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Step-Tracking Movements of the Wrist in Humans. II. EMG Analysis 

Donna S. Hoffman and Peter L. Strick 

Research Service, V.A. Medical Center and Departments of Neurosurgery and Physiology, SUNY Health Science Center 
at Syracuse, Syracuse, New York 13210 

We asked human subjects to make accurate step-tracking 
movements of the wrist to targets that required !Y-30” of 
radial or ulnar deviation. Speed instructions were given prior 
to each trial. Muscle activity was recorded from extensor 
carpi radialis longus (ECRL) and extensor carpi ulnaris (ECU) 
using surface electrodes. The agonist muscle initiated each 
movement with a brief burst of activity which began ap- 
proximately 45 msec before movement onset. Then, the an- 
tagonist muscle displayed a brief burst of activity which 
began approximately 10 msec after movement onset. The 
magnitude, butnotthe timing, of these bursts was modulated 
by changes in the task requirements. 

The area of the initial agonist burst varied with changes 
in both displacement and intended speed. This burst was 
most highly correlated with the initial peaks of acceleration 
and jerk. In contrast, the area of the initial antagonist burst 
varied with changes in intended speed and was less well 
modulated by changes in displacement. This burst was high- 
ly correlated with the reciprocal of movement duration. Some 
small, fast movements had the same agonist bursts as some 
large, slow movements. However, the antagonist bursts for 
these movements differed greatly. This observation pro- 
vides clear evidence that the magnitudes of the agonist and 
antagonist bursts are independently controlled. 

In a prior paper (Hoffman and Strick, 1988b), we proposed 
that step-tracking movements of different amplitudes and 
intended speeds are centrally generated by adjusting 2 ki- 
nematic variables: (1) the peak value and (2) the duration 
of a derivative of displacement. The present results suggest 
that these 2 kinematic parameters are separately generated 
by independently modulating the magnitudes of the agonist 
and antagonist bursts. Thus, the peak displacement of a 
step-tracking movement must be determined by the appro- 
priate adjustment of both bursts of muscle activity. 

This paper is part of a series of studies on the control of step- 
tracking movements of the wrist in humans (Waters and Strick, 
198 1; Hoffman and Strick, 1986a, b). Step-tracking movements 
have been the focus of recent studies, in part, because these 
movements are thought to be largely preprogrammed by the 
CNS and only modulated by peripheral feedback (e.g., Hallett 
et al., 1975; Wachholder and Altenburger, 1926; Rothwell et 
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al., 1982). Thus, considerable insight into the central control of 
movement might come from an analysis of the patterns of mus- 
cle activity which generate step-tracking movements and how 
these patterns are adjusted to meet different task requirements. 

Step-tracking movements are produced by a complex, but 
well-defined pattern of muscle activity (e.g., Wachholder and 
Altenburger, 1926; Hallett et al., 1975; Hallett and Marsden, 
1979; Lestienne, 1979; Brown and Cooke, 198 1). This pattern 
is characterized by distinct bursts and pauses in the activity of 
agonist and antagonist muscles. Agonist muscles initiate step- 
tracking movements with a short burst of activity and then 
become relatively inactive during the initial trajectory of the 
movement. Generally, while the agonist muscles are inactive, 
antagonist muscles display a burst of activity. This burst begins 
at or just after movement onset. In many instances, additional 
bursts of muscle activity alternate in agonist and antagonist 
muscles until the limb is stabilized in the target zone. 

Prior studies have examined the modulations in the initial 
agonist and antagonist bursts while subjects performed different 
types of step-tracking movements. In some experiments, the 
magnitudes of the initial agonist and antagonist bursts varied 
with limb displacement and/or limb velocity (Hallett and Mars- 
den, 1979; Lestienne, 1979; Brown and Cooke, 1981; Waters 
and Strick, 198 1; Marsden et al., 1983; Karst and Hasan, 1987). 
In other experiments, the magnitude of the antagonist burst was 
independent of limb displacement (Hallett and Marsden, 1979; 
Brown and Cooke, 1981). Taken together, the results of prior 
studies do not provide a clear consensus about how the two 
bursts relate to different kinematic variables. 

In a companion study, we examined the kinematics of step- 
tracking movements of the wrist (Hoffman and Strick, 1986b). 
Based on the results of that study we proposed that movements 
of different amplitudes and intended speeds are centrally gen- 
erated by adjusting 2 kinematic parameters: (1) the peak value 
and (2) the duration of a derivative of displacement. In the 
present study, we have examined the relationships between the 
initial agonist and antagonist bursts and various kinematic pa- 
rameters. We reasoned that strong relationships between muscle 
activity and movement parameters would provide insights into 
the movement parameters generated by each burst of muscle 
activity and, thus, the parameters controlled by the CNS. Our 
results suggest that the 2 kinematic parameters which we pro- 
posed as important for the central control of step-tracking move- 
ments are generated by separate bursts of muscle activity. Fur- 
thermore, our results indicate that the appropriate adjustment 
of the initial agonist and antagonist bursts of muscle activity is 
essential for specifying the peak displacement of a step-tracking 
movement. Abstracts of some of these data have been presented 
previously (Hoffman and Strick, 198 1, 1982, 1984). 
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Materials and Methods 
Experimental setup 
We examined the patterns of muscle activity of 5 human subjects (aged 
25-38; with no history of neurological abnormalities). The kinematics 
of the movements of these subjects were reported in a previous study 
(Hoffman and Strick, 1986b). Two of the subjects were studied in mul- 
tiple sessions using multiple paradigms. 

Each subject sat in a chair with the forearm and elbow ofthe dominant 
limb supported. The subject grasped the handle of a manipulandum 
which allowed the wrist to rotate freely. Two potentiometers were cou- 
pled to the device and measured the angle of the wrist in the planes of 
flexion-extension and ulnar-radial deviation. A photograph of the ma- 
nipulandum and further details about its design have been presented 
previously (see figure 1, Hoffman and Strick, 1986b). 

The subject sat approximately 70 cm in front of a large screen oscil- 
loscope (26 x 36 cm) that displayed a cursor and a target. The cursor 
was a small spot of light (approximately 5 x 5 mm) that moved in 
proportion to the subject’s wrist movements. One degree of wrist move- 
ment moved the cursor 4.5 mm on the screen. For a right-handed 
subject, the cursor moved right for extension, left for flexion, up for 
radial deviation, and down for ulnar deviation of the wrist. The target 
was, in all cases, an open square whose inside diameter equaled 2.5” of 
wrist movement. It indicated where the subject should place the cursor. 
The location of the target on the screen was determined by a computer 
(DEC 1 l/34) that was programmed to alter target location according to 
task requirements. 

Task 
The task performed by subjects in this experiment has been described 
previously (Hoffman and Strick. 1986b). Each subiect was asked to 
perform a step-tracking task which required radial or ulnar deviation 
of the wrist. In order to perform these movements, each subject had to 
prevent flexion or extension since the handle could move easily in all 
directions. When movements were made in the radial direction, the 
initial position of the target required lo” of ulnar deviation. When 
movements were made in the ulnar direction, the initial position of the 
target required 20” of radial deviation. Since the experimental paradigms 

Figure I. A single step-tracking 
movement associated with bursts of ac- 
tivity in agonist and antagonist mus- 
cles. Top, Agonist muscle activity was 
recorded from extensor carpi radialis 
longus. Only the initial agonist burst is 
labeled (AC). The smooth continuous 
lines in the top and middle portions of 
the figure show muscle activity after it 
has been full-wave rectified and filtered 
(Gottlieb and Agarwal, 1970; r = 10 
msec). Middle, Antagonist muscle ac- 
tivity was recorded from extensor carpi 
ulna&. Only the initial antagonist burst 
is labeled MNTAG). Bottom. Wrist dis- 
placement for a single movement. The 
subject was instructed to move “as ac- 
curately and as fast as possible” to a 
target which required radial deviation 
of the wrist. Movement onset is indi- 
cated by the large solid arrow. The peak 
of the initial trajectory is indicated by 
the dashed line (4. The movement du- 
ration is indicated by the dashed line 
w. 

described below required large numbers of trials, subjects were given 
frequent rest periods and were observed for possible signs of fatigue. 

In the first series of trials for each experimental session, the subiect 
was instructed to perform movements- “as fast as possible.” Target 
iumns reauired 5”. 10”. 15”. 20”. 25”. and 30” chances in wrist anele. 
The-same-target location was presented for a block 07 25-50 trials. fhe 
order in which the different target locations was presented was random- 
ized. 

Four of the five subjects were asked to perform a second series of 
trials. For these trials, the subject was given 1 of 3 different speed 
instructions: “move as fast as possible,” “move at your natural speed,” 
and “move at half your natural speed.” We will use the term intended 
speed to indicate the subject’s interpretation of these instructions. Target 
jumps required lo” and 20” changes in wrist angle. The same displace- 
ment and speed instructions were presented for a block of 30-50 trials. 

One subject was reexamined in a separate experimental session using 
a different protocol. The subject was asked to perform about 30 move- 
ments as fast as possible to a target. Then the subject was asked to move 
to the same target while the speed instruction was randomly varied. 
Instructions were: “move a little slower,” “move a little faster,” and 
“move at the same speed.” The target jumps required 5”, 15”, and 25” 
changes in wrist angle. The same target was presented for a block of 
150 trials. 

Data acquisition 
Electromyographic (EMG) activity was recorded with Beckman pedi- 
atric EMG electrodes. Electrode pairs were spaced about 1 .O cm apart 
on the skin overlying the extensor carpi radialis longus (ECRL) and the 
extensor carpi ulnaris (ECU). The position ofthe electrodes was carefully 
adjusted until we recorded little or no activity with finger movements 
and large responses with wrist movements. 

The raw EMG signals were amplified and filtered using standard 
techniques. These signals were monitored on a storage oscilloscope dur- 
ing the experiment and were tape-recorded for later analysis. Signals 
from the position transducers and an analog code representing events 
related to the task were tape-recorded simultaneously. Later, the tape- 
recorded EMG signals were full-wave rectified and filtered (Fig. 1, T = 
10 msec; see Gottlieb and Agarwal, 1970). A DEC PDP 1 l/34 computer 
was used off-line to digitize the signals from individual trials at 2.5 kHz. 
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Figure 2. Kinematics and muscle ac- 
tivity for step-tracking movements per- 
formed as fast as possible. Solid lines, 
Averages of 40 movements to the 25” 
target; dot-dashed lines, averages of 42 
movements to the 15” target; dashed 
lines, averages of 27 movements to the 
5” target. The subject performed move- 
ments in the radial direction starting 
from an initial position of 10” ulnar de- 
viation. A and B, Displacement and ac- 
celeration for these movements have 
been modified from Figure 3 in Hoff- 
man and Strick (1986b). C, Agonist 
muscle activity was recorded from ex- 
tensor carpi radialis longus. D, Antag- 
onist muscle activity was recorded from 
extensor carpi ulnaris. Note that al- 
though the magnitude of agonist and 
antagonist activity varied for move- 
ments of different amplitude, the time 
course of the bursts of muscle activity 
remained relatively constant. 
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Data analysis 
EMG. The presence of bursts of muscle activity was determined by 
visual inspection of data from single trials. The timing of these bursts 
was determined from visual inspection of averages of trials aligned on 
movement onset. The baseline for our measurements of muscle activity 
was the average EMG activity in the 20 msec interval which immedi- 
ately preceded each burst of muscle activity. Although we measured the 
peak and area of the initial agonist and antagonist bursts for each trial, 
our results will report only the data for area. This is because our initial 
analysis showed that the area of these bursts was better correlated with 
kinematic variables than peak activity. The times of onset of EMG 
activity in relation to movement differed among subjects. Therefore, 
analysis intervals were determined separately for each subject. Agonist 
burst area was measured over an 80 msec time period that began ap- 
proximately 40 msec before movement onset. Antagonist burst area was 
measured over a 90 msec time period that began approximately 20 msec 
after movement onset. 

Kinematics. The digitized potentiometer signals were low-pass-fil- 
tered by the computer (cutoff frequency = 200 Hz). Filtering was applied 
in the backward as well as the forward direction in order to correct for 
phase shifts. Filtered signals were then successively differentiated to 
derive velocity, acceleration, and jerk (change in acceleration). The fol- 
lowing variables were determined for the initial trajectory ofeach move- 
ment: movement duration (Fig. 1, t) and the peaks of displacement (Fig. 
1, d), velocity, acceleration, and jerk. Movement duration was defined 
as the time from movement onset to the first peak in displacement (i.e., 
the time between movement onset and the next zero value of velocity). 

Results 

Regardless of intended speed, the initial trajectory of step-track- 
ing movements of the wrist was characterized by a rapid, but 
smooth change in position (Figs. 1,2A, 4A). During this period, 
each of the derivatives of displacement also changed smoothly 
and had only one positive peak (Figs. 2B, 4B). Thus, the initial 
movement trajectory was performed in a single “step” rather 
than in multiple, smaller steps. Movement was terminated after 
a number of oscillations about the target. The preceding paper 
in this series reported the results of our examination of the 
kinematics of these movements in detail (Hoffman and Strick, 
1986b). 

A well-defined pattern of activity was present in the agonist 
and the antagonist muscles during step-tracking movements of 
the wrist (Fig. 1). The agonist muscle initiated each movement 
with a burst of activity (Figs. 2C, 40. In contrast, the antagonist 
muscle decreased its activity prior to movement onset and then 
had a burst of activity which followed movement onset (Figs. 
20, 40). Alternating bursts (n = 2-8) in agonist and antagonist 
muscles also occurred during later stages of the movement. This 
pattern of agonist and antagonist activity was present for move- 
ments with durations as long as 218 msec and as short as 58 
msec. Similar patterns of activity have been described for ag- 
onist and antagonist muscles during step-tracking movements 
at other joints (e.g., Wachholder and Altenburger, 1926; Hallett 
et al., 1975; Hallett and Marsden, 1979; Lestienne, 1979; Wad- 
man et al., 1979; Brown and Cooke, 1981; Ghez and Martin, 
1982). The present report will focus on the relationships between 
the initial agonist and antagonist bursts and kinematic param- 
eters related to the initial trajectory of step-tracking movements. 

Movements performed as fast as possible 
Agonist amplitude 
When subjects performed step-tracking movements as fast as 
possible, changes in movement amplitude were associated with 
large alterations in both the peak and the area of the agonist 
burst, but not the duration of the burst (Fig. 2C). In fact, the 
area of the agonist burst displayed high correlations (v = 0.80- 
0.92) with the initial peaks of displacement, velocity, acceler- 
ation, and jerk. For individual subjects, the correlations between 
the area of the agonist burst and each of the initial kinematic 
parameters did not significantly differ from one another. This 
is not surprising since the peaks of displacement and its deriv- 
atives were all highly correlated (Hoffman and Strick, 1986b). 
An example of the relation between the area of the agonist burst 
and peak acceleration is shown for the movements of one subject 
in Figure 3A. Note that the linear regression line has a y-intercept 
that is statistically indistinguishable from zero. This feature was 
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also present in the graphs relating the area of the agonist burst 
to the peaks of displacement, velocity, and jerk (not illustrated). 
Thus, for movements performed as fast as possible, the area of 
the agonist burst was directly proportional to the peak of dis- 
placement and to the peaks of the derivatives of displacement. 

Antagonist amplitude 
The initial antagonist burst was a substantial burst of muscle 
activity (Figs. 1, 20, 40). Its amplitude could be as large as the 
initial agonist burst in the same muscle for movements in the 
opposite direction. Changes in movement amplitude were as- 
sociated with alterations in the peak and area of the antagonist 
burst, but not its duration (Figs. 20, 3B). Larger alterations in 
this burst were associated with changes in intended speed (see 
below and Figs. 40; 5, C, D). For movements performed as fast 
as possible, the correlations between the area of the antagonist 
burst and the initial peaks of displacement, velocity, accelera- 
tion, and jerk, as well as those with deceleration and negative 
jerk, varied greatly between subjects (r = 0.29-0.73). However, 
for any one subject the correlations between the area of the 
antagonist burst and each of the kinematic variables did not 
differ significantly from one another. 

An example of one of the best relationships between a ki- 
nematic variable (in this case, peak acceleration) and the an- 
tagonist burst during movements performed as fast as possible 
is shown in Figure 3B (the agonist activity for the same move- 
ments was plotted in Fig. 3A). Note that the linear regression 
line for this graph has a large y-intercept. This was also observed 
in the graphs relating the area of the antagonist burst and the 
peak of displacement or the peaks of the other derivatives. Fur- 
thermore, the antagonist bursts for movements to the 15” and 
25” targets differed by only a small amount, even though the 
antagonist bursts for movements to the 15” target were nearly 
double those for movements to the 5” target (Fig. 3B). These 
observations illustrate that, at best, the relationship between the 
antagonist burst and peak acceleration was nonlinear. Clearly, 
the magnitude of the antagonist burst in a step-tracking move- 
ment is not tightly coupled to the initial peaks of displacement 
and its derivatives. 

Figure 3. Relationships between ac- 
celeration and the initial agonist and 
antagonist bursts ofmuscle activity. The 
data and the linear regression lines are 
from individual trials of one subject 
performing movements as fast as pos- 
sible. Targets required changes in wrist 
angle of 5”, 15”, and 25” in the radial 
direction. A, Agonist muscle activity re- 
corded from extensor carpi radialis lon- 
gus. B, Antagonist muscle activity re- 
corded from extensor carpi ulnaris. The 
averages of these trials are illustrated in 
Figure 2. 

Agonist timing 
The onset and duration of the agonist burst in ECRL and ECU 
were generally constant for different amplitude movements per- 
formed as fast as possible (Fig. 2). The burst began an average 
of 46 msec prior to movement onset and had an average du- 
ration of 97 msec. In 2 of the 5 subjects we examined, the 
duration of the agonist burst for large-amplitude movements 
(25”) was approximately 22 msec longer than the burst duration 
for small-amplitude movements (5“). In both subjects, the in- 
crease in burst duration occurred only for movements in 1 of 
the 2 directions. Thus, in most instances, large changes in the 
magnitude of the agonist burst were accomplished without 
changes in burst duration. 

Antagonist timing 
The antagonist burst in ECRL and ECU was initiated prior to 
the termination of the agonist burst (Fig. 2). The antagonist 
burst in ECU began an average of 7 msec after the onset of 
movements in the radial direction (range = O-l 5 msec) and that 
in ECRL began an average of 25 msec after movements in the 
ulnar direction (range = 1 l-47 msec). The average duration of 
the antagonist bursts in ECRL and ECU was 98 msec, or nearly 
the same as when these muscles acted as agonists. 

In most instances, the onset and duration of the antagonist 
burst did not vary for different amplitude movements. However, 
in 2 subjects, the onset of the antagonist burst for small move- 
ments (5’) was approximately 24 msec earlier than the onset of 
the burst for large-amplitude movements (25”). In both subjects, 
the increase in burst onset occurred only for movements in 1 
of the 2 directions. Thus, when step-tracking movements of the 
wrist were performed as fast as possible, the amplitude of the 
movement was varied primarily by changing the magnitude, but 
not the timing, of both the agonist and antagonist bursts. 

The initiation of the antagonist burst occurred at least 55 
msec before the peak of the initial trajectory and at least 35 
msec before the initial peak of velocity. We believe that these 
time delays are large enough for the force generated by the 
antagonist burst to influence the magnitude and duration of the 



146 Hoffman and Strick * EMG Activity and Step-Tracking 

Figure 4. Kinematics and muscle ac- 
tivity for step-tracking movements per- 
formed at different intended speeds. 
Solid lines, Averages of 56 movements 
performed as fast as possible; dot-dashed 
fines, averages of 42 movements per- 
formed at natural speed; dashed lines, 
averages of 45 movements performed 
at half natural speed. The subject per- 
formed movements from an initial po- 
sition of 10” ulnar deviation to a target 
that required a change in wrist angle of 
10” in the radial direction. A and B, 
Displacement and acceleration for these 
movements have been modified from 
Figure 6 in Hoffman and Strick (1986b). 
C, Agonist muscle activity was record- 
ed from extensor carpi radialis longus. 
D, Antagonist muscle activity was re- 
corded from extensor carpi ulnaris. Note 
that there were marked changes in the 
magnitude of the initial agonist and an- 
tagonist bursts ofmuscle activity. How- 
ever, the time course of these initial 
bursts remained relatively constant. 

-2 

initial phase of displacement and velocity. In contrast, the ini- 
tiation of the antagonist burst occurred only about 15 msec 
before the initial peak of acceleration. Thus, the onset of the 
antagonist burst does not appear to be early enough to substan- 
tially influence the initial peaks of either acceleration or jerk in 
step-tracking movements. 

Movements performed at different intended speeds 

We used 2 different experimental paradigms to study the influ- 
ence of changes in intended speed on the patterns of agonist 
and antagonist muscle activity. In the first paradigm, subjects 
were given 1 of 3 different speed instructions: “move as fast as 
possible, ” “move at your natural speed,” or “move at half of 
your natural speed” (Figs. 4, 5). In the second paradigm, one 
subject was re-examined while the speed instruction was varied 
from trial to trial in a pseudo-random manner (Figs. 6-S). We 
found that subjects displayed the same alternating pattern of 
agonist-antagonist muscle activity for slow and fast movements 
(Fig. 4). However, a small percentage (28%) ofthe slowest move- 
ments in one subject did not have an initial antagonist burst. 
These movements had durations between 145 and 218 msec 
and were excluded from further study. 

Agonist amplitude 
When movements were made following a single speed instruc- 
tion, the area of the agonist burst was linearly related to the 
initial peak of displacement. However, the slopes for this re- 
lation were dependent on the speed instruction and differed 
significantly for each instruction (e.g., Fig. 5A). Movements per- 
formed as fast as possible had the steepest slope, and movements 
performed at half natural speed had the shallowest slope. As a 
result, the agonist burst for a small movement performed as fast 
as possible (e.g., filled triangle in Fig. SA) could be as large as 
or larger than the agonist burst for a large-amplitude movement 
performed at a slower intended speed (e.g., open circle and open 
square in Fig. 5A; see also Fig. 8). Thus, when intended speed 

is varied, the magnitude of the agonist burst is not uniquely 
related to the peak displacement of step-tracking movements. 

We also examined the relations between the area of the agonist 
burst and the peaks of acceleration and jerk. We were interested 
in these kinematic variables because, as noted above, the peaks 
of acceleration and jerk occur early enough to be uninfluenced 
by the antagonist burst. The magnitude of the agonist burst was 
highly correlated to the initial peaks of jerk and acceleration. 
Furthermore, the data for movements to different targets fol- 
lowing the 3 speed instructions were well fit by a single regression 
line [e.g., Fig. 5B, jerk: r = 0.90; acceleration (not illustrated): 
r = 0.921. We observed similar results when a subject performed 
step-tracking movements to different targets and the speed in- 
struction was randomly varied (Fig. 6). In this case, the area of 
the agonist burst was not well related to peak displacement (Fig. 
6A). Instead, the area of the burst was highly correlated with 
the initial peaks of jerk (Fig. 6B, r = 0.85) and acceleration (r 
= 0.86). These observations indicate that when both the speed 
instruction and the target location are varied, the magnitude of 
the agonist burst is accurately reflected by the initial peaks of 
acceleration and jerk. 

Antagonist amplitude 

When subjects performed movements to different targets fol- 
lowing a single speed instruction, there were only small changes 
in the magnitude of the antagonist burst. For example, the area 
of the antagonist burst for “natural speed” movements to the 
20” target was, at most, only 1.7 times greater than that of 
movements with the same speed instruction to the 10” target 
(e.g., Fig. 5C, 1.3 x change). No significant correlations were 
observed in any subject between the area of the antagonist burst 
and the initial peaks of displacement and its derivatives when 
movements were performed to different targets at “half natural 
speed” (e.g., Fig. 5C). Furthermore, when the speed instruction 
was randomly varied, the correlations between the area of the 
antagonist burst and the peaks of displacement (Fig. 7A) and 
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its derivatives were weak, e.g., r[displacement] = 0.11; r[velocity] 
= 0.33; r[acceleration] = 0.43 (compare with Fig. 7B, where 
y[ l/movement duration] = 0.8 1). 

In contrast, large alterations in the magnitude of the antag- 
onist burst were associated with changes in the speed instruction 
(e.g., Fig. 4). For example, the magnitude of the antagonist burst 
when one subject performed movements “as fast as possible” 
to the 20” target was 19.7 times larger than that for movements 
performed at “half natural speed” to the same target (Fig. 5C). 
Also, large variations in the area of the antagonist burst were 
observed when the speed instruction was randomly varied (Fig. 
7, A, B). 

Changes in the speed instruction resulted in large alterations 
in movement duration (see figure 7B in Hoffman and Strick, 
1986b). Therefore, we examined the correlations between the 
magnitude of the antagonist burst and the duration of step- 
tracking movements when subjects performed movements of 
different amplitude and intended speed. Under these conditions, 
we found that the area of the antagonist burst was highly cor- 

Figure 5. Relationships between ki- 
nematic parameters and the initial ag- 
onist and antagonist bursts of muscle 
activity for movements performed at 
different intended speeds. The data are 
from individual trials of one subject. 
The means and SDS are plotted for 
movements to targets that required 10” 
or 20” changes in wrist angle in the ra- 
dial direction. The linear regression lines 
are plotted for the same movements, 
except for those performed as fast as 
possible. Those linear regression lines 
include movements with either S’, 15”, 
25”, or 30” changes in wrist angle in the 
radial direction. Agonist muscle activ- 
ity (A, B) was recorded from extensor 
carpi radialis longus. The correlation 
coefficients in A are r = 0.81 (fast), 0.83 
(natural), and 0.73 (half natural). An- 
tagonist muscle activity (C, D) was re- 
corded from extensor carpi ulnaris. The 
correlation coefficients in Care r = 0.37 
(fast), 0.50 (natural), and -0.23 (half 
natural). 

related with the reciprocal of movement duration (Y = 0.81- 
0.89). This result was observed when intended speed was altered 
either by giving 3 different speed instructions (e.g., Fig. 5D) or 
by randomly varying the speed instruction (Fig. 7B). For the 
data illustrated in Figure 7B, we also examined the correlations 
between the area of the antagonist burst and the product of a 
kinematic variable (i.e., the peaks of displacement, velocity, 
acceleration, or jerk) with the reciprocal of movement duration. 
These correlations (Y = 0.52-0.65) were all significantly lower 
than that observed between the area of the antagonist burst and 
the reciprocal of movement duration alone (r = 0.81). These 
results indicate that, although the antagonist burst may be in- 
fluenced by displacement and its derivatives, the magnitude of 
the burst has its most significant relationship with a variable 
related to the duration of a step-tracking movement. 

Dissociation of agonist and antagonist amplitudes 
In some circumstances, the magnitudes of the agonist and an- 
tagonist bursts appeared to covary. For example, both bursts 
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tails). Agonist activity was recorded 
from extensor carpi radialis longus. The 
data plotted in both A (vs the initial 
peak displacement) and B (vs the initial 
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increased in size as subjects performed movements to the same 
target at greater intended speeds (Fig. 4). However, there were 
a number of clear examples where changes in the antagonist 
burst were dissociated from changes in the agonist burst. This 
result is perhaps best illustrated by examining the antagonist 
bursts of those movements which differed in amplitude and 
intended speed but were initiated by comparable agonist bursts. 
For example, some fast movements to the 5” target and some 
slow movements to the 25” target had agonist bursts that were 
nearly the same magnitude (Fig. 8). The initial increases in jerk 
were identical for these movements (Fig. 8, see also Fig. 6B). 
However, the antagonist bursts for the small, fast movements 
were markedly greater than those for the large, slow movements. 
This difference in the antagonist bursts resulted in clear alter- 
ations in the time course of movement after the initial peak of 
jerk. The larger antagonist burst produced the smaller-ampli- 
tude movement by shortening the initial positive phase of jerk. 
Based on these observations, we conclude that the processes 
which determine the magnitude of the antagonist burst are in- 
dependent from those which generate the agonist burst. Fur- 
thermore, these results indicate that the antagonist burst can 
play an important role in determining the amplitude of step- 
tracking movements. 

Agonist and antagonist timing 
The agonist burst in ECRL began an average of 47 msec prior 
to the onset of movements performed at “natural” speed (range 
= 36.5-55.5 msec) and 50 msec prior to the onset ofmovements 
performed at “half natural” speed (range = 36-60.5 msec). This 
burst averaged 88 msec in duration for movements performed 
at “natural” speed (range = 85-91 msec) and 85 msec in du- 
ration for movements performed at “half natural” speed (range 
= 79.5-93.5 msec). Thus, substantial changes in the onset and 
duration of the agonist burst in ECRL did not occur when sub- 
jects made movements at different intended speeds. 

The timing of the antagonist burst in ECU also did not change 
substantially for the same movements (e.g., Fig. 4). This burst 
began an average of 20 msec after the onset of movements 
performed at “natural” speed (range = 8-29 msec) and 2 1 msec 

A 

‘A 

A 

50 

B 

2 4 6 

Peak Jerk (deg/secf x 1 05) 

after the onset of movements performed at “half natural” speed 
(range = 9.5-27.5 msec). The antagonist burst in ECU averaged 
98 msec in duration for movements performed at “natural” 
speed (range = 9 l-104 msec) and 104 msec in duration for 
movements performed at “half natural” speed (range = 85-l 32 
msec). The relatively large range in the duration of the antagonist 
burst for movements performed at “half natural” speed may 
actually reflect the difficulty in measuring these bursts, since 
they were small and variable. Thus, under our experimental 
conditions, differences in both the amplitude and the intended 
speed of step-tracking movements were produced largely by 
altering the amplitude, and not the timing, of the agonist and 
antagonist bursts. 

Discussion 
In a prior study, we proposed that step-tracking movements of 
different amplitude and intended speed are generated by con- 
trolling only 2 kinematic variables (Hoffman and Strick, 1986b). 
One of these variables is the magnitude and the other is the 
duration of a derivative of displacement. In the present study 
we observed that the magnitude of a derivative of displacement 
was highly correlated with the amplitude of the agonist burst. 
In contrast, the duration of a derivative of displacement was 
inversely correlated with the amplitude of the antagonist burst. 
On the basis of these observations, we propose that the nervous 
system controls each kinematic parameter by modulating a dis- 
tinct burst of muscle activity. 

The initial agonist burst 
In general, our results correspond to those of prior studies which 
examined agonist muscle activity during step-tracking move- 
ments at proximal and distal joints (e.g., Hallett and Marsden, 
1979; Lestienne, 1979; Brown and Cooke, 198 1; Marsden et al., 
1983; Gottlieb et al., 1989a), as well as during the generation 
of isometric forces (e.g., Ghez and Gordon, 1987). Most in- 
vestigators agree that when the speed instruction is kept con- 
stant, larger agonist bursts produce larger-amplitude move- 
ments. Also, when movement amplitude is kept constant, larger 
agonist bursts produce faster movements. These observations 
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can be viewed as suggesting that the nervous system is con- 
trolling and monitoring multiple kinematic and/or dynamic 
variables when it adjusts the agonist burst to generate step- 
tracking movements of different amplitude and intended speed. 
Our perspective differs from others because we suggest that the 
nervous system simplifies the generation of these movements 
by modulating the agonist burst in relation to a single kinematic 
variable. 

The high correlation between the agonist burst and a deriv- 
ative of displacement also suggests that a single kinematic vari- 
able (e.g., peak acceleration) reflects the magnitude of the agonist 
burst with remarkable accuracy. Since the mass of the limb did 
not change during the movements performed by our subjects, 
the net peak force producing joint rotation also should be highly 
correlated to the agonist burst. Thus, peripheral feedback about 
one variable (kinematic or dynamic), without reference to the 
target location or the speed instruction, could be used to monitor 
the agonist burst. In fact, a relatively pure indication of the effect 
of the agonist burst can only be derived by monitoring accel- 
eration, force, or the derivatives of these variables. This is be- 
cause activity in antagonist muscles occurs early enough in the 
movements we have examined to markedly influence the peaks 
of displacement and velocity. 

The initial antagonist burst 
The modulations in the magnitude of the antagonist burst during 
step-tracking movements appear paradoxical. We and others 
have observed that the burst varied greatly for movements per- 
formed to one target at different intended speeds (e.g., Lestienne, 
1979; Brown and Cooke, 198 1; Waters and Strick, 198 1; Mars- 
den et al., 1983; Karst and Hasan, 1987; Corcos et al., 1989). 
However, the burst varied little for different amplitude move- 
ments performed at a single intended speed (e.g., Hallett et al., 
1975; Hallett and Marsden, 1979; Lestienne, 1979; Wadman et 
al., 1979; Brown and Cooke, 198 1; Marsden et al., 1983; Gordon 
and Ghez, 1987; Gottlieb et al., 1989b) . In fact, in some cases 
large-amplitude movements were associated with a reduction 
in the magnitude of the antagonist burst (Marsden et al., 1983; 
Flament et al., 1984). Thus, even though velocity is altered for 

Figure 7. Relationships between ki- 
nematic parameters and the initial an- 
tagonist burst for step-tracking move- 
ments of varying amplitudes and 
intended speeds. Antagonist activity was 
recorded from extensor carpi ulnaris. 
The data plotted in both A (vs peak 
displacement) and B (vs the reciprocal 
of movement duration) are from the 
same trials. The agonist activity for these 
trials was illustrated in Figure 6. 

movements of different amplitude and intended speed, large 
alterations in the antagonist burst occurred only when the speed 
instruction was changed. 

This paradox may be resolved by relating the magnitude of 
the antagonist burst to another variable, movement duration. 
We observed that the magnitude of the initial antagonist burst 
was highly correlated to the reciprocal of this variable when the 
amplitude and intended speed of movements were varied. We 
did not examine the durations of either acceleration or jerk, but 
we expect that the magnitude of the antagonist burst also would 
be highly correlated to the reciprocal of these variables. Thus, 
we propose that the nervous system grades the magnitude of 
the antagonist burst to control the duration of a derivative of 
displacement. This conclusion, based on step-tracking move- 
ments of the wrist, supports similar ones proposed by Wierz- 
bicka et al. (1986), based on simulation of elbow movements, 
and by Gordon and Ghez (1987) based on studies of isometric 
movements of the elbow. 

The antagonist burst may be particularly important for con- 
trolling the duration of a derivative of displacement during the 
fastest step-tracking movements. The minimum durations of 
the initial trajectories for the wrist movements of our subjects 
were between 58 and 71 msec. In contrast, individual motor 
units in human hand muscles have twitch contraction times as 
long as 100 msec (Burke, 198 1). If the agonist burst was not 
quickly followed by an antagonist burst, then the force produced 
by the agonist muscle would outlast the duration of the most 
rapid movements. Thus, we believe that an important function 
of the antagonist burst during step-tracking movements is to 
brake the force produced by the agonist burst. In this way, the 
antagonist burst allows movements to be performed at speeds 
that are faster than would be possible if the agonist were to 
function in isolation (see also Wierzbicka et al., 1986; Ghez and 
Gordon, 1987). 

It is somewhat surprising that the magnitude of the antagonist 
burst was not better related to movement amplitude and de- 
celeration (see also Hallett and Marsden, 1979; Wadman et al., 
1979; Brown and Cooke, 198 1). Larger movements have greater 
accelerations and decelerations than smaller movements per- 
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Figure 8. Averages of kinematics and muscle activity for trials with 
similar initial peaks of jerk. Trials were selected from data illustrated 
in Figures 6 and 7. Solid lines, averages of “slow” movements to the 
25” target (n = 2 1); dashed lines, averages of “fast” movements to the 
5” target (n = 21). Displacement and jerk for these movements have 
been modified from Figure 10 in Hoffman and Strick (198613). Note 
that movements with the same initial peaks of jerk have similar initial 
agonist bursts but very different initial antagonist bursts. 

formed at the same intended speed (e.g., Fig. 2). As a result, 
larger movements must require more “braking” force (e.g., Les- 
tienne, 1979; Karst and Hasan, 1987) and would be expected 
to have larger antagonist bursts than smaller movements. Two 
factors might explain the weak modulation of the antagonist 
burst with changes in movement amplitude. First, passive vis- 
coelastic properties of the wrist joint are likely to provide some 
of the additional braking force required to terminate larger step- 
tracking movements (Lestienne, 1979). Another factor is the 
influence of muscle stretch on force production in the antagonist 
muscle. The velocity of stretch applied to the antagonist muscle 
was greater for larger- than for smaller-amplitude movements. 
When muscle activation is constant, muscle force appears to be 
increased in proportion to the rate at which the muscle is stretched 
(e.g., Komi, 1973; Zahalak et al., 1976; Heckathome and Chil- 

dress, 198 1). Therefore, an antagonist burst of a given amplitude 
would produce relatively more braking force during larger-am- 
plitude movements than during smaller ones. In fact, marked 
grading of the antagonist burst for different amplitude move- 
ments may be unnecessary because the nonlinear properties of 
active muscle can supply the major component of the additional 
braking force necessary to accurately terminate larger move- 
ments. 

Recently, Karst and Hasan (1987) tested the hypothesis that 
the antagonist burst is proportional to the torque necessary for 
braking movement, where braking torque = ZVYA (I = moment 
of inertia, V = peak angular velocity, and A = amplitude of 
movement). Our kinematic analysis of step-tracking move- 
ments of the wrist indicated that A is highly correlated with I’* 
T, where T = movement duration (see figure 8B in Hoffman 
and Strick, 1986b). When V*T is substituted for A in their 
expression, braking torque = IV/T. We kept I constant in our 
experiments. Therefore, the hypothesis ofKarst and Hasan (1987) 
predicts that in our study the area of the antagonist burst should 
be highly correlated with V/T. In fact, we observed that, for 
movements of different amplitude and intended speed, the an- 
tagonist burst was highly correlated with a single kinematic 
variable, l/T. We did not perform an extensive examination of 
the correlations between the antagonist burst and combinations 
of kinematic variables. However, in one subject, we found that 
the correlation between the antagonist burst and l/Twas higher 
than the correlation between this burst and V/T. At this point, 
our results emphasize the significant relation between the an- 
tagonist burst and movement duration. The potential contri- 
butions of other factors in determining antagonist activity re- 
main to be more fully explored. 

Timing of the agonist and antagonist bursts 
Our results differ from those of some prior studies in that we 
did not observe consistent changes in the timing of the agonist 
burst. Movements of different amplitude and intended speed 
were accomplished largely by modifying the peak of this burst 
of muscle activity. In contrast, some, but not all, prior studies 
of step-tracking movements, reported modifications in the du- 
ration, as well as the peak of the agonist burst (Wadman et al., 
1979; Berardelli et al., 1984; Brown and Cooke, 1984; Benecke 
et al., 1985; Mustard and Lee, 1987; Gottlieb et al., 1989b). 
Based on recent experiments and an extensive review of the 
literature, Gottlieb et al. (1989a; see also Corcos et al., 1989; 
Gottlieb et al., 1989b) concluded that the “strategy” a subject 
adopts to perform a movement (“speed-sensitive” or “speed- 
insensitive”) determines the time course of agonist activity. Ac- 
cording to this view, our subjects did not vary agonist duration 
because they adopted a constant strategy (“speed-sensitive”) to 
perform movements of different amplitude and intended speed. 

The strategy used to perform a task, however, may not be the 
only factor which determines the duration of the agonist burst. 
Others have observed substantial increases in burst duration in 
2 conditions: (1) large-amplitude movements and (2) move- 
ments performed against external loads (e.g., Wadman et al., 
1979; Berardelli et al., 1984; Brown and Cooke, 1984; Benecke 
et al., 1985; Mustard and Lee, 1987; Hoffman and Strick, 1989). 
One interpretation of these results is that when force output 
cannot be augmented by increasing the amplitude of the agonist 
burst (i.e., by recruiting additional motor units and/or modu- 
lating the frequency of those recruited), then additional force is 
generated by prolonging the duration of the burst (Berardelli et 
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al., 1984; Benecke et al., 1985; Cheron and Godaux, 1986; lation to movement duration. Movement duration depended 
Hoffman and Strick, 1989). According to this view, our subjects on the speed instruction given to the subject. Therefore, the 
did not need to increase the duration of their agonist bursts to antagonist burst varied in relation to a central command, i.e., 
generate the forces required by our tasks. This conclusion is the subject’s intent to move at a specific speed. We also found 
supported by preliminary studies in which we observed mod- that, for some movements, a subject could have agonist bursts 
ulations in the duration of the agonist burst when we applied of identical magnitude and yet have antagonist bursts that dif- 
viscoelastic loads during step-tracking movements of the wrist fered considerably (Fig. 8). Thus, the magnitude of the antag- 
(Hoffman and Strick, 1989). Thus, we believe that differences onist burst, in some cases, was clearly dissociated from the 
in force requirements explain some of the variation among stud- magnitudes ofboth the initial agonist burst and the initial stretch 
ies in the results on the modulation of the agonist burst. to the antagonist produced by agonist activity (see also Ghez 

Our results also differ from those of some prior studies which and Gordon, 1987, for similar observations during isometric 
reported changes in the timing of the antagonist burst. These movements). These dissociations strongly imply that the an- 
studies observed that the antagonist burst was initiated later for tagonist burst is centrally generated. Furthermore, our obser- 
larger-amplitude movements, as well as for movements per- 
formed at slower intended speeds (Wachholder and Altenburger, 
1926; Lestienne, 1979; Wadman et al., 1979; Brown and Cooke, 
1981; Marsden et al., 1983; Benecke et al., 1985; Mustard and 
Lee, 1987; Gottlieb et al., 1989b). Furthermore, the antagonist 
burst appeared to be delayed for movements in which the ag- 
onist burst was prolonged (e.g., Lestienne, 1979; Wadman et 
al., 1979; Benecke et al., 1985; Mustard and Lee, 1987; Gottlieb 
et al., 1989b). Since the duration of the agonist burst was kept 
relatively constant by our subjects, it is not surprising that we 
did not observe changes in the time of onset of the antagonist 
burst. In our preliminary experiments noted above, the antag- 
onist burst was reduced and delayed when the duration of the 
agonist burst was increased (Hoffman and Strick, 1989). The 
factors which influence the timing of the agonist and antagonist 
bursts should be explored further in future experiments. How- 
ever, at this point, it appears that the prolongation of the agonist 
burst and the delay in the onset of the antagonist burst may 
share common mechanisms. 

Central versus peripheral control of muscle activity 

vations suggest that the burst is generated by central mecha- 
nisms which are, in part, separate from those which control the 
agonist burst. It should be noted, however, that the evidence 
cited above for the central generation of the antagonist burst 
does not preclude the possibility that peripheral feedback could 
modify antagonist muscle activity during normal step-tracking 
movements (e.g., Hallett and Marsden, 1979). 

Control of the initial movement trajectory by coordinated 
bursts of muscle activity 
Although we have emphasized that there is independent control 
of the magnitudes of the initial agonist and antagonist bursts, 
it is also important to recognize that the magnitude and timing 
of these 2 bursts of muscle activity must be precisely coordi- 
nated. For example, we noted above that identical agonist bursts 
could generate movements of very different amplitude and in- 
tended speed. This was only possible because the antagonist 
bursts for the 2 movements were significantly different (Fig. 8). 
This observation indicates that the antagonist, by acting to brake 
the force generated by the agonist, helps to specify not only the 
duration, but also the ultimate displacement of step-tracking 
movements. Thus, the accuracy of step-tracking movements 
depends upon the precise coordination of the 2 bursts of muscle 
activity. We believe that a challenge for the future is to deter- 
mine the neural structures which participate in the independent 
generation and/or coordinated control of the 2 bursts of muscle 
activity. 
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