target, this knowledge 
of results was given by the reappearance of the line representing left 
elbow torque. With the kinesthetic target, both the vase and the left line 
reappeared. When the vase reappeared, its position corresponded to the 
position of the right arm (for example, the vase was 8 cm to the right 
when the arm was extended by So). For both the visual and the kines- 
thetic tasks, the subject was encouraged to have the left line in the left 
target zone when the line reappeared. 

When the left line reappeared, the subject was required to correct any 
errors by moving the line into the target zone. The subject was always 
required to hold the left line in the target zone until the end of the trial 
was signaled by the blanking of the display, about 2 set after response 
onset. The subject was not instructed to make any particular response 
with the right elbow, and the right line did not reappear for an additional 
5-10 sec. 

Data collection and analysis. A Digital Equipment Corporation (PDP- 
11) computer was used to control the movement of the vase on the 
visual display and the angular position of the right elbow, as well as to 
record and analyze electromyographic (EMG) and mechanical data. All 
data were sampled at 500 Hz. 

We used EMG data to determine the pattern of agonist-antagonist 
activation our subjects used to produce their torque responses. We 
collected and analyzed EMG data from the left biceps (agonist) and 
triceps (antagonist) muscles. Muscle activitv was recorded usina binolar 

moved the line 1 cm. Ag/AgCl surface electrodes (1.3 cm diameter, 5 cm apart). EMG signals 
The experimenter controlled the position of 2 target zones, which were preamplified (100 x) at the recording site, and then further am- 



plified, bandpass-filtered (SO-5000 Hz), full-wave rectified, and smoothed 
with a time constant of 10 msec. 

We used torque data from the left elbow to calculate the speed and 
accuracy of responses to visual and kinesthetic targets. Sampling of 
torque data began 300 msec prior to the onset of the vase or elbow 
movement and continued for 2.5 sec. The onset of each torque response 
was visually determined and measured with a graphics cursor program. 
We used other computer programs to average torque records and to 
analyze response accuracy. 

In about 3% of all trials, subjects began to respond in the wrong 
direction but quickly corrected their responses. Trials with directional 
errors were not included in the data analysis. 

Results 

Muscle activity 

For both the visual and the kinesthetic tasks, the left biceps and 
triceps were coactivated (Flanders and Cordo, 1987). Biceps and 
triceps EMG records from a representative subject are shown 
in Figure 2 for responses to visual targets. The thin traces are 
averages from the 10 trials in which a 7.5 Nm increase in torque 
was required; the thick traces are averages from the 10 trials in 
which a 7.5 Nm decrease in torque was required. Increases in 
flexion torque were produced by increases in both biceps activity 
and triceps activity. Decreases in flexion torque were produced 
by decreases in both biceps activity and triceps activity. Re- 
sponses to kinesthetic targets were produced by the same pattern 
of coactivation. 

Torque responses 
We compare torque responses to visual and kinesthetic targets 
to demonstrate similarities in the control of response direction 
and amplitude and similarities in response accuracy. The av- 
eraged torque responses of all 6 subjects are shown in Figure 3, 
where each trace is the grand mean of responses to a given target 
amplitude. Responses to visual targets are shown in Figure 34 
whereas responses to kinesthetic targets are shown in Figure 3B. 
In both Figures 3A and 3B, the initial level of left elbow torque 
(8 Nm) and the 8 target levels of torque (0.5-15.5 Nm) are 
shown on the ordinate. Figure 3 illustrates the 3 features of these 
torque responses that were of interest in this study: (1) the la- 
tency of response onsets, (2) the time at which the response 

_Fif$urp 2 6oactivation of antago- 
nistic muscles. Dm=ing rhe~p~eparatory 
task, the subject produced 8 Nm of&x= 
ion torque by acriimmg biceps and 
coactivating triceps to a lesser extent. 
At 0 m?sec, 3 visually presented target 
signaled the subject to produce a dif= 
fcrcnr Icvc! of torque. The thin traces 
are the muscle activity that produced 
an increase in torque to 15.5 P*Tm. The 
thick traces are the muscle activity that 
produced a decrease in torque to 0.5 
Nm. Each trace is the average of 10 
trials from a single subject (M-F.). Data 
from each trial were aligned at the onset 

1000 TIME (msec) of the target presentation (0 msec). 

amplitude became significantly related to the target amplitude, 
and (3) response accuracy. 

Response latency 

For visual targets, subjects began to respond at an average of 
250 msec after the onset of vase movement. The beginning and 

Table 1. Kinesthetic and visual control 

Subject 

Torque increases Torque decreases 

Response Sig. Response Sig. 
latency slope latency slope 
(msec) (msec) (msec) (msec) 

Success 
rate 
@) 

Visual targets 

J.B. 274(8) 
M.F. 191 (5) 

A.F. 186 (6) 
R.K. 272(13) 
B.R. 285 (10) 

S.S. 245 (7) 

B 242 

SE 18 

Kinesthetic targets 
J.B. 169 (8) 

M.F. 118 (6) 

A.F. 108 (3) 
R.K. 175 (14) 

B.R. 149 (6) 
S.S. 172(11) 

x 1490 
SE 12 

90 262(5) 

200 233(6) 

40 200(8) 

400 245 (8) 
100 295(8) 

210 315(7) 

173 258 

53 17 

50 154 (8) 160 31 

100 151 (9) 300 24 

IO 132 (7) 50 11 

130 131 (5) 70 18 

30 202(15) 440 25 

250 136(8) 260 2 

105b 151c 213b 226 
32 11 61 3 

160 15 

320 20 
170 24 

130 13 
180 31 

500 13 - 
243 19 

58 3 

Averages from individual subjects and grand means (3 and standard errors (SE) 
from all subjects are tabulated for torque increases (left) and torque decreases 
(right) made in response to visual and kinesthetic targets. The average response 
latency of each subject is shown along with the SE for 40 trials. The latency of 
significant amplitude control (“Sig. slope”) is the time from response onset to a 
significant regression slope. 
u Significantly different from visual targets at p < 0.01. 
h Not significantly different from visual targets. 
c Significantly different from visual targets at p c 0.001 
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Figure 3. Torque responses. A, In the first half of the experiment, the 
vase (visual target) started to move at 0 msec and reached its final 
position after 70 msec, as shown by the 2 vertical lines with arrows. On 
average, subjects began to respond at 250 msec. Response amplitude 
became significantly related to the target amplitude at 458 msec. B, In 
the second half of the experiment, the right elbow (kinesthetic target) 
started to rotate at 0 msec and reached its final position after 70 msec. 
Average response latency was 150 msec. Response amplitude became 
significantly related to the target amplitude at 309 msec. Each trace is 
the grand mean response of 6 subjects. 

end of vase movement are shown by 2 vertical arrows in Figure 
3A. Individual torque responses were aligned at response onset 
for averaging, and the onset of the averages was placed 250 msec 
after the onset of vase movement. 

The average latencies of responses to visual targets are shown 
in the top half of Table 1, which includes the average response 
latencies for each subject, as well as the grand mean response 
latencies for all subjects. Response latencies were calculated 
separately for responses involving increases and decreases in 
torque. On average, increases in torque started 242 msec after 
the onset of the vase movement, whereas decreases in torque 
started 258 msec after the onset of the vase movement. Latencies 
for increases and decreases in torque were not significantly dif- 
ferent from each other [t(lO)= 0.65, p > 0.051. 

For kinesthetic targets, subjects began to respond in the cor- 

rect direction at an average of 150 msec after the onset of the 
right elbow rotation. In Figure 3B, the onsets of all responses 
are aligned at 150 msec. The average latencies of responses to 
kinesthetic targets are shown in the bottom half of Table 1. 
Increases in torque started 149 msec after the onset of the elbow 
rotation, whereas decreases in torque started 15 1 msec after the 
onset of the elbow rotation. These response latencies were not 
significantly different from each other [t(lO) = 0.12, p > 0.051. 

Responses to kinesthetic targets began significantly sooner 
than responses to visual targets. For increase in torque, this 
difference in latency was significant at the p < 0.0 1 level [t( 10) 
= 4.371, whereas for decreases in torque, this difference in 
latency was significant at the p < 0.001 level [t(lO) = 5.291. 

Control of response amplitude 
We used a linear-regression technique to determine the time at 
which the response amplitude became significantly related to 
the target amplitude. The actual level of left elbow torque was 
plotted against the target level of left elbow torque, using the 
individual trials of each subject. A new plot was made at every 
10 msec interval, beginning at response onset. Separate plots 
were made for responses involving increases and decreases in 
torque. Plots at several different times after response onset are 
shown in Figure 4 for the increases in torque produced by a 
representative subject. 

Shortly after the onset of responses to visual targets, the slope 
of the regression line was near zero. In Figure 4A, the plot on 
the left contains data from 10 msec after the onset of responses 
to visual targets (solid circles). At this time, the subject had 
increased torque to slightly more than the 8.0 Nm preparatory 
level (open square), but this torque was not related to the target 
level (slope = 0.005). At 10 msec after response onset, the vari- 
ability of response amplitude was small. 

At 90 msec after the onset of responses to visual targets, the 
slope of the regression line became significantly greater than 
zero, as shown by the middle plot in Figure 4A (slope = 0.152). 
We determined the statistical significance of the slope using a 
l-tailed t-test (Snedecor and Cochran, 197 l), with p < 0.05. 
This statistical technique takes into account both the slope of 
the regression line and the variability of response amplitude. 
This technique provides a conservative estimate of the earliest 
time that target amplitude information may have been incor- 
porated into responses. 

The earliest time at which the slope was significantly greater 
than zero was determined for each subject. For responses to 
visual targets, these times are listed in the top half of Table 1. 
The grand mean time from response onset to the earliest time 
at which the slope was significant was 173 msec for increases 
in torque and 243 msec for decreases in torque. These grand 
means were not significantly different from each other [t( 10 = 
0.89, p > 0.051. 

Plots of data from responses to kinesthetic targets were very 
similar to those from responses to visual targets. Plots from 3 
different times during responses to kinesthetically presented tar- 
gets are shown in Figure 4B. At 10 msec after response onset, 
the slope of the regression line was close to zero (Fig. 4B, left 
plot, slope = -0.004). The slope of the regression line became 
significantly greater than zero at 50 msec after response onset 
(Fig. 4B, middle plot, slope = 0.098). As shown in the bottom 
half of Table 1, the grand mean time from response onset to 
the earliest time at which the slope was significant was 105 msec 
for increases in torque and 2 13 msec for decreases in torque. 
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These grand means were not significantly different from each 
other [t(lO) = 0.89, p > 0.051. 

The earliest time at which the slope of the relationship be- 
tween response amplitude and target amplitude is significantly 
greater than zero is an estimate of the onset of significant am- 
plitude control. The time from the onset of the torque response 
to the onset of significant amplitude control was not significantly 
different for responses to visual and kinesthetic inputs [t( 10) = 
1.10 for increases in torque, t( 10) = 0.36 for decreases in torque, 
p > 0.05, Table 11. 

For pooled data from both increases and decreases in torque, 
the average time from the onset of the target presentation to 
the onset of significant amplitude control was 458 msec for 
responses to visual targets (Fig. 3A) and 309 msec for responses 
to kinesthetic targets (Fig. 3B). These 2 latency estimates were 
significantly different from each other [t(lO) = 2.48, p < 0.051. 

Response accuracy 

The average accuracy of responses to visual and kinesthetic 
targets was very similar (Fig. 3). The regression analysis de- 
scribed above produced an estimate of the onset of significant 
amplitude control. Although subjects began to control ampli- 
tude early in their responses, the task did not require accuracy 

Figure 4. Linear-regression analysis 
of torque responses. The actual level of 
left elbow torque is plotted against the 
target level of left elbow torque at var- 
ious times after response onset. Each 
solid circle represents an individual trial. 
A, Responses to visual targets. At 10, 
90, and 430 msec after response onset, 
the slopes were0.005,0.152,and 1.198, 
respectively. B, Responses to kines- 
thetic targets. At 10, 50, and 530 msec 
after response onset, the slopes were 
~0.004, 0.098, and 1.162, respective- 
ly. All data are from the same subject 
(J.B.). The open squares represent the 
average of 40 trials (with SE bars) at 10 
msec before response onset. 

until 700 msec after the onset oftarget presentation, the moment 
that knowledge of results was given. We analyzed the accuracy 
of responses at 700 msec after the onset of target presentation. 

The average accuracy and the variability of individual re- 
sponses to visual targets are illustrated in the right plot of Figure 
4A. This plot contains data from 700 msec after the onset of 
vase movement (on average, 430 msec after response onset). 
For this subject, the slope of the relationship between response 
amplitude and target amplitude was close to unity (slope = 
1.198). A slope of unity would indicate that during an average 
response, the left line reappeared in the target zone. Because the 
target zone was very small (0.75 Nm), the line reappeared in 
the target zone in only a small percentage of all trials. The 
percentage of successful responses to visual targets is listed for 
each subject in the top of Table 1, in the right-most column. 
The grand mean success rate for responses to visual targets was 
19%. 

The average accuracy and the variability of individual re- 
sponses to kinesthetic targets are illustrated in the right plot of 
Figure 4B. At 700 msec after the onset of elbow rotation (on 
average, 530 msec after response onset), the slope of the regres- 
sion line was close to unity (slope = 1.162). The grand mean 
success rate of resp,onses to kinesthetic targets was 22% (bottom 
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Figure 5. Accuracy of torque responses. The constant errors (A) and 
variable errors (B) at 700 msec after the onset of target presentation 
were very similar for responses to visual targets (open symbols) and 
responses to kinesthetic targets (jilled symbols). 

of Table 1, right-most column). This success rate was not sig- 
nificantly different from the success rate for responses to visual 
targets [t(lO) = 0.71, p > 0.051. 

The errors in responses to visual and kinesthetic targets were 
similar. The constant error (the difference between the target 
and average response levels of torque) and the variable error 
(the SD of the average response) were calculated for each subject 
and then averaged across all subjects (Fig. 5). 

In most cases, the errors in responses to visual targets were 
not significantly different from the errors in responses to kin- 
esthetic targets. A 3-way analysis of variance (type of target x 
direction x target amplitude) showed that the type of target 
(visual or kinesthetic) had a significant effect on constant error 
only at one target amplitude, F(1,5) = 7.22, p < 0.05. For 
increases in torque from 8.0 to 11.0 Nm, the average response 
to visual targets overshot the target by about 1.0 Nm, whereas 
the average responses to kinesthetic targets had close to zero 
constant error. For variable error data (Fig. 5B), there were no 
significant differences between responses to visual and kines- 
thetic targets. 

The effect of target amplitude on error was different for in- 
creases (Fig. 5, right) and decreases (Fig. 5, left) in torque. For 
both constant errors and variable errors, the analysis of variance 

showed a significant interaction between response direction and 
target amplitude. The constant errors of the decreases in torque 
were graded with target amplitude: There was more error for 
smaller changes in torque, F(3,15) = 16.03, p < 0.00 1. Also, 
the variable errors of the increases in torque were graded with 
target amplitude: There was more variability for larger increases 
in torque, F(3,15) = 10.44, p < 0.001. 

Discussion 

We have demonstrated that kinesthetic information about the 
direction and amplitude of target movement can be used as 
quickly and accurately as vision to parameterize new motor 
commands. Our results suggest that kinesthetic guidance of on- 
going motor activity is not limited to reflexive compensation 
for perturbations. 

Comparison of kinesthetic and visual control 

Our results show that kinesthetic input can parameterize new 
motor commands faster than vision parameterizes new motor 
commands. Our results also show that kinesthesis and vision 
can work with similar accuracy. We base these conclusions on 
our comparisons of response latency, the latency of the control 
of response amplitude, and response accuracy. 

For responses to kinesthetic targets and to visual targets, our 
estimates of response latency were consistent with past reports 
of kinesthetic and visual reaction times. In a previous experi- 
ment (Flanders et al., 1986), in which kinesthetic or visual input 
triggered a stereotypical increase in muscle activity to a single 
target amplitude, we found that kinesthetic response latency was 
about 110 msec and visual response latency was about 190 msec. 
In our present study, in which kinesthetic or visual information 
produced either an increase or a decrease in muscle activity to 
1 of 8 levels, kinesthetic response latency was about 150 msec 
and visual response latency was about 250 msec. The relatively 
long response latencies in our present study are likely to have 
been caused by increased task complexity (Hyman, 1953; Henry 
and Rogers, 1960). The significant difference between visual and 
kinesthetic response latencies reported in both our earlier study 
(Flanders et al., 1986) and our present study is consistent with 
earlier literature (Woodworth and Schlosberg, 1954) and is pre- 
sumably due to anatomical and physiological differences in pro- 
cessing delays in kinesthetic and visual pathways. 

Responses both to kinesthetic targets and to visual targets 
became graded with target amplitude soon after the onset of the 
response. The time between response onset and the onset of 
significant amplitude control was not significantly different for 
responses to kinesthetic and visual targets. In contrast, the time 
between the onset of target presentation and the onset of sig- 
nificant amplitude control was significantly shorter for responses 
to kinesthetic targets. Presumably, this difference was due to 
inherent differences in processing delays (reaction time differ- 
ences) rather than to differences in the mechanisms of response 
parameterization. 

The accuracy of responses to kinesthetic targets was similar 
to the accuracy of responses to visual targets. The only significant 
difference in accuracy was for small increases in torque, where 
responses to kinesthetic targets had less constant error (Fig. 5A). 
This suggests that kinesthetic information may be more useful 
for fine adjustments in force. 

A similarity between responses to visual and kinesthetic tar- 
gets was that for both types of responses, subjects tended to 
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overrespond when making small decreases in torque (Fig. 5A). 
This was because decreases in torque were produced by relax- 
ation of both the biceps and triceps, and suggests that accurately 
producing very small decreases in muscle activity is difficult (see 
Fig. 2). I f  decreases in flexion torque had been produced by 
increases in extensor (triceps) activity instead of by decreases 
in both flexor and extensor activity, we would have expected 
the same results for both increases and decreases in torque. 

Another similarity between responses to visual and kines- 
thetic targets is that for responses involving increases in torque, 
variable error was smaller for responses to smaller targets (Fig. 
5, right). This is consistent with past reports that small increases 
in torque are produced with less variability than are large in- 
creases in torque (Schmidt et al., 1979). We also demonstrated 
that, for responses involving decreases in torque, target ampli- 
tude did not have a significant effect on response variable error 
(Fig. 5, left). One possible explanation for this result is a can- 
cellation of opposite effects: less variability for smaller levels of 
torque and less variability for smaller changes in torque. 

The similarities in the latency of amplitude control and in 
response accuracy described above suggest that kinesthetic input 
can guide ongoing movement just as effectively as can visual 
input. This suggestion does not conflict with past reports that 
subjects prefer to use visual guidance (Klein, 1977), because 
visual input is necessary for sensing the distance of remote (un- 
felt) targets. Because of this advantage of visual sensation, the 
nervous system may choose visual guidance over kinesthetic 
guidance when given a choice. Kinesthetic guidance may, how- 
ever, be useful in situations such as manipulating an object in 
the dark or holding a moving object when visual attention is 
directed elsewhere. 

Kinesthetic guidance 

We have distinguished between 2 forms of kinesthetic guidance: 
reflexive compensation for perturbations and parameterization 
of new motor commands based on new target information. In 
past studies, most investigators have perturbed movements that 
were directed at a fixed goal and have stressed the short latency 
and reflexive nature of compensatory motor activity (e.g., Cole 
and Abbs, 1987). Some investigators have also suggested that 
short-latency, reflexive changes in motor activity may be fol- 
lowed, at a longer latency, by a reparameterization of new motor 
commands (Day and Marsden, 1982; Johansson and Westling, 
1987). It is possible that the neural basis of this longer-latency 
mechanism for compensation to perturbations is identical to 
the neural basis of the mechanism for acquiring new targets that 
we have described in our present study. 

Our subjects used kinesthetic input from the right arm to 
produce accurate increases or decreases in voluntary motor 
commands to the muscles of the left elbow (as shown by the 
increases and decreases in EMG in Fig. 2). We assume that these 
responses were produced by the parameterization of voluntary 
motor commands rather than by nonautogenic reflexes because, 
although our subjects were instructed to respond as quickly as 
possible, they responded after typical voluntary reaction times 
(Flanders, et al., 1986; see also Cole and Abbs, 1987; Johansson 
and Westling, 1987). Although we used a bimanual task to de- 
scribe a kinesthetic control mechanism, this mechanism may 
prove to be of general utility in other voluntary motor activities. 
Target information sensed by kinesthetic receptors in the right 
elbow might be equally useful in guiding movement of the eyes, 
the head, or even the right elbow itself. 
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