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SUMMARY AND CONCLUSIONS

I. This study examines the neuronal activity of motor cortical
cells associated with the production of arm trajectories during
~ drawing movements. Three monkeys were trained to perform two
tasks. The first task (“center—>out” task) required the animal to
move its arm in different directions from a center start position to
one of eight targets spaced at equal angular intervals and equal
distances from the origin. Movements to each target were in a
constant direction, and the average rate of neuronal discharge with
movements to different targets varied in a characteristic pattern. A
cosine tuning function was used to map each cell’s discharge rate
to the direction of arm movement. This function spanned all
movement directions, with a peak firing rate in the cell’s preferred
direction. _

2. The second task (“tracing” task) required the animal to
trace curved figures consisting of sine waves of different spatial
frequencies and amplitudes. Both the speed and direction changed
continuously throughout these movements. The cosine tuning
function derived from the center—out task was used to model the
activity of the cell during the tracing of sinusoids in the second
task. Sinusoidal data were divided into 20-ms bins; instantaneous
direction, speed, and discharge rate were analyzed bin by bin. This
provided a way to compare directly the tuning parameters during
a task with constant direction to a task where the direction varied

" continuously.

3. Movement direction as it changed during the tracing task
was an important factor in the discharge pattern of cells that had
discharge patterns that could be represented by the cosine tuning
function.

4. The modulation of discharge rate during figure tracing de-
pended on both the cell’s preferred direction and the orientation of
the figure. The activity of cells with preferred directions perpendic-
ular to the axis of the sinusoidal figure was most modulated,
whereas the activity of those cells with preferred directions aligned
to the figure’s axis was least modulated.

5. The cells with modulated activity tended to have firing rates
that differed from the predicted cosine tuning function during the
sinusoidal movements for those portions of the trajectory where
the movement direction was in the cell’s preferred direction.

6. Finger speed during figure tracing varied inversely with path
curvature with the same relation that has been found during hu-
man drawing. To assess the relation of instantaneous speed to
discharge rate, the component of the discharge pattern related to
direction was subtracted from the total discharge. A comparison
between speed and this residual discharge showed that these two
parameters were best related when the movement direction was
near the cell’s preferred direction. '

7. Movement direction was consistently represented in the ac-
tivity of single cells throughout the time course of the movement,
whereas speed, which accounted for less of the variance in the
spike train than direction, was best represented when the direction
of movement was near each cell’s preferred direction. These re-
sults show that kinematic parameters of movement (direction and
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speed) related to the arm’s trajectory are represented in the dis-
charge pattern of motor cortical cells. These kinematic parameters
vary continuously during drawing. Because these parameters can
specify the complete trajectory of the arm, the information en-
coded in the activity of these neurons may adequately describe the
shape of the drawn figure.

INTRODUCTION

The trajectory of the arm is an important element in the
control of volitional reaching and pointing. This study was
designed to test the idea that arm trajectory is explicitly
represented in the activity of motor cortical cells as the arm
moves. Experimental evidence suggests that the arm’s tra-
jectory is controlled continuously during volitional move-
ment. The shape of the arm’s trajectory is preserved in deaf-
ferented animals even when perturbed (Bizzi et al. 1984).
The spatial variability of the trajectory is small with re-
peated reaches to the same target and becomes even smaller
with practice (Georgopoulos et al. 1981), The arm path is
not affected by speed (Soechting and Lacquaniti 1981) or
weights applied to the arm (Lacquaniti et al. 1982). Direct
evidence of the central representation of trajectory comes
from neuronal studies (Georgopoulos et al. 1988). With
the use of a technique to visualize the ongoing population
response of an ensemble of motor cortical cells, the en-
coded image of the trajectory was found to precede and
predict point-to-point movements through three-dimen-
sional (3D) space. These studies characterized issues re-
lated to straight movement, but it is not clear that these
findings are valid for the large class of movements resulting
in curved trajectories. Trajectory is obviously important in
drawing tasks. The path of the hand is the relevant aspect of
the behavior that corresponds to the shape of the drawn
figure. Many of the properties of drawing movements ( Lac-
quaniti et al. 1982; Soechting et al. 1986; Soechting and
Terzuolo 1987a,b; Viviani and Stucchi 1989; Viviani and
Terzuolo 1982) elucidated by psychophysical experiments
suggest that the control of these movements is organized to
facilitate the transformation of an internal representation
of the shape to be drawn into a selected set of joint angles
and torques used to implement the movement.

The trajectory may be decomposed temporally into a se-
ries of vectors. Each vector is specified by a direction and a
magnitude; these components define tangential velocity. If
the vectors are defined at constant temporal intervals, the
magnitude of each vector is speed. Although it is useful to
study speed and direction separately, in certain movements
such as drawing they may not be independent. As the spa-
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tial rate of directional change (curvature) increases, the an-
gular velocity decreases (Lacquaniti et al. 1983; Viviani
and Terzuolo 1982). The present study examines both
movement direction and movement speed as it is continu-
ously represented in the activity of motor cortical neurons
during the tracing of sinusoidal figures. This approach was
taken in an attempt to show whether and how curved arm
trajectories may be encoded in the motor cortex.

METHODS

Behavioral paradigm

Rhesus monkeys (Macaca mulatta, male 2-4 kg, 3 animals)
were seated in a primate chair with one arm completely free to
move. The chair was positioned in front of a capacitive touch-sen-
sitive computer monitor (22.5 X 17.5 cm) so that a point midway
between the monkey’s shoulders was aligned to the center of the
screen. The screen was approximately in the frontal plane (slanted
at a 15° angle to the vertical). Each monkey was trained to draw
with its index finger on the surface of the screen. Initially the
animals were conditioned to perform the center—out task, which
is similar to a task described previously in the horizontal plane
(Georgopoulos et al. 1981). A target circle (1- or 1.1-cm radius)
appeared in the middle of the screen. The animal placed its finger
in this circle and held it there for a variable period of time (300~
500 ms) until one of eight targets spaced at equal angular intervals
6 cm from the center appeared. The monkey then moved its finger
on the screen surface to the peripheral target, holding it there
(200-400 ms) until a reward was given. If the animal failed to
acquire the target within 500 ms or lifted its finger from the screen,
the trial was aborted. Five repetitions of the eight targets were
presenited in a randomized block design (Cochran and Cox 1957).
The entire behavioral paradigm as well as the data acquisition was
controlled by a laboratory microcomputer.

On completion of the center—out task, the monkey performed
the sinusoid task. This task was designed so that the monkeys
would make a natural, smooth drawing movement within approxi-
mately a [-cm band around the presented figure. A target circle
(10-to 11-mm radius) would appear at the edge of the screen. The
animal placed its finger in the circle, which served as the starting
location (hold A) for the sine wave that appeared on the screen
200-500 ms later. Five different sinusoidal shapes were used rang-
ing from 3 to 12 c¢m in height. The horizontal extent of each
sinusoid was ~15.5 ¢m, and the number of cycles presented var-
ied from one to four. Each figure was centered vertically on the
screen. As the figure appeared, the target circle jumped a small
increment along the sine wave, and the animal moved its finger
along the screen surface to the target. The beginning of the move-
ment was considered to be the instant the finger moved out of the
boundary of the original hold A circle (this resulted in some minor
temporal inaccuracy as the finger had a non-zero speed at this
point). As soon as the finger reached the target, the circle jumped
to the next location on the sine wave. In this way the circle always
stayed just ahead of the animal’s finger, and the animal was free to
move at its own pace. The distance the circle jumped along the
trajectory was determined empirically so that the drawing rate of
the graphics interface could erase and redraw the circle rapidly
enough to stay ahead of the animal’s movement. This distance was
between 1.5 and 2 cm at equal intervals along the figure. This
sequence continued until the finger crossed the limit of the last
target circle at the end of the figure, at which point the animal was
immediately rewarded. Typically, the animals learned to make
smooth and graceful movements after 3 mo of training. Although
the wrist and fingers were free to move, the animals invariably
adopted a strategy where they traced with their index finger ex-
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tended and the rest of the fingers flexed. The finger and wrist
angles varied little during the movement so that the proximal
joints were primarily responsible for the displacement of the finger
tip along the figure. Each figure was traced from left to right then
in the opposite direction and presented five times in a randomized
block design. Each sinusoidal shape traced in a particular direc-
tion was considered a different experimental class.

Neural recordings

After the animals were trained, a 19-mm-diam stainless steel
cylinder was surgically implanted through the skull over the motor
cortex. On the following recording days, the head was fixed me-
chanically and a Chubbuck microdrive placed over the chamber,
sealing it hydraulically. The electrode was placed at precise loca-
tions in the chamber with the use of an x-y stage. These locations
were noted and used as a record of the penetration positions. Typi-
cally, one transdural penetration using a glass-coated platinum-
iridium electrode was carried out daily. Recording sessions were
limited to 4-6 h after which the microdrive was removed, the
chamber sealed, and the animal returned to its cage. Activity from
cells in a given hemisphere (contralateral to the performing arm)
was recorded for ~30 days. Unitary activity was identified by the
use of standard extraceflular techniques (Georgopoulos et al.
1982; Schwartz et al. 1988). In addition to recording a cell’s activ-
ity during the task, its activity was monitored as the animal’s arm
was manipulated and when the monkey reached for raisins in
different locations. This examination was undertaken to deter-
mine whether the activity was related to passive and or active
shoulder movement and to ensure that it was not related exclu-
sively to finger, wrist, or other spurious movements such as licking
or chewing; such cells were not included in the data base. Small
lesions were occasionally placed electrolytically (2-3 A for 3-5's)
at the end of a penetration. These were used to mark the location
and extent of the electrode track.

Data collection and analysis

The occurrence of each spike was recorded relative to the start
of the trial with a 1-ms resolution and buffered with the use of an
interface (CED 1401) attached to the laboratory computer (Com-
paq 386). The computer controlled the touchscreen display and
recorded the position of the animal’s finger’ every 20 ms. The
behavioral information, finger positions, and spike data were writ-
ten to disk between trials.

CENTER-~OUT TASK. The analysis of direction-dependent dis-
charge during this task has been described previously (Georgo-
poulos et al. 1982). The average discharge rate of an isolated cell
was calculated for movements to each of the eight targets in the
different directions (6). This rate was calculated from fractional
intervals during the epoch from the onset of the peripheral target
to its acquisition. For the purpose of visualization, these data were
aligned to the instant the finger exited the center target. Because
this target was 2.2 cm diam, the finger was often moving at a
substantial speed at the exit point. This had no bearing on the
analysis, because the reaction and movement time comprised a
single epoch over which the data were averaged.

A multiple regression was used to find the constants by, b;, and
b, for the tuning equation

D=by+ b, sind+ b,cos 8 (1)

where D is the discharge rate, b, is the grand mean of rates found in
movements to the eight targets, b, is the y component of maxi-
mum discharge in the preferred direction, and b, is the x compo-
nent of maximum discharge. This function can also be written in
linear form
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D =by+ kcos (8 —8)
k=Vb?+ b2

b
= -1 {21
6, = tan ( bz)

According to this equation the maximum discharge occurs with
movements in the preferred direction, 6,

6,=0, D=hy+ b2+ b?

A cell was considered “tuned” if 70% of the variance in discharge
rate was explained by the regression (#2 = 0.7; P < 0.001).

TRACING TASK. The discharge rates of tuned cells recorded dur-
ing the sinusoid task were compared with the rates predicted by
the use of the tuning functions calculated from the center—out
task. The spike discharge rates were calculated throughout the task
at 20-ms intervals (see DATA REDUCTION). The predicted dis-
charge rate was based only on the relation between movement
direction and discharge rate. This prediction was used to character-
ize the directional component of the total discharge pattern found
in the tracing task. The direction the finger moved in each bin was
calculated and used to find the predicted discharge rate from the
center—out tuning function as follows. Tuning constants by, by,
and b, were derived from the results of the center—-out task. The
movement direction, 6§, was calculated for each bin of the sinusoi-
dal trajectory averaged over the repeated trials of the same class for
a particular cell. Equation 2 was then used to find the predicted
rate of discharge for that bin. Note that the discharge rate ex-
pressed in Eg. 2 for the center—>out task is the average rate over
the epoch that includes the reaction and movement times for the
entire task. The rate used in the prediction for the tracing task
assumed that this expression represented the instantaneous rate in
a 20-ms bin. The prediction for a given cell and class was com-
pared with the actual pattern with the use of cross correlation.
Results from this analysis were plotted as lag ( the interval between
a point in the actual rate profile and a point in the predicted rate
profile that occurred = ms later) versus the correlation coefficient.
The peak correlation coefficient of this analysis shows how well
the cosine tuning function (Eg. 1) derived from the center—out
task represents the actual rates of discharge in the tracing task.
High correlation suggests that the simple representation of straight
direction in the center—out task takes place continuously during
the curved movements.

To illustrate the influence of different preferred directions on
the predicted discharge profile, a series of simulations was per-
formed. Simulated patterns of discharge in the tracing task were
calculated for a set of hypothetical cells with different preferred
directions. Movement direction as it changed over the sinusoidal
trajectories was used in Eg. 2. For each simulation, b, had a value
of 30, and k had a value of 40 spikes/s. The only variable that
changed between simulations was 6,, the preferred direction.
Depth of modulation in discharge rate was defined in simulations
by the difference between maximum and minimum rates in the
trial. The depth of modulation in the actual spike data was found
in the same way, except the data were smoothed (double-sided,
5-point exponential) first.

DATA REDUCTION. Typically, each of the 10 sinusoidal patterns
(5 shapes X 2 directions) were drawn 5 times as they were pre-
sented in a random block during the experiment pertaining to a
particular cell. Spike data were reduced by averaging over the five
repeated trials of each sinusoidal class (pattern). The averaging
took place in the following way. The mean trial duration was
found for each class. This mean duration was divided by 20 ms to
give an average number of bins r. Each trial was divided into n
bins by adjusting the binwidth appropriately. Fractional intervals
were calculated in each bin and converted into a rate by dividing

(2)
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by the binwidth. The counts in each bin were summed across trials
and divided by the number of trials for that class. Speed data were
normalized to 7 bins by the use of a spline function on the displace-
ment data. X- and y-coordinates were normalized separately, then
differentiated to give incremental distance in each dimension.
These were either combined to give speed (speed = YAx? + Ay?),
or the arctangent used to give direction. This procedure made it
possible to compare the various parameters in a bin-by-bin
manner.

RESULTS
Simulations

One aspect of this study is to determine whether the co-
sine function describing the firing rate of a cortical neuron
as it relates to direction for point-to-point movements is
also valid for drawing movements where the direction of
movement changes continuously. The profile of the dis-
charge rate during sinusoid drawing is dependent on the
cell’s preferred direction and can be illustrated with simula-
tions. Simulations representing the neuronal responses of
cells with different preferred directions were calculated with
Eq. 2. With the use of this tuning formula, it was possible to
generate a discharge rate profile for the given sinusoidal
trajectories by calculating the tangent angle at equal spatial
intervals through the trajectory. The tangent angle, repre-
senting instantaneous direction, is then used in Eq. 2 as 6.
In the same equation, b, was chosen as 40 spikes/s and k as
30 spikes/s. The discharge profiles for two simulated sinu-
soids drawn in two different directions are shown in Fig. 1

Trajectory Cell Response
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Cell Response
p.d.= 180°
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FIG. 1. Simulated responses. Sinusoids representing trajectories are
shown in the left column. Each pair is the same figure drawn in opposite
directions as indicated by the arrows. Both axes have units of centimeters,
and the calibration is shown in the bottom left corner. The top 2 traces were
simulated to approximate classes 2 and 7, the bottom 2 traces approximate
classes 4 and 9. The middie column shows the calculated response of a
“cell” with a preferred direction of 90° (upward). The right column shows
the corresponding response of a cell with a horizontal preferred direction of
180° (leftward). Responses were calculated according to the tuning for-
mula: D = by + k cos (8 — 6,) where b, was 40 and k was 30 spikes/s. 6 was
the instantaneous direction calculated as the tangent of the sinusoid, and 6,
was the preferred direction.



MOTOR CORTICAL ACTIVITY DURING SINUSOID TRACING

531

p.d. = 45° p.d. = 90° p.d. = 135° p.d. = 180°
100
o9
o
n
S—
»
i
£
& p.d. = 225° p.d. = 2700 p.d. = 315° p.d. = 360°

[y

[2em

al/e Wh R s

FIG. 2. Simulated responses. This figure shows the simulated responses of a series of cells with different preferred direc-
tions during the drawing of the same sinusoid. The sinusoidal trajectory ( outline) is superimposed on the simulated response

(shaded histogram). The same tuning formula used in Fig. 1 is used here.

for a preferred direction, 8, of 90 (vertical ) and 180° (hori-
zontal). Movement direction in the simulated sinusoid
with the high spatial frequency is primarily in the vertical
direction, nearly 90°, once per cycle. These upward move-
ments are followed by movements in almost the opposite
direction ( ~270°). Because the preferred direction is 90°,
the cell will fire at a near maximum rate (b, + k = 70
spikes/s) for this sinusoid during the upward portion of the
trajectory and at a minimal rate (b, — k = 10 spikes/s) for
the downward portion. When the preferred direction is
changed to 180°, the rate profile is much different. In this
case the movement is in the preferred direction only at the
peak of each cycle, although the movement direction is
never farther than 90° from the preferred direction. This
leads to a profile that is much less modulated than that for
vertical preferred directions. The relation between pre-
ferred direction and depth of modulation could also be seen
when lower amplitude sinusoids with lower spatial frequen-
cies were simulated. In this trajectory the direction compo-
nents are primarily horizontal. Although the depth of mod-
ulation in the simulated responses of the cell with the verti-
cal preferred direction is reduced compared with the higher
frequency trajectory, it is still much greater than the simu-
lated response of the cell with the horizontal preferred direc-
tion. This “horizontal cell” fired at almost a constant rate
that was near maximal in the simulation of the leftward
drawing and near its minimal rate for the rightward move-
ment.

The high-frequency trajectory and the same values for b,
and k were used to simulate the responses of a series of cells
with different preferred directions in Fig. 2. The rate pro-
files changed in an orderly fashion, and the depth of modu-
lation in these responses varied smoothly with changes in
preferred direction. The depth of modulation was greatest

with the vertical preferred directions (90 and 270°) and
minimal with the horizontal directions (180 and 360°).

Recording sites

Sites of electrode penetrations (# = 111) in which direc-
tionally tuned cells related to proximal arm movement
were encountered are shown in Fig. 3. Single-unit activity

FIG. 3. Recording sites. This schematic shows the electrode penetra-
tion sites for the cell responses recorded in this study. The electrode loca-
tions from 5 hemispheres (2 left and 3 right) are superimposed on this
drawing of a right hemisphere. CS, central sulcus; AS, arcuate sulcus; PCD,
precentral dimple; M, medial, A, anterior.
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of 357 tuned cells recorded in 5 hemispheres of 3 animals
was used in this study.

Center—out task

Activity during the center—out task of the cell shown in
Fig. 44 was represented by a tuning function with a peak
firing rate for movements made 283° (preferred direction)
from the horizontal (Fig. 4B). Average discharge rate for
each movement was calculated for the epoch that began
with appearance of the peripheral target and ended when
this target was acquired. Cell activity tended to be greatest
for downward movements and minimal for upward move-
ments. The function is unimodal, spans the directional do-
main, and is identical to the function previously described
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FIG. 4. Discharge patterns during the center-»out task. 4: rasters are
arranged schematically at each target location around the center start posi-
tion. Each raster is aligned to the exit from the center start position (7 =
0). The 1st long tick mark of each trial is the target onset time, the 2nd is
the time of movement onset, and the 3rd is the time of target acquisition.
B: the cosine tuning function was derived from the average rate of dis-
charge between target onset and target acquisition for each movement
(open circles). The vertical line through each circle is the standard devia-
tion of that average rate. A cosine tuning function was fit to these data: D =
by +k cos (8 — 8y), by = 37.9, k = 36.1, (the units are spikes/s), r?=0.95.
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for movement tasks in the horizontal plane (Georgopoulos
et al. 1982).

The displacement data collected during the center—>out
task for all cells used in this study were averaged and speed
profiles calculated as described in METHODS. The profiles
for the same experimental epochs described above are
shown in Fig. 5. Each profile is aligned to the instant the
finger crossed the center target boundary. The portion of
the profile before this has a duration equal to the average
(mean of 5 repetitions to that target) epoch length between
the onset of the peripheral target and the exit from the
center target, whereas the remaining portion has a duration
equal to the average time it took to reach the peripheral
target after leaving the center target. This figure shows that
the finger was moving rapidly as it left the center target and .
when it arrived at the peripheral target. The speed profiles

‘for the different movements were nearly identical as were

the peak speeds (30.3 = 1.1 cm/s) to each target. This
shows that different speeds were not a factor in determining
the directional tuning parameters derived from the cen-
ter—>out task.

Sinusoid task

Average finger trajectories of all the sinusoidal move-
ments in this study are displayed in Fig. 6. The number
beside each trace is the experimental class corresponding to
the sinusoid presented. Classes 1-5 were drawn from left to
right across the screen. Matching classes (6-10) were drawn
in the opposite direction. These finger trajectories were al-
ways within 1 or 1.1 cm of the figure presented on the
screen. Although the horizontal extent of each sinusoid was
17 cm, the horizontal length of the recorded movement
trajectory will be smaller because the movement epoch was
considered to begin after the finger moved from the target
hold zone, which had a 1- or 1.1-cm radius. The movement
was considered finished when the finger entered the termi-
nal target zone at the end of the figure, which also had the
same radius.

Whereas direction was constant in each movement of the
center—out task and the data from each movement was
averaged over the entire movement epoch, the speed, direc-
tion, and discharge rate varied continuously as each sinu-
soid was drawn. This made it necessary to use analytic tech-
niques that could compare these parameters throughout the
task. An example of the intramovement relation between
movement speed and direction is shown in Fig. 7, where
these parameters are compared bin by bin. Movement
speed is approximately proportional to the radius of curva-
ture in figure drawing (Lacquaniti et al. 1983; Viviani and
Terzuolo 1982). The radius of curvature in a sinusoid is
largest in the middle of each wave and smallest at each
peak. Thus the speed will be greatest in the middle, vertical
region of the sinusoid and smallest at the peaks, where the
movement is horizontal. The speed and movement direc-
tion for each 20-ms bin of every sinusoidal class in the data
base was plotted in the scatter plot. The speed increased in
the vertical portions (90 and 270°) of the sinusoid. Notice
that the peak speeds in the center—>out (30 cm/s) task are
comparable with the range of speeds encountered in the
sinusoid task.
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FIG. 6. Finger trajectories. These trajectories are averages of all the
drawings made by the animals in this study. Trajectories for individual
trials were normalized to 100 bins before averaging. There were 5 sinusoids
each traced from left to right then in the opposite direction for a total of 10
classes. Class numbers are shown at the starting location of each trace.
Arrows show the direction the sinusoid was traced; those in the left column
were traced rightward, those in the right column were traced leftward. Both
axes have units of centimeters.
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FIG. 5. Speed profiles during the cen-
ter—>out task. This figure is arranged in
the same manner as Fig. 4 4. Profiles were
normalized and averaged across the data
base (356 cells). The portion of the profile
before the alignment point began at stimu-
lus onset and was normalized separately
' from the latter portion. The entire profile -

has a duration equal to the mean duration
for that direction. Each profile is aligned to
the exit from the center target. At this
point the finger was moving near its maxi-
mum speed. The profile shape and maxi-
mal speeds were nearly identical for move-
ments in the different directions.

Discharge pattern during sinusoid task

RELATION OF DISCHARGE RATE TO MOVEMENT DIRECTION.
This cell’s activity (same unit as shown in Fig. 4) during the
sinusoid' task is represented in Fig. 8. The numbering
scheme is the same as that of Fig. 6 with each raster aligned
to the exit of the finger from the initial hold target. The
rasters show that this cell was consistently well modulated
throughout the figure. Displacement data superimposed on
these rasters show that the cell began to fire at the top of the
sinusoids, before the finger moved downward. The spike
data are represented as smoothed histograms (shaded) in
Fig. 9. Superimposed on these histograms is the predicted
discharge rate. The predicted pattern is derived from the
cosine tuning function by the use of the same methodology
as that in the simulations except that the predicted pattern
used directions from the actual finger trajectory (see METH-
obs). The predicted pattern was calculated at 20-ms inter-
vals, whereas the simulated profiles were calculated at regu-
lar spatial intervals. Because the movement speed was not
constant throughout the movement, the simulated (i.e.,
constant speed) and predicted rate profiles will be slightly
different in shape. Essentially, the predicted pattern shows
how closely the actual discharge pattern follows the relation
described in Eq. 2. The prediction is similar to the actual
rate, although there is a consistent undershoot and a lag of
the prediction. The shape of the predicted pattern results
from the way that direction varies in the sinusoidal pattern
(i.e., direction is relatively constant for vertical portions of
the figure). The correspondence between predicted and ac-
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FIG. 7. Scatter plot of direction vs. speed. The instantaneous move-
ment direction and speed were calculated for each 20-ms bin through all
the sinusoid experiments in the data base. The speed tended to be greatest
in the vertical portions of the sinusoid, which were also the straightest and
tended to be smallest at the curved, horizontal peaks. A wide range of
speeds was generated in this task. Gaps in the plot at 90 and 270° are from
the lack of movement in these directions. The animals did not make move-
ments along the absolute vertical. The ordinate is in cm/s.

tual rates can be assessed by the use of cross correlation
(Fig. 10). For example, the peak correlation of class 1 sine
waves, moving from left to right, occurs at a lag of 120 ms
with a correlation coeflicient of 0.88. Construction of the
predicted pattern of discharge is essentially a transforma-
tion of movement direction to discharge rate. The validity
of this operation is represented by the peak correlation coef-
ficient. With the use of this argument, the lag (120 ms)
between the signals is the interval between the direction
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FIG. 9. Actual and predicted rates. Each pattern is arranged by class.
Discharge patterns of rightward movements begin at T = 0; those of left-
ward movements begin at 7' = 2,000. Units along the abscissa are millisec-
onds. The shaded pattern is a histogram (normalized to the average move-
ment duration for that class) of the actual firing rates. The solid, heavy
trace is the predicted rate of discharge. The vertical calibration bar repre-
sents 50 spikes/s. The predicted rate lags the actual rate and has flattened
maxima. The prediction consistently underestimates the actual peak firing
rates.
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FIG. 8. Rasters derived from the tracing task. Rasters are arranged by
class. Class numbers correspond to those of Fig. 6. Each raster is aligned to
the exit from the initial target. The [st long tick mark in each record is the
time that the sinusoid pattern was presented, the 2nd long tick mark is the
time of movement onset, and the 3rd is when the task was completed. The
sinusoidal line through each raster is the average y-position of the finger at
that time in the trial. The cell firing increased each time the finger moved
downward and stopped firing for upward movements.

encoded by the neuron and movement of the arm in that
direction. Because the correlation was high, the lag between
the traces must be consistent throughout the trial. The lag
between the 10 different classes was fairly consistent ( 138 +
21 ms).

The residuals found by shifting the prediction by the
corresponding lag and subtracting it from the actual pattern
are shown in Fig. 11. The residuals for this cell are cyclical
and are largest at the peaks of firing rate where the predic-
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FIG. 10. Cross correlograms between predicted and actual discharge
rates. Correlograms (same cell as Figs. 4, 8, and 9) are arranged by class.
The abscissa is lag in milliseconds. The calibration bar is » = 1.0. The 1st
positive peak after 7 = 0 occurs consistently across classes (7 = 138 = 21
ms).
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FIG. 11. Residuals between actual and predicted discharge rates. This
figure is based on the data of Fig. 9 and also has the same layout (the
abscissa is in ms). The predicted rate was shifted relative to that of the
actual by the lags determined from the cross correlation. The predicted rate
was then subtracted from the actual rate. The outline superimposed on the
histogram is speed. The left calibration bar is 50 spikes/s, the right is 50
cmy/s,

tion consistently undershoots the actual rate. Superim-
posed on the residual pattern of Fig. 11 is the speed of the
finger. The magnitude of the residual rate corresponds to
the alternating peaks of finger speed. The correspondence is
present in the cycles where the finger is moving in the cell’s
preferred direction. This will be addressed in detail in a later
section.

The correspondence between predicted and actual dis-
charge patterns for a cell with a horizontal preferred direc-
tion is shown in Fig. 12. This cell’s preferred direction was
354°, and it,tended to fire fastest for movements made to
the right. As expected from the simulations, the discharge

bs1141.001
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FIG. 12. Predicted and actual discharge rates from a cell with a horizon-
tal preferred direction. This figure has the same format and scale as Fig. 9.
This cell’s preferred direction was oriented to the right (pd = 354°, b, =
37.4 spikes/s, k = 27.9 spikes/s, r*> = 0.93). The calibration bar has a value
of 50 spikes/s. The abscissa is in milliseconds.
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profile of this cell was not consistently modulated. This cell
fired at a high rate when the figures were drawn from left to
right (classes 1-5) and tended not to fire in the opposite
direction classes (6-10). This is especially evident for
classes 4, 5, 9, and 10, where the low-frequency sinusoids of
small amplitude were drawn. The cross correlations calcu-
lated on individual classes suggest that the correspondence
between the predicted and actual rates is poor and not con-
sistent (Fig. 13). This is partially due to the low depth of
modulation (small variance) within each class and the use
of the cross-correlation function on data restricted to indi-
vidual classes. This issue is addressed in a later section by
using a regression that spans different classes (see Fig. 17).

To show that these findings depend on the orientation of
the figure, the activity of some of the cells with horizontal
preferred directions was recorded while vertically oriented
sinusoids were drawn. The response of the same cell shown
in Figs. 12 and 13 is displayed in Fig. 144 during the draw-
ing of vertical sinusoids. The vertical sinusoid consisted of
two cycles with an amplitude of 8 cm. Class 1 was drawn
from the bottom to the top of the screen, and class 2 drawn
in the opposite direction. The animals were not explicitly
trained to perform this task and were presented with these
figures occasionally after the horizontal tasks had been
completed. As a result, these trajectories were not as
smooth and rapid as those from the horizontal trajectories.
Nevertheless, compared with the horizontal sinusoids, the
depth of modulation increased. This is reflected in the am-
plitude and shape of the corresponding correlograms in
Fig. 14B.

The depth of modulation in firing rate for class 3 of each
cell in the population is plotted against that cell’s preferred
direction as shown in Fig. 15. In agreement with the simula-
tions, cells with vertical preferred directions tended to be
most modulated, whereas those with horizontal preferred
directions were least modulated. Because the correlation

bsl141.001

FIG. 13. Cross correlograms of prediction for a cell with a horizontal
preferred direction. This figure has the same format as Fig. 10, but displays
the cross correlation between the predicted and actual profiles using the
data shown in Fig. 12. The correlations were weak and inconsistent. The
calibration is » = 1.0, the abscissa is lag time in milliseconds.
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FIG. 14. Response of a horizontal cell when tracing a vertical sinusoid.
The trajectory of the finger is shown to the Jeff of each histogram in 4. The
sinusoid in class 1 was drawn from bottom to top, for class 2 it was drawn
in the opposite direction. These trajectories are the averages from the 110
trials of this task that this monkey performed. Discharge profiles (same
scale as Fig. 12) were more modulated than those in Fig. 12, and as shown
in B, the correlation is also better (the peak correlation coefficient for class
1 was 0.89; for class 2 it was 0.65). The calibration in the inset is 2 cm in
each direction; in A the bar corresponds to 50 imp/s; in B it corresponds to
r = 1.0. The abscissa in A is time in milliseconds; in B it is lag in millisec-
onds.

coefficient used to judge the fit of the data to the cosine
tuning formula is a measure of how the two signals increase
and decrease together, it can be expected that this measure
is dependent on the depth of modulation in each signal.
This is shown in Fig. 16 where the depth of modulation for
each class of sinusoid in every cell was plotted against the

D 100

e e

- Qo
s

50

~
&
1

BO e~ oo R

0 180 360

Preferred Direction (degrees)

FIG. 15. Depth of modulation in firing rate vs. preferred direction. The
depth of modulation (peak-to-peak amplitude) in firing rate was calcu-
lated from the averaged and smoothed histograms of each cell’s activity for
class 3 (357 points). These data were grouped by preferred direction into
1° bins. The average for each bin was calculated, then the average values
were smoothed with a double-sided, 5-point exponential function. The
depth of modulation tends to be greatest for cells with vertical preferred
directions (90 or 270°) and least for those with horizontal preferred direc-
tions (0 or 180°). The ordinate has units of spikes/s.
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FIG. 16. Depth of modulation vs. peak correlation coefficient. The
peak correlation coefficient in the cross correlation between the predicted
and actual discharge rates was matched to the depth of modulation for
each class of every cell in the data base. A linear regression and correlation
were performed on these data (r = 0.803, slope = 33.7, 3,358 points). For
display purposes, these data were divided into 100 bins along the abscissa
and the average taken in each bin. The ordinate has units of spikes/s.

corresponding peak correlation coefficient for each class.
The relation is direct and linear (r = 0.803).

This analysis was organized on a class-by-class basis and
is insensitive to the maintained changes in discharge rate
observed for the cells with horizontal preferred directions.
To assess the directional characteristics of discharge pat-
terns from these cells, a linear regression between discharge
rate and direction (shifted by the cross-correlation lag) was
performed across classes for each cell. The population of
cells was divided into those with horizontal (+45° of both
horizontal directions) and those with vertical (+45° of both
vertical directions) preferred directions. These overlapping
distributions are displayed in Fig. 17 and show that cells
with horizontal preferred directions encoded direction as
well as those with vertical preferred directions. These find-
ings are in good agreement with the simulations, suggesting
that the directional tuning formula accounts for much of
the observed pattern of discharge in these motor cortical
cells.

RELATION OF SPEED TO DISCHARGE. Direction is one compo-
nent of trajectory. If these motor cortex cells encode the
trajectory of arm movement, it is necessary for their rates to
contain speed information as well. Because direction and
speed are considered separately, the component of dis-
charge rate identified as corresponding to direction was re-
moved from the actual discharge profile by shifting the pre-
dicted discharge pattern by the correlation lag and subtract-
ing. The resulting residual discharge rate as exemplified in
Fig. 9 can be expected to contain information related to
parameters other than direction. As shown in this figure,
the residuals are greatest when the movement speed is max-
imal in the cell’s preferred direction. This also corresponds
to the regions where curvature is small. In this example the
correlation between speed and residual rate is conditional
on the movement being in the cell’s preferred direction.
Movement in the opposite direction (upward) does not re-
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FIG. 17. Directional regression across sinusoid classes. The correlation
coefficient from a linear regression between predicted and actual discharge
rates using all the data for each recorded cell is plotted in separate histo-
grams for cells with vertical (4, 191 cells) and horizontal preferred direc-
tions (B, 175 cells). Horizontal cells were classified as those with preferred
directions +45° of the horizontal axis, whereas vertical cells had preferred
directions within +£45° of the vertical. These distributions overlap, indicat-
ing that the responses of the vertical and horizontal cells are equally well
described by the directional tuning function.

sult in any substantial residual rate even though it is just as
rapid.

A plot comparing residual magnitude to each cell’s rela-
tive movement direction is shown in Fig. 18. This figure
was constructed from a scatter plot in which each point
represented the residual discharge rate in a 20-ms bin for a
relative movement direction (movement direction — pre-
ferred direction) for all the bins in the data base. The resid-
ual rate was shifted in time by the lag in the cross correla-
tion for each class. This scatter plot was reduced by dividing
the abscissa into 360 bins and calculating the average value
for the positive and negative rates separately. This shows
that both the positive and negative residuals tend to be great-
est for movements in each cell’s preferred direction when
the cell is firing at its peak rate. Because this shows the
results for all cells in the population, and these cells had
preferred directions that were distributed in all directions,
the residuals tend to be greatest in the cell’s preferred direc-
tion, independent of the preferred direction or the speed of
the finger as it moves in the cell’s preferred direction.
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FIG. 18. Residual discharge rate vs. relative direction. A scatter plot

was generated with the use of all the bins in the data base. The residual rate
(actual — predicted ) was calculated for each bin, shifted by the cross-corre-
lation lag and matched to the direction of movement relative to the cell’s
preferred direction (# — 6,). To better visualize this, the abscissa was di-
vided into 360 bins, and the average residual rate calculated in each bin.
This was done separately for the positive and negative residuals. The resid-
uals (spikes/s) were largest for movements in or near each cell’s preferred
direction.

Because the residuals were greatest near each cell’s pre-
ferred direction, the data were limited to those bins within
+45° of the preferred direction for each cell. The overall
depth of modulation in spike activity and the lag-adjusted
speed were then compared with the residual discharge rate

FIG. 19. Comparison of residual rate to depth of modulation and speed
(data within 45° of preferred direction). The residual discharge rate
(spikes/s) for each bin in the data base was shifted by the appropriate lag
and plotted along an axis in a 3 space against the corresponding depth of
modulation (spikes/s) in total firing rate and against speed (cm/s), which
was plotted along the 3rd axis. These points were reduced by dividing the
depth of modulation and speed axes into 100 bins and finding the average
residual value in each of the resulting 10,000 volumes. The resulting sur-
face was smoothed. There is a tendency for the residuals to be larger for
larger depths of modulation and for higher speeds. A regression surface
represented by the superimposed grid shows the plane that best represents
the data. It has a slope along the speed axis of (.38 and a slope along the
depth of modulation axis of 0,24,
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with a multiple regression to find the constants Jfo,Ji,and £,
according to the following equation

d, = fo + f; Speed + ,LDOM (3)

where d, is the residual discharge rate for a particular data
bin, fy, f;, and f, are regression coefficients, Speed is the
movement speed in the data bin corresponding to the spike
rate, and DOM is the depth of modulation for the actual
spike rate in the corresponding sinusoidal class.

The correlation coeflicient between speed and residual
rate was 0.25; the correlation between residual discharge
rate and DOM was 0.34. This data in this analysis can be
visualized as a surface with each parameter plotted along a
different dimension (Fig. 19). The multiple regression at-
tempts to fit the best flat surface to the data, and the orienta-
tion of this surface can be described by the slopes along the
speed and DOM axes. The slope ( f,) for the speed data was
0.38, which means that the spike rate changed by 26 spikes/
s over the range of speeds in the data base. The slope for
DOM (f,) was 0.24, which means that the spike rates asso-
ciated with this variable had a range of 45 spikes/s. Both of
these slopes were significantly different form zero (P <
0.005).

The same analysis when calculated on the data for all
directions of movement ( not restricted to movements near
each cell’s preferred direction) resulted in a much poorer
relation between speed and residual spike rate. In this case
the correlation coefficient between the two variables was
0.08, and the slope was 0.085 for a discharge range of only 7
spikes/s.

DISCUSSION

Whether volitional arm movements are controlled con-
tinuously is an issue that has been studied with psychophysi-
cal methods (Craik 1948; Paillard 1982; Prablanc et al.
1979; Vince 1948) but has not received attention from in-
vestigators recording single-unit activity in central struc-
tures. The psychophysical studies have shown that the arm
is guided by visual and nonvisual cues throughout the move-
ment. One set of experiments addressed the hypothesis that
only information about the spatial location of the end point
need be specified in pointing movements (Bizzi et al. 1982;
Polit and Bizzi 1979). However, evidence against this idea
was found when deafferented monkeys were tested in a
pointing task (Bizzi et al. 1984). After these animals en-
countered a perturbation that deflected the arm from its
path to the target, the arm returned to its original trajectory
before completing the task, showing that the entire trajec-
tory was specified. Other studies have shown that the trajec-
tory is not independent of the target. Rather it is affected by
the target’s shape, size, and orientation (Pauligan et al.
1990; Soechting 1984). These and other psychophysical
studies (Lacquaniti et al. 1983; Soechting 1989; Soechting
and Lacquaniti 1981; Soechting and Ross 1984; Soechting
and Terzuolo 1987a,b) have begun to uncover the system-
atic rules used to construct volitional arm movements. The
aim of the present study was to describe the relation of
motor cortical activity to the movement of the arm as this
continuous process evolved throughout a volitional task.

Drawing tasks can be used to elaborate the continuous
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control used in volitional arm movements. The way this
control may take place centraily was addressed in the pres-
ent study by recording single motor cortical units as mon-
keys made smooth and accurate drawing movements by
tracing sinusoids with their fingers. Directional tuning
functions were calculated for each cell based on straight
trajectories in different directions. This tuning function was
then used to ascertain the component of spike activity re-
lated to movement direction in a sinusoid task where the
trajectories were curved and direction changed continu-
ously. The observed pattern of motor cortical activity
clearly reflected and was consistently related to the spatial
(figure orientation) and temporal (consistent correlation
throughout the movement) features of the movement tra-
jectory. Cells with vertical preferred directions, firing most .
rapidly for upward or downward portions of the move-
ment, had well-modulated activity as horizontally oriented
sinusoids were drawn, whereas those cells with horizontal
preferred directions were weakly modulated. Because the
cells with preferred directions aligned to the figure’s axis
(horizontal ) tended to fire at a constant rate throughout the
movement, this group of cells can be considered to contrib-
ute lessinformation about the continuously changing trajec-
tory than those cells with preferred directions perpendicular
to the figure’s axis. Of course the boundaries of these
“groups” are not finite, because this depends on preferred
direction that is distributed as a continuum in the popula-
tion of motor cortical cells. Furthermore, as different fig-
ures or shapes within a figure are drawn, the figure axis will
vary, changing the group of cells that are modulated.
Although movement direction was an important factor
in the discharge pattern of these cells, other factors seem to
be represented in this activity. This was demonstrated by
subtracting the activity related to direction (derived from
the directional tuning function) from the total activity.
Three factors besides movement direction were reflected in
this residual activity. The magnitude of the residual rate
was greatest when the direction of movement coincided
with the cell’s preferred direction. This was not simply due
to an underestimate of the tuning function, because the
residuals were equally likely to be positive as negative (cf.
Fig. 18). Because the magnitude of each cell’s residual activ-
ity was related to its preferred direction and the preferred
directions of the cells in this population were evenly distrib-
uted over the directional domain, the distribution of resid-
ual activity was not biased in any given direction; the mag-
nitudes of residuals are the same for cells with vertical pre-
ferred population as for those with horizontal orientations.
Within this residual activity, another factor, the speed of
movement, was found to be best represented when the
movement direction coincided with the cell’s preferred di-
rection (i.e., when the residual rate was largest). The last
discharge-related factor identified in this study was the
depth of modulation in firing rate, which was associated
with the orientation of the figure. The depth of modulation
tended to be larger for preferred directions perpendicular to
the figure axis, and this was reflected in both the directional
portion of the spike activity (as illustrated in the simula-
tions) and in the residual activity (cf. Fig. 19). If the magni-
tude of the residuals reflects the bandwidth of the nondirec-
tional information encoded in the spike train, then well-
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modulated neurons have the ability to encode more
information.

Information pertaining both to the direction and speed of
movement was contained in the discharge patterns of these
neurons as demonstrated by the analyses described above.
Evidence for encoded trajectory information has also been
found in the single-unit activity of areas 4 and 6 (Hocher-
man and Wise 1991) when monkeys moved their arms
through a series of curved movements. These results cannot
be taken as proof that the motor areas of cortex are the
source of the kinematic control used in these movements,
as movement direction has been found to be represented in
many areas of the CNS (Caminiti et al. 1990; Crutcher and
Alexander 1990; Fortier et al. 1989; Georgopoulos et al.
1982; Kalaska et al. 1983, 1989, 1990). Correlation analy-
ses also cannot distinguish multiple parameters that covary.
For instance, in this experiment, speed and curvature were
inversely related. The correlation between discharge rate
and speed could be expected to be similar to that between
discharge rate and the inverse of curvature. Nevertheless,
the results of this study show that the available information
in the motor cortex pertains to the class of parameters re-
lated to movement kinematics, although this does not
mean that the activity of these neurons is exclusively related
to kinematics.

Recent studies have attempted to categorize specific cen-
tral structures on the basis of the representation of dynamic
or kinematic parameters in the neuronal activity within
these areas. Kinematic features of movement, parameters
that describe the arm’s trajectory, are distinct from dy-
namics that are the joint torques and segment forces gener-
ated in the movement. This issue dates to the original work
of Evarts (Evarts 1968), where he first examined motor
cortical discharge in behaving monkeys. The important
concept in these argumentsis that any kinematic representa-
tion of the. movement ultimately must be described in
terms of dynamics (Hollerbach and Flash 1982; Pellionisz
and Llnas 1982; Soechting 1989). Subsequent experiments
found that dynamic parameters could be represented in
motor cortical discharge. The correlation between spike ac-
tivity and torque was weak (Humphrey 1972) but im-
proved by assuming that each spike produced a pulse of
torque that decayed over 250-500 ms. Another study
(Schmidt et al. 1975) found that motor cortical activity was
unrelated to different loads (spring constants) applied to a
manipulandum during the “dynamic” portions of a wrist
flexion-extension task, but better related to the activated
muscles producing the movement. More recent studies
(Crutcher and Alexander 1990; Kalaska et al. 1989;
Schmidt et al. 1975; Thach 1978) examining the relation
between force and motor cortical activity did not examine
the temporal relation of spike activity to force, and these
results are difficult to relate to the mechanisms used to gen-
erate the movement.

One of these recent studies examined the directional tun-
ing of motor cortical cells as static loads were applied to the
arm. Kalaska and his co-workers (Kalaska et al. 1989) us-
ing an arm movement task, found that motor cortical cells
could be fit with the cosine tuning function and that the
primary effect of loads applied to the manipulandum was to
shift the cosine function along the ordinate by a constant
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discharge rate. Because discharge activity averaged over
time was compared with a constant load, it was not possible
to measure any effects in the temporal pattern of spike activ-
ity that may have been related to the torques used to acceler-
ate and decelerate the manipulandum. For example, in the
unloaded condition the force used to accelerate the handle
would be expected to be equal and opposite to the decelera-
tive force. When such a profile is integrated over time, the
result is zero. Any spike activity correlated to these changes
in force would go unobserved in this analysis. The authors
concluded that there was no force-related change in the
movement-related activity of these cells besides the tonic
offset due to the static¢ load. In contrast, a short report
(Taira et al. 1991) using a technique that compared motor
cortical activity and force continuously during an isometric
arm task found that firing rate and the net force produced
during the task were correlated.

A later study, again using a manipulandum that could be
loaded in different directions and monkeys performing the
center—-out task, found that the static load effect was less
prevalent in the activity of area 5 parietal cortex cells (Ka-
laska et al. 1990). On the basis of differences between the
responses in these two areas, a hierarchical scheme was pro-
posed in which movement kinematics encoded in area 5
served as a basis for dynamics coding in area 4. This distinc-
tion is difficult because the criteria for dynamics was based
on the application of static loads, and those cells with load
effects were not shown to have force-related activity during
movement (these cells also fit the cosine tuning formula for
direction, and their activity may have been related to kine-
matics). Furthermore, the cell responses showing the best
load effects were confined to the central sulcus. More ante-
rior cells in area 4 encoded only movement direction, and
their responses were similar to those found in the parietal
cortex. Thus it is unclear whether areas 4 and 5 may be
differentiated by their neuronal responses to kinematic or
dynamic movement parameters.

Another study (Crutcher and Alexander 1990) addressed
this hierarchical issue by recording activity in three differ-
ent structures: motor cortex, supplementary motor cortex,
and putamen. Static loads were used in an elbow flexion-ex-
tension task. Load and directionally sensitive cells were dis-
tributed evenly throughout the three structures, arguing
against a hierarchical organization on the basis of this crite-
rion. It was also determined that cells responsive to pre-
movement cues were directionally sensitive, but insensitive
to static loads (Alexander and Crutcher 1990). The conclu-
sion drawn was that these brain regions do not code for
dynamics during the preparation for movements. However,
~40% of the task-related cells in these three areas did show
movement-related load effects, and this activity was similar
to the electromyographic (EMG) patterns of the elbow
muscles. Although muscle activity may be qualitatively re-
lated to muscle force and therefore loosely related to limb
dynamics, the transformation between EMG and force
may be complex and nonlinear (Agarwal and Gottlieb
1982). If the integrated sum of EMG activity as a function
of movement direction resembles the cosine tuning func-
tion of motor cortical cells, an argument could be made
that the observed EMG activity may be the actual parame-
ter encoded by the motor cortical cells. Indeed, the EMG



540

activity of many muscles recorded during the two-dimen-
sional center—>out task appears to resemble the cosine tun-
ing function (Kalaska et al. 1989), with broad tuning and a
single preferred direction. However, this may not be the
case when 3D movements are considered (Kettner et al.
1988) or for isometric contractions (Flanders and Soecht-
ing, 1990) and arm (Flanders 1991) movements in various
planes of free space where the tuning function for specific
muscles often has more than one component. Mussa-Ivaldi
(1988) argued on theoretical grounds that “equivalent”
muscles would have cosine tuning functions. However, his
formulation was based on muscle length and assumed that
this was linearly related to its torque contribution. This has
been shown to be incorrect as arm muscles often are gener-
ating active force while lengthening (Soechting 1988) and
may be multiarticular or have complex origin-insertion ge-
ometry (Wood et al. 1989). For 3D movements the degrees
of freedom in the arm allow it to move in nearby directions
with different combinations of joint displacements, obligat-
ing different patterns of muscle activity for the different
movement strategies. This makes it likely that the move-
ment direction-muscle tension relation in the general case
of free movements will show several local maxima. In con-
trast, motor cortical activity in a 3D reaching task can be
described with a single cosine function (Schwartz et al.
1988).

The present study applied an approach that emphasized
the continuous processing that underlies the generation of
volitional movement. The findings here show that the kine-
matics of arm movement are well represented in the activ-
ity of motor cortical cells, although other movement param-
eters such as those representing dynamics may be simulta-
neously encoded. A large portion of the pattern of spike
activity recorded from these cells was related to movement
direction and a smaller (but still significant) portion to
movement speed. Although the speed information encoded
in the activity of single cells may be imprecise, this activity,
when combined to form a population response, predicted
movement speed very well (Schwartz and Anderson 1989,
1990). It is possible that a wide range of imprecisely en-
coded parameters may be more precisely extracted from
such ensembile activity. This may be especially important
when considering the integrated action of all the motor
structures involved in volitional movement. These parame-
ters are reflected in the neuronal activity of multiple struc-
tures and may not exist in final form until integrated into
the movement itself.
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