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Département de Physiologie, Centre de Recherche en Sciences Neurologiques, Université de Montréal, Montreal,
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Scott, Stephen H. and John F. Kalaska. Reaching movements generate the appropriate muscle activity patterns (Georgo-
with similar hand paths but different arm orientations. I. Activity poulos 1991; Kalaska 1991, 1995; Kalaska and Crammond
of individual cells in motor cortex. J. Neurophysiol. 77: 826–852, 1992; Soechting and Flanders 1989, 1992). These processes
1997. This study shows that the discharge of many motor cortical are often described for heuristic purposes in terms of the
cells is strongly influenced by attributes of movement related to convenient but arbitrary parameter spaces (hand path, jointthe geometry and mechanics of the arm and not only by spatial

angles, joint torques, etc.) and transformations (inverse kine-attributes of the hand trajectory. The activity of 619 directionally
matics, inverse dynamics) of newtonian mechanics. How-tuned cells was recorded from the motor cortex of two monkeys
ever, it is highly unlikely that the brain controls movementduring reaching movements with the use of similar hand paths but

two different arm orientations, in the natural parasagittal plane and by explicitly solving the newtonian laws of motion. Instead,
abducted into the horizontal plane. Nearly all cells (588 of 619, psychophysical studies are revealing the physiological pa-
95%) showed statistically significant changes in activity between rameters, reference frames, and transformations by which the
the two arm orientations [analysis of variance (ANOVA), P õ motor system plans and implements movements (Flanders et
0.01]. A majority of cells showed a significant change in their al. 1992; Gordon et al. 1994; Hogan 1984; Karst and Hasanoverall level of activity (ANOVA, main effect of task, P õ 0.01)

1991a,b; Lacquaniti 1989; Lacquaniti et al. 1995; Shadmehrbetween arm orientations before, during, and after movement.
and Mussa-Ivaldi 1994; Soechting and Flanders 1989,Many cells (433 of 619, 70%) also showed a significant change
1992). For instance, a key step in this presumed sequencein the relation of their discharge with movement direction
is the transformation from a representation related to the(ANOVA, task 1 direction interaction term, P õ 0.01) during

movement, including changes in the dynamic range of discharge motion of the hand or the target location in space to a repre-
with movement and changes in the directional preference of cells sentation related to the mechanical details of its implementa-
that were directionally tuned in both arm orientations. Similar ef- tion by the arm (Karst and Hasan 1991a,b; Soechting and
fects were seen for the discharge of cells while the monkey main- Flanders 1992). We refer to the latter class of representations
tained constant arm postures over the different peripheral targets

as intrinsic and the former class as extrinsic to dissociatewith the use of different arm orientations. Repeated data files from
those representations that explicitly specify the geometry orthe same cell with the use of the same arm orientation showed
mechanics of the limb from those that do not. For instance,only small changes in the level of discharge or in directional tuning,
hand path is an extrinsic representation because it does notsuggesting that changes in cell discharge between arm orientations

cannot be explained by random temporal variations in cell activity. provide explicit information about limb geometry, because
The distribution of movement-related preferred directions of the a given hand path can be produced by a wide range of arm
whole sample differed between arm orientations, and also differed geometries and joint rotations. Psychophysical studies have
strongly between cells receiving passive input predominantly from also suggested that this transformation may not be directly
the shoulder or elbow. The electromyographic activity of most from extrinsic coordinates to a representation of pure intrin-prime mover muscles at the shoulder and elbow was also strongly

sic coordinates (joint angles, muscle lengths, or joint tor-affected by arm orientation, resulting in changes in overall level
ques) , but rather to a hybrid reference frame reflecting theof activity and/or directional tuning that often resembled those of
spatial orientation of limb segments relative to a body-cen-the proximal arm-related motor cortical cells. A mathematical

model that represented movements in terms of movement direction tered origin (Soechting and Flanders 1989, 1992). We also
centered on the hand could not account for any of the arm-orienta- refer to these hybrid coordinate systems as intrinsic frames,
tion-related response changes seen in this task, whereas models in to signify that they specify the geometry of the limb.
intrinsic parameter spaces of joint kinematics and joint torques How and indeed whether discrete sequential transforma-
predicted many of the effects. tions between distinct representations of movement in differ-

ent parameter spaces, as predicted by psychophysical mod-
els, are implemented within the widely interconnected net-I N T R O D U C T I O N
work of cortical and subcortical movement-related
populations remains a fundamental conceptual issue (Alex-There is considerable psychophysical evidence that the
ander et al. 1992; Fetz 1993; Georgopoulos 1991, 1995;control of volitional movements such as reaching move-
Hogan 1984; Humphrey and Tanji 1991; Kalaska 1991,ments to a target involves a series of sensorimotor transfor-
1995; Kalaska and Crammond 1992; Kalaska and Drewmations proceeding from higher-level representations of the
1993; Mountcastle 1995). For instance, whether primaryspatiotemporal form of movement to those specifying the

causal details of its execution, culminating in signals that motor cortex (MI) functions predominantly before or after
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the putative transition from extrinsic to intrinsic coordinates central start position to the targets in each was identical.
This challenged the conclusion that the representation ofis still controversial.

Early studies in which single-joint movements were used movement in MI at the single-cell level was centered on the
hand. The overall change in cell tuning across the cell sampledemonstrated that the discharge of many motor cortical cells

covaried with kinetic parameters of movement, including was mainly a rotation about the vertical axis, corresponding
reasonably well to the change in angle of the shoulder toforce, torque, and muscle activation levels (Cheney and Fetz

1980; Evarts 1968; Fromm 1983; Humphrey 1972; Smith place the hand at the central starting position in each cube.
This implicated MI cells in the transformation from a repre-et al. 1975). The consensus of those single-joint studies

implicated MI in the generation of signals that covaried with sentation of movement in extrinsic coordinates to one in
intrinsic shoulder-centered coordinates.muscle activity in an intrinsic reference frame, that is, a late

stage in the putative sequence of transformations. A potential confounding factor in the study by Caminiti
et al. (1990, 1991) is that each of the eight sets of parallelHowever, a series of studies of MI activity during reaching

movements challenged this conclusion (Georgopoulos et al. movement directions was performed in three different parts
of space. Therefore it is still possible that the changes in1982, 1988). Those studies demonstrated that shoulder-re-

lated cells were broadly tuned with the direction of move- directional tuning of single cells reflected the extrinsic spatial
location of the trajectories, and not the changes in arm geom-ment of the hand, centered on a preferred movement direc-

tion that varied from cell to cell. The pattern of activity of etry. In the present study we attempt to clarify this issue.
Monkeys were trained to make reaching movements of thethe total population covaried with the trajectory of hand

movement. More recent studies of motor cortical discharge arm along similar trajectories with the hand at shoulder level,
while holding the arm in one of two different orientations.during continuous tracing motions of sinusoidal and spiral

trajectories concluded more specifically that the MI popula- In the natural orientation, the upper arm and forearm formed
a near-vertical plane with the elbow located below the linetion signaled the instantaneous movement direction and ve-

locity along the hand path in a reference frame centered on between the shoulder and hand. In the second orientation,
the elbow was abducted nearly to shoulder level, so that thethe hand (Schwartz 1992, 1993, 1995). This suggested that

MI generates a representation of movement in an extrinsic upper arm and forearm were oriented predominantly in the
horizontal plane. If single MI cells represent movement ex-reference frame of hand motion in space, a higher level of

representation than indicated by single-joint studies. How- clusively in an extrinsic hand-centered reference frame, their
activity should be insensitive to the change in arm orienta-ever, Mussa-Ivaldi (1988) noted that cells signaling arbitrary

intrinsic movement parameters, such as muscle length, tion. In contrast, if their activity reflects to some degree
attributes of movement that covary with arm geometry, theirwould also show broad directional tuning during reaching

movements, because intrinsic and extrinsic movement pa- discharge should change in different arm orientations. A
preliminary report of this work has been published (Scottrameters were linked by simple trigonometric relations.

Therefore the true nature of neuronal discharge can only be and Kalaska 1995).
revealed by systematic experimental dissociation of different
movement parameters. M E T H O D S

Toward this goal, two studies attempted to dissociate vari-
Task apparatus and designous attributes of reaching movements. In the first, kinematic

and kinetic parameters were dissociated by training monkeys Two juvenile male rhesus monkeys (Macaca mulatta, 4–6 kg)
to move the limb along similar reaching trajectories while were trained to make visually guided reaching movements from a
compensating for loads that pulled the limb in different di- central position to eight peripheral light-emitting diode targets. The

basic apparatus and task have been described elsewhere (Kalaskarections (Kalaska et al. 1989, 1990). The discharge of many
et al. 1989). However, for this experiment, the position of thesingle cells was modulated by the direction of external loads
handle held by the monkey was 1 cm below shoulder height and(Kalaska et al. 1989), and the directional signal generated
Ç12 cm from the free end of the pendulum (Fig. 1A) . The monkeyby the sample population under different load conditions
positioned a pointer at the free end of the manipulandum over theoften deviated from the actual direction of movement (Ka-
central light-emitting diode (target radius 1.0 cm) for 1–3 s, thenlaska and Crammond 1992). This implicated MI in the trans- moved the pointer to one of eight peripheral targets ( target radius

formation from a representation of the spatiotemporal form 1.5 cm) equally spaced on an 8-cm radius circle when the target
of the movements to one that covaried with kinetic parame- was illuminated, and then held the pointer over the target for 2 s.
ters of movement, but did not imply that the cells were The X -Y position of the manipulandum was measured to 0.1-mm
explicitly signaling newtonian mechanical parameters such resolution at 100 Hz (Science Accessories, model G/P-3). The

eight target lights were presented five times in a randomized blockas joint torques or output forces (Kalaska et al. 1989, 1990).
design.The design of the task in that study could not distinguish

The monkeys made visually guided reaching movements withbetween an extrinsic or intrinsic representation.
the use of two different arm orientations (Fig. 1) . In the ‘‘natural’’In a second study, monkeys made movements in eight
orientation, the monkey grasped the handle and moved the manipu-directions away from the centers to the corners of three
landum with the use of its preferred, natural arm orientation withadjoining work space cubes, thereby dissociating the extrin- the elbow below a line joining the hand and shoulder. In the ‘‘ab-

sic parameter of movement direction from intrinsic parame- ducted’’ orientation, a clear Plexiglas barrier was positioned imme-
ters that covaried with arm geometry (Caminiti et al. 1990, diately below the handle, so that the monkey had to abduct its arm
1991). Many cells showed large and idiosyncratic changes to grasp the handle and move the manipulandum. The magnitude
in directional tuning during movements in the three cubes, of abduction was Ç807, but varied slightly with the position of the

manipulandum (see Hand and joint kinematics) .even though the relative direction of movement from the
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FIG. 1. A : task apparatus used in this study. In the natural orientation ( left) , the monkey grasped a handle on a pendulum-
like manipulandum with the use of its preferred arm orientation with the elbow suspended below the line between the hand
and shoulder. In the abducted orientation (right) , a transparent plate was positioned just below the handle on the manipulan-
dum, requiring the monkey to abduct its arm to shoulder level to grasp and move the handle. B : average hand trajectory to
each target for the natural ( left) and abducted (right) orientations for all trials recorded for this study. Each trajectory was
divided into 20 equal-length segments and the mean (X -Y ) position of each of the 20 segments was calculated. Crosses: X -
Y position of the hand (mean { SD) for each segment. C : angles of the shoulder and elbow joints when the hand was at
the central start position (C) and at each of the 8 peripheral targets for the 2 different arm orientations.

After training, standard aseptic surgical techniques were used to was not completed successfully, were not scored. The activity
of each cell was recorded while the monkey performed fiveprepare the monkeys for recording in the precentral cortex (Kalaska

et al. 1989). complete replications of eight movements first in one orientation
and then in the other.

Because of the design of the apparatus, it was impractical toData collection
fully randomize the task for arm orientation within a data file.
Instead, a given cell was recorded sequentially with one arm orien-Standard recording methods were used to study the activity
tation and then the other. This leads to the possibility that changesof individual cells in MI on the side contralateral to the arm
in cell activity between data files in different arm orientations aroseused to make reaching movements (Kalaska et al. 1989) . During
because of carryover effects between sequential arm orientations,each recording session, a microelectrode was advanced through
or because of temporal variation in cell response properties inde-MI while the monkey alternately used the natural or abducted
pendent of task manipulations. To counter these potential problems,arm orientation. Cells active during the motor task were isolated
several steps were taken. First, no fixed order of arm orientationsand examined for their response to passive movement of limb
was used while collecting data files, so that there were approxi-joints. Cells responding predominantly to shoulder or elbow
mately equal numbers of cells recorded initially in each orientation.movements were studied further, whereas cells responsive to
Second, the discharge level and directional tuning of cells wastrunk, wrist ( including forearm supination/pronation) , or hand
routinely tested in each arm orientation before collection of themovements were not included in the data sample. A scale from
actual data files. If there was any suspicion of alterations in cell1 to 5 was used to identify subjectively the relative response of
responses between the preliminary tests and data collection ses-each cell to passive movement of the shoulder and elbow joints.
sions, the data files were deleted and the procedure was repeated.A score of 1 signified only elbow input, 5 only shoulder input.
For a number of cells, a second duplicate set of data files wasCells without identified inputs were only recorded in the task if
recorded, again in no fixed order, to evaluate quantitatively theadjacent cells within that electrode penetration were related to
degree of similarity of cell discharge seen in each arm orientationshoulder and elbow movements. These latter cells were scored
with repeated testing. Third, while the electrode was being ad-as 0, meaning no obvious passive input. Cells that were recorded

in the two tasks, but for which a complete passive sensory exam vanced through the cortex to search for task-related cells, the mon-
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key’s arm orientation was frequently changed to avoid any inadver- charge between the two arm orientations) , a direction effect (a
variation in cell activity with movement direction across task condi-tent bias in our search procedure.

The task-related activity of most muscles acting about the shoul- tions) , and a task 1 direction interaction effect. A significant inter-
action effect is particularly important because it indicates that ader and elbow was recorded after training was completed, and after

termination of cell data collection. A pair of Teflon-insulated 50- cell shows a significant change in the nature of the relationship of
its discharge with the movement direction of the hand. There aremm stainless steel wires was inserted percutaneously into a muscle.

The position of the wires within a given muscle was verified by two principal ways that a cell could show a task1 direction interac-
tion. In one case, the cell’s tuning curve could retain the samepassing current pulses through the wires and evoking localized

contractions of the muscle (õ1.5-mA, 30-Hz, 300-ms train) . Two preferred direction in both orientations but show a gain change,
that is, a difference in amplitude (dynamic range) of the cell’smuscles at a time were recorded while the monkey performed the

motor tasks. Electromyographic (EMG) signals were band-pass directional tuning curve from its maximum to its minimum. At the
extreme, a cell could be directionally tuned in one orientation butfiltered (100–3,000 Hz), rectified, bin integrated, and sampled at

10-ms intervals. The muscles studied included latissimus dorsi, nondirectional ( i.e., dynamic range of 0) in the other arm orienta-
tion. Alternatively, a cell’s tuning curve could retain the sametrapezius, rhomboids, infraspinatus, supraspinatus, subscapularis,

teres major, dorsoepitrochlearis, deltoids (3 heads) , pectoralis ma- dynamic range in the two arm orientations but show a change in
directional preference. Of course, these effects are not mutuallyjor, biceps (2 heads) , brachialis, brachioradialis, and triceps (3

heads) . Sixteen to 19 muscles were recorded in each arm of each exclusive and cells could potentially show combinations of both
effects. Because the nature of the interaction effect, whether mainlymonkey, resulting in a total sample of 70 muscle data sets (no

duplicate muscles from the same arm). a gain change or a directional shift, is of interest for understanding
the nature of the influence of arm orientation on cell discharge,Near the end of the experiment, electrolytic lesions (25 mA, 10

s) were made at several locations within each recording chamber the following analyses were performed.
To test for a gain change, the difference between the maximumto confirm the location of penetrations in MI. At the end of an

experiment, monkeys were deeply anesthetized with barbiturates and minimum of each of the five replicated tuned curves of cell
responses recorded during each of the five replicated blocks (1and perfused with buffered saline followed by Formalin. Pins were

inserted at known grid map coordinates to identify the region where trial for each of the 8 movement directions) was calculated for
each data file, providing five measures of the dynamic range ofcell recordings were made.
the tuning curve in each arm orientation. A t-test was applied to
test for a significant difference in the dynamic range between armData analysis
orientations.

To test for a direction shift, ideally one would like to be ableEach trial was divided into three behavioral epochs: 1) center
to test for a significant change in the directional preference of thehold time (CHT), when the monkey remained at the central target
tuning curve of the cell between arm orientations independent ofbefore the illumination of the target light-emitting diode; 2) a
any other change in the tuning curves, such as a change in dynamiccombined reaction and movement time (RT/MT), from the illu-
range or in overall activity level. A test that can reliably dissociatemination of the target light to the end of the arm movement; and
these factors does not appear to exist. As an alternative strategy,3) target hold time (THT), from the end of the movement to the
cells that were directionally tuned with movement in both armend of the trial (Kalaska et al. 1989). The analyses in the present
orientations were tested further to identify whether there was astudy were based on the average neuronal activity in each behav-
statistical change in their preferred direction between orientationsioral epoch. The temporal aspects of cell discharge will be studied
(Watson-Williams test) (Batschelet 1981). For this test, repeatedin a future report (Kalaska 1996; Scott and Kalaska 1996).
estimates of a cell’s preferred direction are required for each armDirection was defined by trigonometric convention, with 07
orientation. Therefore a preferred direction was calculated sepa-pointing to the right and angle increasing counterclockwise. Data
rately for each of the five replication tuning curves of cell activity(cell activity, hand trajectories, EMG) collected when the monkey
to provide five measures of the cell’s preferred direction in eachperformed the task with the left arm were mirror-image transposed.
arm orientation. The Watson-Williams test determines whether orVariations in cell discharge with movement direction and/or
not there is a significant difference (P õ 0.01) between the meanarm orientation were evaluated with the use of several tests. A
angles of the two distributions of five replication preferred direc-nonparametric ‘‘bootstrapping’’ test was used to identify whether
tions for each arm orientation. It is important to emphasize thata cell was directionally tuned (Crammond and Kalaska 1996; Geor-
this is a robust test of only a shift in the distribution of replicationgopoulos et al. 1988). The directional bias of a cell during move-
preferred directions. The source of variability in this procedure isment (RT/MT) and posture (THT) can be characterized by a
the temporal variability of the directional tuning curve of the cellmean vector whose orientation defines the cell’s preferred move-
measured in each replication of the eight movement directions andment direction (Batschelet 1981; Georgopoulos et al. 1982). The
not the full directional variability of neural activity expressed inlength of the mean vector (0–1) serves as a measure of the increas-
the underlying directional tuning curves from which the replicationing sharpness of a cell’s directional tuning (Batschelet 1981). The
preferred directions were derived.length of the mean vector was determined from a given cell’s

discharge across all movement directions, as recorded in the task.
Muscle activityThen, a shuffling procedure randomly reassigned single-trial data

to different ‘‘movement directions’’ and the length of the resulting Muscle activity patterns during the motor tasks were analyzed
mean vector of the shuffled data was determined. The cell was with the use of techniques similar to those used to analyze single-
considered directionally tuned if the length of no more than 40 of cell activity. For comparison of the tonic level of EMG of single
4,000 shuffled mean vectors exceeded the task-related mean vector muscles between two different arm orientations, the EMG for a
length of the cell (P õ 0.01). given muscle was normalized to its largest value recorded for either

A split plot analysis of variance (ANOVA) was used to evaluate arm orientation during any behavioral epoch.
whether changes in the overall level of cell discharge or its relation-
ship to movement direction were significantly modulated by arm Limb kinematicsorientation (P õ 0.01, Snedecor and Cochran 1980). This unbal-
anced ANOVA identifies those cells that show a main effect be- The average trajectory of the hand to each target was calculated

for each orientation. Each movement was divided into 20 equidis-tween the task conditions (i.e., a change in overall level of dis-
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tant points along its trajectory. The mean and SD of the spatial ics at each target were also seen for shoulder flexion/exten-
locations of each of the 20 points along the trajectory to each sion. Unlike the changing shoulder joint angles, elbow joint
particular target were calculated across all trials in which cell activ- angles were similar for the two conditions.
ity was recorded for each orientation (n Å 3,095). Movements There was one further subtle but important difference in
made with the left arm were mirror transposed about the midsagittal the joint kinematics between arm orientations. In the naturalaxis (90–2707) .

arm orientation, maximal elbow and shoulder flexion/exten-The joint kinematics for each movement was estimated for each
sion angle changes occurred for movements in the sagittalarm orientation. The upper limb of the monkey was modeled as a
axis (90–2707) that were nearly orthogonal to the directionstwo-segment appendage with a ball and socket joint at the shoulder
of maximal shoulder internal /external rotation (0–1807providing three degrees of freedom (DOF), and a simple hinge

joint (1 DOF) at the elbow. The lengths of the arm (distance from axis) . In the abducted orientation, elbow flexion/extension
elbow to shoulder joints) and forearm/hand (distance from elbow remained maximal along the 90–2707 axis, whereas maxi-
joint to center of the palm of the hand) were measured on each mum excursion of all three DOF of shoulder motion shifted
monkey, as was the position of the shoulder joint relative to the toward the 135–3157 axis.
central start position. Note that calculated abduction angle dropped to Ç457 for

With the use of these measures, the spatial configuration of the arm the most distant targets in the abducted orientation. This didwas estimated at the central start position and for each of the target
not mean that the arm swung substantially out of the hori-locations. The position of the hand was equated to the X -Y position of
zontal plane as the hand reached out to the distant targets.the manipulandum. Elbow position was defined with the use of three
The elbow remained elevated close to the level of the shoul-constraint equations based on simple geometric rules, the first two
der at all times during movements in the abducted orienta-constraints being that the arm and forearm/hand were of fixed length.

For the natural arm orientation, the third constraint equation was that tion. Instead, it is a result of the coordinate frame and se-
the monkey maintained its arm in a vertical plane (as defined by the quence of rotations in which joint angles were measured.
longitudinal axes of the arm and forearm). For the abducted orientation,
the forearm of the monkey rested on the Plexiglas barrier and thus

Cell data baserestricted movement of its elbow along a plane just above the surface
of the barrier. Once the spatial locations of the hand and elbow were The activity of 619 cells was recorded in MI in four hemi-estimated, joint kinematics were defined on the basis of sequential

spheres of two rhesus monkeys (M. mulatta, 4.0 and 5.5 kg).rotations about the abduction(/)/adduction, flexion(/)/extension,
For the first monkey, 144 and 215 cells were recorded in theand internal(/)/external rotation axes of the shoulder followed by
left and right hemispheres, respectively; for the second monkey,rotation about the flexion(/)/extension axis of the elbow. Neutral
165 and 95 cells were recorded in the left and right hemi-position was defined as anatomic position (trunk erect, arm and forearm
spheres, respectively. Penetrations were concentrated in or nearsuspended vertically down at the side of the trunk). Visual inspection

of the position of the elbow and corresponding shoulder and elbow the anterior bank of the central sulcus and were confined to
joint angles was consistent with the computed values when the above the shoulder and elbow representations located medial to the
technique was used. However, these reconstructions could not take into distal arm representation (Kwan et al. 1978). Cells included
account the small translations of the shoulder girdle that accompany in this study were unimodally tuned (Georgopoulos et al. 1982;
movements of the hand to different targets (Kalaska et al. 1990). Kalaska et al. 1989) in at least one of the behavioral epochs

(RT/MT or THT) in one of the two arm orientations, and
R E S U L T S frequently for both epochs and orientations. Several hundred

other cells were tested in the task but were not included in theHand and joint kinematics
data base because they were not active in the task or not related
to movements of the proximal arm.The trajectory of the hand to each of the eight targets was

Arm orientation had a significant effect on one aspectsimilar when the monkey made reaching movements in the
or another of the discharge patterns of most cells (588natural and abducted orientations (Fig. 1B) . Hand paths
of 619, 95%; F test, P õ 0.01, Table 1 ) . Figure 2 illus-were slightly curved and the variability in hand path trajecto-
trates the pronounced change in the activity of an individ-ries for the abducted and natural orientations overlapped
ual cell when reaching movements were performed withextensively. A detailed analysis of the trajectories along with
the use of different arm orientations, even though thethe population signal of cell activity will be considered in a
kinematics of the movements was similar. That cellsubsequent publication.
showed a change in the level of overall activity before,Joint angle changes varied approximately sinusoidally
during, and after arm movements to the targetswith the direction of movement (Fig. 1C) . In the natural
(ANOVA, main effect of task, P õ 0.01 for CHT,arm orientation, estimated joint angle changes were similar
RT/MT, and THT) , and changes in directional tuningto those previously measured with the use of three-dimen-
both during and after the movements (ANOVA, task 1sional video analysis for a similar motor task (Kalaska et
direction interaction, P õ 0.01 for RT/MT and THT) .al. 1990).

The largest change in the joint kinematics between the
two arm orientations was in shoulder abduction angle (Fig. Variation in overall level of discharge with arm
1C) . In the natural arm orientation, abduction angle varied orientation
about the neutral anatomic position (i.e., 07) , whereas for
the abducted orientation, shoulder abduction angle shifted A common effect of arm orientation was a change in the

overall level of activity of cells (Figs. 2 and 3A; ANOVA,by Ç807. The next most important change was a reduction
in the excursion of the shoulder joint in internal /external main effect of task, P õ 0.01). A significant task effect in

different task epochs indicated a significant change in therotation by more than half. Slight variations in joint kinemat-
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TABLE 1. Variation of motor cortical cell and proximal arm muscle activity during reaching tasks

Motor Cortical Cells Proximal Muscles

Between orientations Between orientations
(natural vs. abducted) Repeated files (natural vs. abducted) Repeated files

n 619 55 70 59
Level of activity (task main effect)

CHT 356 (58) 8 (14) 35 (50) 17 (29)
RT/MT 327 (53) 4 (7) 46 (66) 6 (10)
THT 316 (51) 6 (11) 48 (68) 13 (22)
Any epoch 501 (81) 13 (24) 62 (88) 21 (36)

Movement direction (task 1
direction interaction)

RT/MT 433 (70) 1 (2) 64 (91) 6 (10)
THT 489 (79) 5 (9) 63 (90) 13 (22)
Any epoch 562 (91) 5 (9) 68 (97) 17 (29)

Level of activity or movement
direction

RT/MT 497 (80) 5 (9) 66 (94) 11 (19)
THT 531 (86) 9 (16) 64 (91) 20 (34)
Any epoch 588 (95) 15 (27) 69 (99) 30 (51)

F test, P õ 0.01. Values in parentheses are percentages. n, number of cells. CHT, center hold time; RT/MT combined reaction time and movement
time; THT, target hold time.

level of tonic discharge of cells between the two arm orienta- test, P õ 0.01, Table 1), indicating a change in the nature
tions when the monkey maintained its hand at the central of the relationship between cell activity and movement direc-
start position (CHT), or in the grand mean of the movement- tion between arm orientations that is independent of the
related activity averaged across all eight directions during shifts in overall level of activity (main task effect) described
RT/MT, or in the posture-related activity during holding in the previous section. Similarly, 489 of 619 cells (79%)
of the hand at the eight outer targets during THT (Table 1). showed a significant task 1 direction interaction effect dur-
Tonic discharge during CHT changed between control and ing THT (Table 1).
abducted conditions in 356 of 619 cells (58%; F test, P õ At least two factors can produce a significant task 1 direc-
0.01). Average absolute change in tonic activity during CHT tion interaction. The first is a change in the dynamic range
between natural and abducted arm orientations for all cells of the task-related tuning curve of the cell in the two arm
was 7.2 spikes/s. However, the change in tonic activity of orientations. At the extreme, cells could be directionally
the sample was distributed randomly about zero (Fig. 3A) , tuned in one arm orientation but not in the other. A majority
and the mean discharge rate of cells in the two arm orienta- of cells (422 of 619, 68%) were directionally tuned in both
tions was similar (13.7 and 14.2 spikes/s for natural and arm orientations during RT/MT (bootstrap test for direc-
abducted orientations; paired t-test, P ú 0.10). Similar per- tionality, P õ 0.01), but 80 and 88 cells were tuned only
centages of cells showed a significant main task effect of arm in the natural or abducted orientation, respectively (Fig.
orientation on the grand mean of activity measured across all 3B) . The remaining 29 cells were not directionally tuned
eight directions during RT/MT (53%) and THT (51%) during RT/MT in either orientation. Of the cells direction-
between the two orientations (Table 1). ally tuned in both orientations during RT/MT, 303 of 422

Although the change in activity appeared to be random (72%) showed a significant task 1 direction interaction.
across the population, an important finding was that there Finally, 139 of 303 (46%) of the cells that were directional
was a strong tendency for the change in the level of discharge in both arm orientations and showed a significant task 1
of a given cell to be similar in both sign (increase or de- direction interaction also showed a significant difference in
crease) and in magnitude in the three behavioral epochs of the dynamic range of the five replicated tuning curves be-
the trial (Fig. 4) . As a result, cells that showed a large tween the two arm orientations ( t-test, P õ 0.01, see METH-
change in discharge between arm orientations in one of the ODS). The mean absolute (i.e., unsigned) change in dynamic
behavioral epochs also tended to show large changes in the range for the 303 cells with a significant task 1 direction
other two epochs (Fig. 4; CHT vs. RT/MT, r Å 0.77; CHT interaction during RT/MT was 13.9 spikes/s, and the me-
vs. THT, r Å 0.76; RT/MT vs. THT, r Å 0.83; P õ 0.01 dian change was 11.2 spikes/s. Similar alterations were seen
for all) . Therefore the shift in arm orientation produced a in the dynamic range of cell tuning curves during THT. For
change in premovement tonic rate during CHT that tended instance, 53 cells were directionally tuned only in the natural
to be sustained during the subsequent movements to the orientation and 56 only in the abducted orientation. Of the
targets (RT/MT) and during holding of the arm over the 495 cells that were directionally tuned during THT in both
peripheral targets (THT). orientations, 395 (80%) showed a significant task 1 direc-

tion interaction, and 207 of 395 cells (52%) showed a sig-
Variation in directional tuning with arm orientation nificant change in absolute dynamic range between arm ori-

entations ( t-test, P õ 0.01; mean absolute dynamic rangeA majority of cells (433 of 619, 70%) showed a signifi-
cant task 1 direction interaction effect during RT/MT (F 10.9 spikes/s, median change 8.4 spikes/s) .
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A second possible origin of a significant task 1 direction a correlation in both the magnitude and direction (clockwise
or counterclockwise) of the orientation-related directionalinteraction is a shift in the directional preference of the cell

tuning curve between arm orientations. This was also a shift between RT/MT and THT for cells that were direction-
ally tuned in both epochs (r Å 0.45, P õ 0.01) (Batscheletprominent characteristic of the cell responses in this study.

Although many cells that were directionally tuned in both 1981). In other words, a change in directional tuning of a
given cell during movement between the two arm orienta-arm orientations during RT/MT showed only a small direc-

tional shift between arm orientations, the directional prefer- tions tended to be sustained after movement, while constant
arm postures were maintained at the peripheral targets.ence of others was altered dramatically, in a few cases by

almost 1807, and the average absolute (unsigned) shift in
preferred direction was 45.67 (Fig. 3B) . However, the distri- Distribution of preferred directions for different arm
bution of differences in preferred direction in the two arm orientations
orientations was centered on zero [arithmetic (signed) mean

The distribution of preferred directions of the total sampledifference 0.77 clockwise, Fig. 3B] , indicating that there
of cells was very broad but not statistically random for eitherwas no systematic rotation of the directional tuning of the
RT/MT or THT epochs in either arm orientation (Fig. 6) .total cell sample between arm orientations.
According to the Rayleigh test, the distributions for the natu-These directional shifts were a major contributing factor
ral and abducted orientations during the RT/MT epoch werein the probability of a significant task 1 direction interac-
best described as bimodal (P õ 0.001) with major axestion effect during RT/MT. As is evident in Fig. 3B, right,
oriented at 98–2787 and 104–2847, respectively. Duringcells without a significant interaction term tended to show
THT, the distribution for the abducted orientation was alsosmaller shifts in directionality. This was confirmed when
bimodal (P õ 0.001) with its major axis oriented at 129–the distributions of directional shifts were plotted sepa-
3097. In contrast, the distribution of preferred directions forrately for cells with and without a significant task 1 direc-
the natural orientation during THT was best described astion interaction (Fig. 5A ) . The distributions for cells with
unimodal (P õ 0.01) and oriented at 79.77.a significant interaction were highly significantly skewed

toward larger directional changes (nonparametric test for
dispersion, P õ 0.01) . Response properties of cells with passive input from the

A valid question is how many of these directional shifts periphery
are statistically significant. As discussed in METHODS, a
rigorous test of this question that accounts for the full A total of 534 cells responded to passive movement of the

shoulder and/or elbow joints. Although some cells (43%)directional variance (spread of the tuning curve) of a cell
does not exist. Instead, we used the Watson-Williams test responded only to passive movement of one of the two joints

(classes 1 and 5, Fig. 7A) , the majority of cells (57%)to identify significant changes in the distribution of the
preferred directions of the five replication tuning curves responded to varying degrees of passive movement at both

joints. A larger proportion of cells was related to passiveof a cell recorded in each arm orientation. This test deter-
mined that 203 of 422 cells (48%) showed a significant movement of the shoulder compared with the elbow. This

partially reflects a sampling bias: among other factors, manyshift in the distribution of replication preferred directions
between arm orientations. elbow-related cells were also strongly responsive to forearm

pronation/supination or wrist movements and so were re-Again, similar effects were found during holding of the
arm over the targets during the THT epoch (Figs. 3C jected from our sample.

To compare the behavior of cells that received passiveand 5B ) . The mean absolute shift in directional tuning
between arm orientations was 37.67, but the arithmetic inputs predominantly from the shoulder or elbow, cells with

passive scores of 4 or 5 were classified as shoulder-relatedmean was only 2.47 counterclockwise (Fig. 3C ) . Cells
that were directionally tuned in both orientations during cells, whereas cells with passive scores of 1 or 2 were classi-

fied as elbow related (see METHODS). The distribution ofTHT and had a significant task 1 direction interaction
showed a much larger range of changes in preferred direc- preferred directions of elbow-related cells was dramatically

different from that of shoulder-related cells (Fig. 7B) . Fortions than did cells without a significant interaction (Figs.
3C and 5B; P õ 0.01, nonparametric test for dispersion ) . the RT/MT epoch, the preferred directions of elbow-related

cells were strongly bimodally distributed close to the 90–Finally, 255 of 495 cells (51%) showed a significant dif-
ference in their distribution of replication preferred direc- 2707 axis for both arm orientations (Rayleigh test, P õ

0.001), consistent with the movement direction requiringtions between arm orientations (Watson-Williams test,
P õ 0.01) . maximal motion at the elbow joint (Fig. 1C) . In contrast, the

preferred directions of shoulder-related cells were uniformlyAs was the case for the overall level of activity, there was

FIG. 2. Comparison of the activity of a motor cortical cell during reaching movements with the use of the natural and
abducted arm orientations. A : path of the hand at 10-ms intervals during movements to the 8 peripheral targets in the 2 arm
orientations. B : response of the cell during reaching movements in the 2 arm orientations. Each raster illustrates the discharge
pattern of the cell during 5 repeated trials to each target. Arrowheads: start of movement. Thicker bars before and after the
arrowhead on each raster line: time of appearance of the target light and the end of movement, respectively. C : velocity
profiles of the hand movement to the lower target (2707) with the use of the natural and abducted orientations. D : preferred
direction of the cell discharge calculated for each replication of 8 movements to each target (short vectors) and the mean
preferred direction for the 5 replications (long vectors) . RT/MT, combined reaction time and movement time; THT, target
hold time.
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FIG. 4. Comparison of the change in the overall level of discharge between arm orientations across the 3 behavioral
epochs. Changes in arm orientation resulted in correlated changes in cell discharge before, during, and after movement. The
2 intersecting diagonal lines are the regression lines for ordinate on abscissa and abscissa on ordinate.

distributed in the natural orientation (P ú 0.05). In the mirror reversed) and right arms were 58.4 and 110.37, re-
spectively.abducted arm orientation, the shoulder-related cells’ pre-

ferred directions were significantly bimodally distributed The proportion of shoulder-related cells with significant
changes in directional tuning (Watson-Williams test, P õwith a bias oriented along the 115–2957 axis (P õ 0.001).

Although data related to the left arm (cells recorded in 0.01) between arm orientations was higher than the propor-
tion of elbow-related cells during the THT epoch (55 andright motor cortex) have been mirror transformed in Fig. 7,

the bimodal distributions of preferred directions remained 47.7%, respectively, P õ 0.05, difference between propor-
tions) (Freund 1984). Correspondingly, the average abso-when shoulder-related cells were analyzed for each arm sep-

arately, and appeared to be mirror opposites in nature (Fig. lute shift in directional tuning for this epoch was slightly
larger for shoulder-related cells (37.67) than for elbow-re-8) . For example, during the THT epoch in the abducted arm

orientation the distributions for both the left and right arms lated cells (33.87) . This trend of shoulder-related cells being
more sensitive to changes in arm orientation than elbow-were bimodal (P õ 0.01). As well, the major axis of the

distribution of shoulder-related cells for the right arm was related cells was also seen during the RT/MT epoch.
In summary, there were important differences in the be-at 148–3287 ( i.e., 587 counterclockwise from the 90–2707

direction), whereas the major axis of the non-mirror-re- havior of cells receiving passive input predominantly from
the shoulder or elbow joints, and the directionality of shoul-versed distribution related to the left arm was at the 70–

2407 ( i.e., 607 clockwise from the 90–2707 direction), and der-related cells tended to be more strongly modulated by
changes in arm orientation than the directionality of elbow-thus the major axis for the left arm was a mirror image of the

axis for the right arm. Furthermore, there was a significant related cells. Cells receiving about equal inputs from the
shoulder and elbow were intermediate in their behavior todifference between the distribution for the right shoulder-

related cells and the nontransposed distribution for the left shoulder- and elbow-related cells in all response properties
tested (data not shown).shoulder-related cells (Kuiper’s test and Watson U 2 test,

Põ 0.01) (Batschelet 1981). In contrast, no significant dif-
ference was found when the right arm distribution was com- Variation in cell activity between repeated data files
pared with the left arm distribution when the latter was mir-
ror transposed (P ú 0.10), so that the two distributions Because data in the two orientations were collected in

separate sequential files, any systematic temporal variabil-could be pooled without distorting the data. Similar trends
were evident for the shoulder-related cells during RT/MT ity in the activity of a cell will be confounded with any arm

orientation effect on the cell’s discharge. To determine the(Fig. 8) . For instance, the principal axes for the left (non-

FIG. 3. Changes in the activity of motor cortical cells during reaching movements in different arm orientations. A : change
in the level of tonic discharge of cells during center hold time (CHT). Frequency histogram ( left) of difference in cell
discharge between abducted and natural orientations. Bin size: 5 spikes/s. Middle bin represents activity change of {2.5
spikes/s. Scatter plot (right) shows the relationship between the level of discharge of each cell during CHT in the natural
arm orientation vs. the magnitude of change in discharge between orientations. Crosses: cells with a significant difference
in discharge (P õ 0.01, F test) . Circles: cells with no significant difference (P ú 0.01). B and C : diagrams at left show
the proportion of cells directionally tuned in the natural orientation only (horizontal lines) , abducted orientation only (vertical
lines) , and both (hatched), as well as those not directionally tuned in either arm orientation (unfilled) . The number of cells
in each group is indicated beside each pie slice. The frequency histograms (middle) illustrate the change in directional tuning
of cells between natural and abducted orientations (bin size: 107, central bin: {57, positive value denotes a counterclockwise
rotation in preferred direction from natural to abducted orientations) . Scatter plots (right) show the relationship between the
preferred direction of movement of each cell in the natural orientation vs. the magnitude of change in the preferred direction
between orientations. Symbols denote statistical significance (F-test, task 1 direction interaction, P õ 0.01) as in scatter
plot in A.
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For the RT/MT epoch, a significant repetition1 direction
interaction effect was observed only once (P õ 0.01, Table
1), only one cell showed a significant change in the distribu-
tion of replicated preferred directions between repeated files
(Watson-Williams test, P õ 0.01), and the average absolute
shift in directional tuning was only 8.07 (Fig. 9B) . In con-
trast, 23 of 30 (77%) of these cells showed a significant
task 1 direction interaction between natural and abducted
orientations, 16 of 30 (53%) showed a significant change in
the distribution of replication preferred directions (Watson-
Williams test, P õ 0.01), and the average magnitude of
directional change was 49.27. The magnitude of change in
directional tuning for these cells between replicated files was
statistically smaller than their observed change in discharge
between arm orientations (nonparametric test for dispersion,
P õ 0.001), and also statistically smaller than the change
in tuning between arm orientations observed for the entire
cell sample (45.67, Põ 0.001, nonparametric test for disper-
sion) (Batschelet 1981). Similar stability of directional pref-
erences was seen during the THT epoch of repeated files
(Fig. 9C) .

In summary, the responses of cells recorded in repeated
data files in the same arm orientation showed much smaller
changes in their overall level of activity and in their direc-
tional tuning than were seen for those same cells when re-
corded with the use of different arm orientations. Because
the response changes of these cells between arm orientations
are similar to those of the sample population as a whole,
they are representative of that sample and not a group of
cells that showed relatively small response alterations with
arm orientation. This suggests that temporal variations in
the activity of cells could explain, at best, only a small
portion of the response variability between data files in dif-

FIG. 5. Cumulative frequency histograms of the distribution of changes ferent arm orientations. Further, the pairs of data files in
in directional tuning of cells that were directional in both arm orientations, different arm orientations that make up the body of this studybut showed a significant (S) or nonsignificant (NS) task1 direction interac-

were recorded consecutively with very little time betweention effect during the RT/MT (A) or THT (B) epochs.
the completion of one file and the initiation of the next. In
contrast, repeated data files for a given arm orientation werestability of the cell responses for movements in a given
always recorded after one or more intervening files, andarm orientation over an extended period of time, a second
often after still further delays to test the cell for passiveset of data files was collected for some cells and the re-
inputs. Therefore even the modest changes in tonic activitysponses in the repeated data files in the same arm orienta-
and directionality of cells between repeated files with thetion were compared. To control for possible carryover
use of the same arm orientation likely overestimates theeffects between arm orientations, the repeated data files
contribution of temporal variability in cell discharge to thewere collected in no fixed order and not necessarily in the
changes in cell responses reported in this study during move-same order as in the original data set. A total of 55 re-
ments in different arm orientations.peated files (24 natural and 21 abducted ) was recorded

from 30 different cells. There was a significant change in
the level of discharge during CHT for only 8 of 55 (14%) EMG activity during reaching movements in different arm
repeated files (F test, main effect, P õ 0.01, Table 1, orientations
Fig. 9A ) . Moreover, the average absolute change in cell

The EMG activity from the major muscles spanning thedischarge was only 2.3 spikes / s and only two (4%) pairs
elbow and shoulder was recorded in both monkeys. Six-of repeated files showed a change in cell discharge ú10.0
teen to 19 muscles were recorded in each arm of eachspikes / s (Fig. 9B ) . The magnitude of change in discharge
monkey, resulting in a total sample of 70 muscle data sets.for these cells between replicated files was statistically
Most muscles were unimodally tuned during the motorsmaller than their observed change in discharge between
task (Fig. 10) (Kalaska et al. 1989, 1990) , and mostarm orientations (8.5 spikes / s; P õ 0.001; paired t-test ) ,
elbow muscles were more active in the present paradigmand also statistically smaller than the change in discharge
than previously observed (Georgopoulos et al. 1982; Ka-between arm orientations for the entire cell sample (7.2
laska et al. 1989) .spikes / s, P õ 0.001, Wilcoxon-Mann-Whitney test ) .

The effect of arm orientation on EMG activity showedMain effects were correspondingly rare and weak between
replicated files during RT/MT and THT (Table 1) . a number of similarities to the changes in the response of
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FIG. 6. Frequency distribution of the preferred di-
rections of cells that were directionally tuned during
movement (RT/MT) or posture (THT), in the natural
and abducted orientations. The length of each segment
is proportional to the number of cells with a preferred
direction within the corresponding 207 segment.

FIG. 7. A : frequency distribution of motor cortical cells with differing degrees of response to passive movement of the
shoulder and elbow. B : distribution of preferred directions of elbow-related (scored 1 or 2) and shoulder-related (scored 4
or 5) cells for RT/MT in natural and abducted orientations.

motor cortical cells. There was a statistically significant (main task effect ) during CHT between the two orienta-
tions (Table 1, Fig. 11 A ) , with the frequency of mainchange in EMG activity between the two arm orientations

in at least one of the three trial epochs in virtually all task effects increasing to 66 and 68% in RT/MT and
THT, respectively (Table 1) .EMG records (F test, P õ 0.01, Table 1) . Half of the

EMG records (50%) showed changes in tonic activity The large majority of EMG records showed a significant

J164-6/ 9k0c$$fe22 09-04-97 20:28:41 neupa LP-Neurophys



S. H. SCOTT AND J. F. KALASKA838

FIG. 8. Frequency distribution of the preferred directions
of shoulder-related cells in the abducted arm orientation for
the left and right arms (cells recorded in contralateral motor
cortex) . Note that major axes for the nontransposed distribu-
tions related to the left arm are mirror images of the distribu-
tions related to the right arm (see text) .

task 1 direction interaction effect in either the RT/MT proximately along the 90–2707 axis in the natural orienta-
tion, with a small clockwise rotation toward the 45–2257(91%) or THT (90%) epochs. As was the case for motor

cortex cells, this interaction effect manifested itself as either axis in the abducted orientation. Shoulder muscles were gen-
erally active approximately along the 0–1807 axis.a change in the dynamic range of activity or a shift in direc-

tional preference or both. For instance, although most EMG The stability of the muscle responses for movements in a
given arm orientation was tested by recording repeated filesrecords (52 of 70, 74%) were directionally tuned in both

orientations during RT/MT (bootstrap test, P õ 0.01), 5 of muscle activity in a given orientation. A total of 59 re-
peated files (30 control and 29 abducted) was collected. TheEMG records were tuned in only the natural orientation and

11 only in the abducted orientation (2 muscles not tuned in incidence of significant main task effects and task 1 direc-
tion interactions was far lower in the repeated file data setseither arm orientation). Whereas some of the 52 EMG re-

cords that were directionally tuned in both orientations in the same arm orientations than was the case for data sets
between arm orientations (Table 1). The average absoluteshowed little change in directional preference between arm

orientations during RT/MT, including all of the records change in preferred direction between repeated files was only
8.27. The variability of the directional tuning of muscleswithout a significant task 1 direction interaction, others
between repeated files was similar to the variability observedshowed changes of ¢45 (Fig. 11B) . The average absolute
for the tuning of motor cortical cells between repeated fileschange in directional tuning was 29.87, which was less than
(see Fig. 9) and much lower than the changes in directionalthat observed for the motor cortex population (Fig. 14, P õ
tuning of muscles and MI cells between arm orientations.0.05, nonparametric test for dispersion), and the distribution

of changes was centered near 07. Similar to the motor cortex
cell sample, slightly less than half of the EMG records (21 Mathematical models
of 52, 40%) showed a significant shift in the distribution

A number of models were developed to aid in the interpre-of replication preferred directions between arm orientations
tation of the response properties of cells during the motorduring RT/MT (Watson-Williams test) . Corresponding ef-
task (see APPENDIX ). Three different populations of unitsfects in the dynamic range and directionality of EMG activity
are presented here: 1) units that encode the direction ofwere seen during the THT epoch (Fig. 11C, Table 1).
hand movement in space (H units) ; 2) units that encode theThe distribution of preferred directions for all EMG re-
direction of angular movement at the shoulder and elbowcords was irregular but statistically uniform for both arm
joints (K units) ; and 3) units that encode the torque at theorientations and both epochs (Rayleigh test, P ú 0.01; Fig
shoulder and elbow joints (T units) .12). However, when muscles were separated according to

the joint they span, the distribution of preferred directions HAND-CENTERED COORDINATES. A key feature of this model
was bimodal for all conditions (Rayleigh test, P õ 0.01). was that unit activity reflected the intertrial variability in the

path of the monkey’s hand both within and between differentElbow muscles were active maximally for movements ap-
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usually small (Fig. 13), unlike the response of motor cortical
cells. Most H units (56%) showed a change of õ57 in pre-
ferred direction between the natural and abducted orienta-
tions, and the average absolute change between orientations
was only 5.27. The directional tuning of motor cortical cells
was more sensitive to changes in arm orientation than was
the directional tuning of this population of H units (Fig. 14;
nonparametric test for dispersion, P õ 0.001) (Batschelet
1981). Therefore observed variations in hand path between
arm orientations result in only minor changes in the direc-
tional tuning of units that encode the extrinsic kinematics
of hand movement.

The distribution of preferred directions of these units en-
coding the direction of hand movement was uniform for
each arm orientation (Rayleigh test for uni- or bimodal dis-
tribution, Pú 0.10; Fig. 13), unlike the bimodal distribution
observed for the total sample of motor cortical cells.

JOINT KINEMATIC COORDINATES. This model was designed to
predict how cells specifying motor commands about shoulder
and elbow joint angle changes would behave during whole arm
reaching movements in different directions with the use of
different arm orientations. The effect of arm orientation on the
activity of K units during reaching movements (Fig. 15)
showed many similarities to that of motor cortical cells. The
directional tuning of many units showed a pronounced change
between arm orientations, whereas other units did not show
any change in directional tuning. Average absolute change in
their preferred directions was 33.37 (Fig. 15,) which was less
than observed for the cell population in motor cortex during
the RT/MT epoch (Fig. 14; nonparametric test for dispersion,
P õ 0.01), and the arithmetic mean change in the preferred
direction was only 1.27 clockwise. This suggests that changes
in arm orientation had a greater effect on the directional tuning
of individual motor cortical cells than on a simulated population
of units that explicitly encode joint angular movement at the
shoulder and elbow.

The distribution of preferred directions of these K units
was bimodal for both arm orientations (Rayleigh test, P õ
0.01), with an increased skewing of the distribution for the
abducted orientation (Fig. 15). The major direction of the
distribution was along the 107–2877 axis for the natural
orientation and along the 117–2977 axis for the abducted
orientation. Similar trends were seen for motor cortical cells,
although they were not as pronounced (Fig. 6) .

There was a dramatic difference in the distribution of
preferred movement directions between elbow- and shoul-
der-related K units (Fig. 15). The preferred directions of
elbow-related units were strongly bimodally distributed
(Rayleigh test, P õ 0.01) close to the 90–2707 axis in both
arm orientations. In contrast, shoulder-related K units wereFIG. 9. Change in activity of motor cortical cells between repeated files

with the use of the same arm orientation. A : change in tonic discharge uniformly distributed in the natural arm orientation (P ú
during CHT. B and C : change in directional tuning of cells between repeated 0.01), but were bimodally distributed in the abducted orien-
files during RT/MT and THT, respectively. Format same as Fig. 3. Note tation (P õ 0.01), with the principal axis oriented at 138–the relatively consistent activity between repeated files, compared with the

3187 (Fig. 15). These shifts in the preferred directions ofchanges in cell activity for reaching movements with the use of different
arm orientations (Fig. 3) . K units reflect changes in the size and directional orientation

of the maximum excursions of the four DOF of shoulder
and elbow joint angle changes (Fig. 1C) . Again, similararm orientations, on the basis of the observed mean and SD
trends were seen in the behavior of elbow- and shoulder-of the hand path at the midpoint of the movement to each
related MI cells (Fig. 7) , although they were more modestperipheral target (see Fig. 1B and APPENDIX ). The direc-

tional shift of these H units between arm orientations was in degree.
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FIG. 10. Activity of posterior deltoid (A) and long head of the triceps (B) during reaching movements in the natural and
abducted arm orientations. Each histogram is the sum of rectified electromyographic (EMG) activity recorded for 5 repetitions
of movements to each target. Vertical dotted lines: start of movement.

There is another interesting parallel to note between the der and elbow was more sensitive to changes in arm orienta-
model and the neuronal data. In the model, the coefficients tion than motor cortical cells (Fig. 14; nonparametric test
for the four DOF of joint motion were randomly selected for for dispersion, P õ 0.01). There was a relatively systematic
each K unit in the population (see APPENDIX ). Predominantly relationship between the change in the preferred direction
shoulder-related units composed 63% of the population and of these T units and their preferred direction of hand move-
elbow-related units composed 11.5%, because of the greater ment in the natural arm orientation (Fig. 16). Changes in the
number of DOF available at the shoulder. Although it may preferred direction were limited to a 1807 band that shifted
only be coincidental, this ratio is similar to that seen in the systematically with the preferred direction of movement for
actual data sample (Fig. 7) . the natural arm orientation. There was some evidence for a

similar but less sharply defined cyclical relation between cellJOINT TORQUE COORDINATES. The behavior of T units also
preferred direction in the natural orientation and the changeshowed some similarities to that of motor cortical cells and
in directional tuning in the abducted orientation in both mo-EMG activity. For instance, variations in arm orientation
tor cortical cells (Fig. 3) and in the K units of the jointhad little effect on the preferred direction of movement of
kinematics model (Fig. 15).some T units, whereas others showed large changes in direc-

The preferred directions of T units were distributed bi-tional tuning (Fig. 16). The average absolute directional
modally, approximately along the 0–1807 axis (Rayleighshift was 63.57 between orientations and the arithmetic mean
test, P õ 0.01, Fig. 16) . The orientation of the major axischange in preferred direction for the entire population be-
of the distribution shifted between arm orientations, andtween abducted and natural arm orientations was 167 clock-

wise. This population of units encoding torque at the shoul- the distribution was somewhat more eccentric in the natu-
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FIG. 11. Changes in the EMG activity of proximal arm muscles during reaching movements in different arm orientations.
A : change in the tonic level of EMG during CHT between orientations. Level of EMG normalized to maximal value recorded
in any behavioral epoch. B and C : changes in the directional tuning of EMG during RT/MT and THT, respectively, between
orientations. Format of diagram same as in Fig. 3.
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FIG. 12. Frequency distribution of pre-
ferred directions for EMG of proximal arm
muscles in natural and abducted orientations
during RT/MT and THT epochs.

ral than in the abducted orientation. The preferred direc- similarity to those of shoulder- and elbow-related EMG
activity than to those of motor cortical cells.tions of elbow and shoulder-related T units were also bi-

modally distributed for both arm orientations (Rayleigh
test, P õ 0.01) , but showed different directional biases. D I S C U S S I O N
Shoulder-related T units were preferentially distributed
approximately close to the 0–1807 axis in both arm orien- It is a truism that to reach to a visual target, the CNS
tations, and did not change much between orientations must transform the image of the target on the retina into
( the apparent lack of units with optimal shoulder torques contractions of motor units in arm muscles. Understand-
close to the 90–2707 axis arises because the hand and ing how the CNS generates a reaching movement there-
shoulder are at the same horizontal level, so that output fore requires knowledge of the nature and number of
forces exerted at the hand along that axis are generated intervening sensorimotor transformations and how they
by net torques at the elbow and not at the shoulder ) . might be realized explicitly or implicitly by neuronal
Elbow-related T units, in contrast, were oriented along circuits (Feldman and Levin 1995; Flanders et al. 1992;
the 94–2747 axis in the natural orientation, and rotated Georgopoulos 1991, 1995; Kalaska 1991, 1995; Kalaska
clockwise to the 45–2257 axis in the abducted orientation. and Crammond 1992; Karst and Hasan 1991a,b; Lacqua-
Overall, these patterns of distributions of preferred direc- niti 1989; Lacquaniti et al. 1995; Soechting and Flanders

1992 ) . The present study was designed to test whethertions of shoulder- and elbow-related T units showed more
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FIG. 13. Changes in directional tuning
for a simulated population of units encod-
ing the direction of hand movement. Vari-
ability in directional tuning reflected the
observed trial-to-trial variability and sys-
tematic differences in the hand path be-
tween arm orientations (see Fig. 1B) . Top :
same format as in Fig. 3. Bottom : distribu-
tions of preferred directions, same format
as in Fig. 6.

single cells in MI contributed to the control of reaching here, their activity would not be altered when reaching
movements at a stage before or after a putative transfor- movements were made with the use of similar hand tra-
mation from an extrinsic representation related to the jectories but with different arm orientations. In contrast,
path of the hand or target location in space to an intrinsic changes in arm orientation during reaching will alter the
representation related to the properties of the proximal activity of neurons signaling movement in an intrinsic
arm motor apparatus. If the activity of neurons explicitly parameter space.
signaled information in an extrinsic space, as defined There are several major observations in this study. First,

almost all cells showed a significant change in task-related
activity, either in their overall level of discharge or direc-
tional tuning or both, as a function of different arm orienta-
tions while monkeys made reaching movements along simi-
lar hand paths to fixed target locations. Second, these
changes occurred during both static (CHT, THT) and dy-
namic (RT/MT) epochs of the task, and for a given cell,
the nature of the changes tended to be correlated between
static and dynamic task conditions. Changes in cell activity
between arm orientations could not be explained by variabil-
ity in the response of cells over time (Fig. 9) , nor do the
small differences in the path of the hand to each target be-
tween arm orientations appear to account for the large
changes in the activity seen in many cells (Figs. 2 and 13).
Third, the distribution of preferred directions of cells was
not uniform, particularly when movements were performed
in the abducted arm orientation. Fourth, differences were
found in the task-related responses of subpopulations of cells
with sensory input predominantly from either the shoulder
or elbow. Fifth, there were greater similarities between the

FIG. 14. Cumulative frequency distribution of the change in directional arm-orientation-related changes in activity of motor cortical
tuning between arm orientations observed during RT/MT for motor cortical cells and those observed for muscles and predicted for popu-
cells and muscles, and predicted for populations of units encoding different lations of simulated units encoding joint-centered parametersmovement parameters. H, units encoding direction of hand movement in

of movement than there were with simulated units encodingspace; K, units encoding direction of angular movement at shoulder and
elbow joints; T, units encoding torque at shoulder and elbow joints. hand-centered movement parameters.
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FIG. 15. Changes in directional tuning
for a simulated population of units encod-
ing joint angles at the shoulder and elbow.
Top : same format as in Fig. 3. Bottom :
distributions of preferred directions, same
format as in Fig. 6.

Do single motor cortical cells explicitly encode intrinsic this study shows that motor cortical discharge during reach-
ing movements is influenced by arm geometry, and any coor-variables of movement?
dinate system proposed for the movement representation in

The present findings reveal that the discharge of many motor cortex that does not take into account the geometry
single MI neurons located in the bank of the central sulcus of the arm provides an inadequate description of the activity
covaried with arm orientation during planar reaching move- of most single MI cells. However, the results are not proof
ments. Mathematical models of units encoding intrinsic that MI neurons encode movement either explicitly or exclu-
joint-centered kinematic or kinetic parameters predicted a sively in an intrinsic parameter space related directly to
complex relationship between changes in arm orientation kinesiological features of movement.
and changes in directional tuning that had many similarities The extrinsic hand space model as formulated in this
to those observed for motor cortical cells, whereas the extrin- study does not make a distinction between the activity
sic hand space model predicted very little change of direc- of cells related to different parts of the arm. In contrast,

the responses of cells responding preferentially to pas-tional tuning of single cells with arm orientation. Therefore
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FIG. 16. Changes in directional tuning
for a simulated population of units encod-
ing joint torque at the shoulder and elbow.
Top : same format as in Fig. 3. Bottom :
distributions of preferred directions, same
format as in Fig. 6.

sive motions of the shoulder or elbow joints were differ- the shoulder and elbow during multijoint reaching move-
ments. In the natural arm orientation, the greatest change inent and appeared to reflect the different contributions of

their respective peripheral motor fields to the perfor- elbow joint angle and elbow torques both occurred along the
90–2707 axis. In contrast, movements in different directionsmance of the arm movements in the two arm orientations,

as predicted by the joint-centered models. This provided involved large changes in shoulder joint angle in all three
principal DOF of motion, and the directions of movementsome of the most compelling evidence of the influence

of intrinsic movement attributes on MI cell discharge producing the largest changes in shoulder angle were widely
different for each DOF (Fig. 1) . Furthermore, the kinematicfound in this study.

For instance, although single elbow-related cells and mus- and kinetic features of movement were less coupled at the
shoulder than at the elbow: the directions of movement re-cles were broadly tuned with movement direction, their pre-

ferred movement directions were strongly concentrated quiring the largest change in shoulder angle were different
from the directions requiring the largest joint torque (Ç90–along the 90–2707 movement axis in the natural arm orienta-

tion (Figs. 7 and 12). In contrast, the distribution of pre- 2707 and 0–1807 axes, respectively) . Because MI cell activ-
ity appears to covary with both kinetic and kinematic param-ferred directions of shoulder-related cells was uniform. This

reflects a number of important differences in the action of eters of movement (Kalaska et al. 1989; Thach 1978), this
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would produce a broad distribution of tuning properties for that plane. However, the arm rotation in our task occurred
about an axis in the plane of the task, not orthogonal to it.shoulder-related cells in the natural arm orientation.

Moreover, reaching movements in which the different arm As a result, the directional tuning functions of most cells,
if coupled to arm orientation in an arm- or body-centeredorientations were used resulted in large changes in angular

motions at the shoulder but minimal changes at the elbow. coordinate system, will rotate mainly into or out of the plane
of hand movements and not within it and would result inIn the abducted arm orientation, the directions of movement

that produced the largest change in joint angle for all three no net rotation of their distribution, as was observed. It is
also noteworthy that the distribution of shifts in directionalityDOF of shoulder motion tended to shift toward the 135–3157

axis, and this was accompanied by a decrease in excursion of EMG activity, which is strongly coupled to arm geometry
(Buchanan et al. 1986; Buneo et al. 1995; Flanders andof shoulder joint internal /external rotation from natural to

abducted conditions. As a result, the joint kinematics model Soechting 1990; Karst and Hasan 1991a,b) , likewise did not
show any systematic bias.predicted that the distribution of shoulder-related cell pre-

ferred directions should become bimodal and oriented to- Lacquaniti et al. (1995) described a regression analysis
of area 5 activity in the same task apparatus used for theward the 135–3157 axis, whereas the directional preferences

of elbow-related cells should remain strongly bimodally dis- study by Caminiti et al. (1990) . Consistent with the present
results, Lacquaniti et al. concluded that a body-centeredtributed along the 90–2707 axis, as was observed.

The joint torque model predicted the opposite trend, coordinate frame accounted better for the discharge across
all three cubic work spaces than did a hand-centered direc-that the distribution of elbow cell preferred directions

would shift more than that for the shoulder. Overall, the tional reference frame in each cube separately. However,
Lacquaniti et al. could not distinguish between coordinatejoint kinematics model predicted some aspects of the be-

havior of motor cortical cells better than the joint torque systems that specified only the location of the hand relative
to the body and those that partly or completely specifiedmodel. We would not conclude, however, that motor corti-

cal cells signal the intrinsic kinematics of reaching move- intrinsic parameters ( joint or limb segment angles) . This
resulted because movement variables in different parameterments. Many experimental results contradict that conclu-

sion (Evarts 1968; Fromm 1983; Humphrey 1972; Hum- spaces were all highly correlated (Lacquaniti et al. 1995;
Mussa-Ivaldi 1988) . Our results suggest that for many MIphrey and Tanji 1991; Kalaska et al. 1989; Smith et al.

1975; Thach 1978) . One must also consider the simple cells, any attempt to account for their activity in a parameter
space that only specifies hand location and movement direc-nature of the mathematical models developed for this

study. In particular, the joint torque model only considered tion, without reflecting the intervening limb geometry, is
untenable. For instance, the finding that the distributionsthe forces exerted at the hand to initiate movement of the

manipulandum to each target and not the forces to move of preferred directions of shoulder-related cells recorded
with the left and right arms in the abducted orientationsthe limb itself, nor any forces exerted by the monkey on

the manipulandum out of the plane of motion. It is difficult were bilobed with a directional bias that was mirror re-
flected about the sagittal plane presumably paralleled theto predict how inclusion of these other joint torques would

affect the behavior of the model units. Moreover, a model mirror-reflected geometry and mechanics of the two arms.
This mirror-image symmetry provides further evidence thatthat expresses the kinetics of the task in a more physiologi-

cal muscle-based space may yield different predictions an important component of the discharge of MI cells during
reaching movements can be best described by a body-cen-than did the joint torque model. Nevertheless, the fact that

there were some similarities between the behavior of T tered or even a limb-centered coordinate framework (Cami-
niti et al. 1990, 1991) .units and muscle activity suggests that even this very sim-

ple model has some utility.
The present study complements the findings of Caminiti Do single motor cortical cells explicitly encode extrinsic

et al. (1990, 1991), who also showed that the directional variables of movement?
preference of cells was influenced by the starting posture of
the arm and was not fixed to the absolute spatial direction The summed activity of MI cell populations has been

shown to covary with the direction and path of the hand inof hand movement. Furthermore, they found a systematic
rotation in tuning across the population of cells that followed space (Georgopoulos et al. 1982, 1983, 1988; Schwartz

1993). Subsequent studies have extended this finding bythe angular rotation at the shoulder about the vertical axis
necessary to make the movements in each region of the relating the discharge of single motor cortical cells simulta-

neously with several different extrinsic kinematic parame-work space. We observed no such systematic shift in the
directional tuning of the sample population. This reflects a ters, such as the direction, velocity, amplitude, and target

location of straight-line movements (Ashe and Georgo-fundamental difference in task design. In the study by Cami-
niti et al. (1990), movements were made in three-dimen- poulos 1994; Fu et al. 1993, 1995), and the instantaneous

direction and speed of continuously curved trajectoriessional space and the arm orientation rotated predominantly
about one of the three orthogonal axes (vertical) . As a result, (Schwartz 1992, 1993, 1995).

However, the results of the present study argue stronglyany rotation of the tuning function of a cell about any of
the three spatial axes with the change in arm geometry would that many individual motor cortical cells neither explicitly

nor exclusively ‘‘encode’’ the direction of movement of thebe expressed and observed in the task of Caminiti et al. In
contrast, in the present study, hand movements were con- hand or its spatial location, per se, but rather reflect at least

in part the covariation of intrinsic movement attributes atfined to the horizontal plane, so that we could only observe
that part of the tuning function of each cell expressed within their peripheral motor fields with the desired direction of
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hand movement, or the force required to hold the hand at a small or that 30% of the cells directional in both orientations
did not show a significant task 1 direction interaction duringparticular location. However, they are not proof that single-

cell discharge expressed only intrinsic attributes of the move- RT/MT could be interpreted as evidence that a distinct
subpopulation of motor cortical cells encodes hand trajec-ment, or that no neuronal correlate of extrinsic spatial param-

eters exists in MI at either the single-cell or population level. tory. However, those neurons represented only part of a
continuum of changes in the discharge patterns of cells, notAlthough the hand paths traversed by the monkeys in the

two arm orientations in this task were very similar, they a distinct group (Fig. 3) . Furthermore, the mathematical
models also predicted that the directional tuning of manywere not identical (Fig. 1) . It is possible therefore that the

effects of arm orientation on cell activity in this study could units will not be altered by changes in arm orientation even
when they explicitly encode intrinsic features of movement.all be caused by small changes in the extrinsic kinematics

of motor performance in the two arm orientations. However, For those units, the change in arm orientation did not produce
a sufficient change in the mapping between hand trajectorythe hand space model took into account the directional vari-

ability of hand paths within and between arm orientations confined to the plane of the task and their preferred combina-
tion of intrinsic movement parameters to result in a largeto predict the resulting directional changes that would be

expected of cells signaling extrinsic kinematics, but failed variation in apparent directional tuning. That lack of change
does not alter the underlying mathematical basis for theseto reproduce any of the major effects on cell activity ob-

served in the task (Fig. 13). This suggests that hand path simulations: they encoded intrinsic features of movement
and not the direction of hand movement.variability, at least as concerns its direction, cannot explain

the cell response patterns in this study, many of which were Similarly, some EMG records from muscles spanning the
shoulder and elbow showed no significant task 1 directioncaptured by very simple joint-centered intrinsic models. Ad-

mittedly, there were also small changes in movement veloci- interaction or significant shifts in the distribution of replica-
tion preferred directions. This does not mean that the con-ties between arm orientations (Fig. 2) that could account

for more of the task-related changes in activity than the tractile activity of those muscles was directly related to the
extrinsic kinematic parameter of movement direction in any-hand space model currently does. However, the relation with

velocity may be strongest near the cell’s preferred direction thing other than the most general descriptive sense. Instead,
the activity of a given muscle during reaching is related to(Schwartz 1992, 1993), so that there would have to be large

changes in velocity for movements away from the cell’s its ability to contribute to the performance of the motor task
as a function of skeletomuscular geometry and mechanicspreferred direction to significantly alter its directional tuning.

Velocity changes of that magnitude were not seen (Fig. 2) . (Buchanan et al. 1986; Buneo et al. 1995; Flanders and
Herrmann 1992; Flanders and Soechting 1990; Karst andMoreover, the regression studies reported that movement

direction was typically the single most important factor de- Hasan 1991a,b; Kuo 1994; Zajac and Gordon 1989). In a
number of cases, the change in arm orientation did not pro-termining cell activity and that velocity and other extrinsic

parameters were less important, suggesting that the addition duce a sufficient change in those factors to cause an alteration
in the covariation of muscle activity with hand movementof other factors will have a minor impact on the predictions

of the hand space model. direction in the horizontal plane of the task.
In summary, it is predictable that a sizeable population ofEven more difficult to explain with the use of a hand-

centered extrinsic kinematics model are the changes in activ- cells encoding intrinsic movement attributes such as joint
angle changes, joint torques, or even single-muscle activityity of single cells between arm orientations during the static

epochs of the trial, specifically, the changes in tonic activity levels will show no change in directional tuning in the task
used in this study. Therefore the finding that some cells induring CHT, and the changes in both overall activity level

and spatial tuning during THT. In those epochs, the hand motor cortex show minor changes in direction is at best
equivocal evidence of an explicit representation of hand tra-was being held steadily in the same spatial locations over

the targets and the only difference was in the orientation of jectory at the single-cell level.
the arm. A strictly extrinsic hand-centered model that sig-
naled hand location would predict no changes in activity in Nature of the parameter space for motor cortical
those conditions. The response changes between arm orienta- discharge
tions could have a different origin during the dynamic and
static parts of the task if, for instance, the nature of the What parameter space best describes the activity of MI

cells remains a formidable technical and conceptual problem.relation of motor cortex activity to motor output parameters
is fundamentally different between static and dynamic condi- The present observations emphasize that the well-established

broad directional tuning of motor cortical neurons (Fu et al.tions (Georgopoulos et al. 1992; Soechting and Flanders
1992). However, the changes in discharge level and direc- 1993, 1995; Georgopoulos 1995; Georgopoulos et al. 1983;

Kalaska et al. 1989; Schwartz 1992, 1993, 1995; Schwartztional tuning observed during the dynamic (RT/MT) and
static (CHT, THT) epochs of the present task were statisti- et al. 1988) is not of itself sufficient to favor one alternative

over others. Mathematical models here (Fig. 17) and else-cally correlated. This is readily explained if the orientation-
related response changes in the static and dynamic epochs where (Lacquaniti et al. 1995; Mussa-Ivaldi 1988; Sanger

1994; Tanaka 1994) have demonstrated that units encodinghad a common causal origin related to a stable relation be-
tween cell activity and motor performance during dynamic either extrinsic or intrinsic features of movement can be

broadly tuned to the direction of hand movement in eachand static epochs of the task (Crammond and Kalaska 1996).
Conversely, the observation that the changes in directional arm orientation. The directional tuning of model units sig-

naled the desired change in state in their particular parametertuning of a number of motor cortical cells were relatively
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FIG. 17. Directional tuning curves of 10 randomly chosen units encoding movement in 3 different parameter spaces,
illustrating the variation of their activity level as a function of the direction of planar hand movements in the natural arm
orientation. The tuning curve of each unit is centered on its ‘‘preferred direction,’’ identified during the planar hand movements.

space as a function of movement direction. Moreover, broad that extrinsic and intrinsic kinematic and kinetic parameters
are all inextricably coupled through the laws of motion anddirectional tuning is a property of cells in every structure

studied with reaching movements, and the discharge of these skeletomuscular mechanics.
cell populations covaries to different degrees with a wide
range of movement parameters (Kalaska and Crammond Motor cortex and the selection of coordinated multimuscle
1992). The significance of this finding is subject to two very recruitment patterns
different interpretations.

On the one hand, this may indicate that the motor system Whatever the nature of the parameter space(s) in which
might perform sensorimotor transformations by encoding MI cells are functioning, it is informative to consider the
movement-related information in terms of their covariation implications of their response properties in terms of motor
with intended movement direction (Georgopoulos 1991, output. Ultimately, the desired movement is produced by
1995; Kalaska and Crammond 1992; Kalaska et al. 1989, generating the appropriate coordinated pattern of activity of
1990). Furthermore, the discharge of a single cell may not a large number of muscles in the arm. The powerful effect
express movement in a single distinct reference frame. In- of direction on the activity of muscles is well established
stead, cell activity usually shows partial correlations to a and produces directional tuning functions that typically bear
number of different movement attributes from different pa- considerable similarity to those of MI cells (Buchanan et al.
rameter spaces, as if expressing weighted combinations of 1986; Flanders and Herrmann 1992; Flanders and Soechting
signals in different reference frames (Alexander et al. 1992; 1990; Kalaska et al. 1989, 1990; Karst and Hasan 1991a,b;
Fetz 1992, 1993; Kalaska 1991, 1995; Kalaska and Cram- Turner et al. 1995; Wadman et al. 1980). EMG patterns are
mond 1992; Thach 1978). Rather than representing the also strongly dependent on mechanical factors that vary with
movement explicitly in a distinct parameter space, single limb posture (Buchanan et al. 1986; Flanders and Soechting
cells may be signaling the covariation of movement attri- 1990; Karst and Hasan 1991a,b) . For instance, Karst and
butes in different reference frames, and so implicitly affect Hasan (1991a,b) found that the patterns of recruitment of
a sensorimotor transformation. The representation of a given muscle activity at the shoulder and elbow during planar
parameter space would be found in the partial correlations pointing movements were less related to the absolute direc-
distributed across a heterogeneous population of cells. tion of hand movement than to the direction of the target

On the other hand, these partial correlations with multiple relative to the angle of the forearm, i.e., its initial posture.
movement parameters may be an epiphenomenon resulting Furthermore, the specific multimuscle coordination pattern
from the inescapable fact that movement variables in differ- appears to be highly dependent on specific task conditions,
ent parameter spaces are tightly coupled through the laws implying that fixed multimuscle ‘‘synergies’’ applicable
of motion and skeletomuscular mechanics (Kalaska 1991, over a broad range of task conditions cannot be a major
1995). Most studies have failed to dissociate them ade- mechanism to facilitate multimuscle coordination (Bu-
quately, and the problem is exacerbated by the highly stereo- chanan et al. 1986; Karst and Hasan 1991a,b; MacPherson
typed motor behavior of overtrained monkeys. As a result, 1991; Soechting and Lacquaniti 1989). The CNS must have
should cells encode movement in a particular reference other means to specify the requisite coordinated multimuscle
frame, they will inevitably also show strong partial correla- pattern for each task condition.
tions with many different movement parameters in other Many MI cells have been shown to be strongly modulated
reference frames. According to this point of view, demon- by all major parameters, including the direction of move-
stration of multiple partial correlations in cell activity reveals ment, the direction and size of output forces and external

loads, and now the geometry of the limb, that influenceless about underlying central mechanisms than about the fact
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muscle activity patterns. This suggests that a critical role for stantial support for the role of reafferent proprioceptive input
into MI in this transformation process. Peripheral feedbackthe motor cortex is to transform directional aspects of motor

tasks into the appropriate coordinated multimuscle recruit- has often been relegated to the role of the feedback loop of
error detection or servo-control mechanisms, such as thement patterns (Georgopoulos 1991, 1995; Kalaska and Drew

1993). Consistent with this hypothesis, the discharge of cor- transcortical reflex model of MI organization (Evarts 1981;
Phillips 1969). However, the reafferent input convergingticomotoneurons is often highly specific to the nature of the

fractionated muscle activity patterns within which their tar- onto a single MI cell will alter its activity, and thus the level
of activation of its muscle field, as a function of joint angles,get muscles are being recruited (Bennett and Lemon 1996;

Muir and Lemon 1983). muscle lengths, external perturbations, and loads. Repeated
across all the cells composing the motor output map in MI,It is now widely recognized that the divergent projections

of a given corticospinal axon onto spinal interneuronal net- reafferent input will continually modulate activity across MI,
thereby changing the output of MI to other input signalsworks or directly into motoneuron pools will tend to estab-

lish a graded pattern of activation of a set of muscles, its such as the desired direction of movement or target location
as a function of the current status of the peripheral skeleto-so-called muscle field. The broadly tuned discharge of MI

cells could reflect the orderly gradation of the level of activa- muscular system.
This discussion illustrates a key issue. It may not be appro-tion of their muscle field related to the direction of reaching

movement (Georgopoulos et al. 1983, 1988) and of external priate to discuss MI function in terms of generating a single
specific movement representation in a particular parameterloads (Kalaska et al. 1989). The modulations of single-cell

activity reported here and by Caminiti et al. (1990, 1991) space. It may be better to think of MI function in terms
of an operation, such as the sensorimotor transformationsreveal that this process does not reflect only extrinsic direc-

tional requirements, but is also influenced by the arm geome- required to produce the desired motor act. The sensorimotor
transformation from the MI representation of the movementtry by which the movement is accomplished. This places at

least part of the multimuscle specification process at the to the intrinsic muscle-centered representation of coordi-
nated multimuscle recruitment patterns of motoneurons incortical level, rather than relegating it entirely to the spinal

level (Kalaska and Drew 1993). Single MI cells can only the spinal cord is realized in part by neuronal events within
MI, and is embedded in part in the pattern of descendingalter the level of activation of their particular muscle field

as a unit. The overall muscle recruitment pattern is shaped projections from MI to the spinal apparatus and to other
components of the motor system. The idea that MI contri-by the global pattern of activity of the MI population, by

the subsequent pattern of termination of corticospinal and butes actively to a sensorimotor transformation is supported
by the finding that the size of the directional change inother descending axons on spinal interneurons and motoneu-

rons, and by the distribution of activity within those spinal the activity of MI cells between arm orientations increases
progressively with time before the onset of movement (Scottcircuits. The possible contribution of MI to the selection

of muscle recruitment patterns is further supported by the and Kalaska 1996).
Whatever the nature of that operation and the role it mightsimilarities in the patterns of variation of onset times and

initial response magnitudes as a function of movement direc- play in determining multimuscle activity patterns, it is also
simplistic to regard MI as only a muscle controller composedtion for activity of both MI neurons and proximal arm mus-

cles before the onset of reaching movements (Scott 1996). of cells encoding only muscle space variables related directly
to spinal motoneuron activity levels and spindle sensoryThis does not mean that MI specifies the precise level and

temporal pattern of activity of each muscle. This is produced feedback (Georgopoulos 1991, 1995). Neuronal correlates
of movement attributes and higher-order planning processesby the interplay between many convergent descending sig-

nals and local spinal processes (Kalaska and Drew 1993). completely independent of causal muscle activity have been
documented in MI in many studies (Alexander et al. 1992;Furthermore, we do not suggest that the changes in direc-

tional tuning of MI cells explicitly signal the changes in the Georgopoulos 1991, 1995; Humphrey and Tanji 1991; Ka-
laska and Crammond 1992; Thach 1978). Their presencedirectionality of EMG activity as a function of arm orienta-

tion (Buneo et al. 1995). However, the present results sug- provides further circumstantial evidence that MI is impli-
cated in the sensorimotor transformations required to controlgest that the motor cortex might contribute to the mecha-

nisms required to specify muscle recruitment patterns as a movement, and is not just responsible for generating a ho-
mogenous representation of movement in a single well-de-function of arm orientation. To what degree MI activity

parallels arm-posture-related changes in muscle recruitment fined parameter space.
patterns and how it might contribute to the specification
of coordinated muscle patterns during reaching movements Movement representations at the single-cell and
requires testing of cell responses over a broader range of population levels
arm postures.

A striking finding was that cells sorted into shoulder- Although the present data argue against explicit coding
of the direction of hand movement at the single-cell leveland elbow-joint-centered classes solely on the basis of their

responses to passive peripheral inputs demonstrated quite for all MI cells, it is possible that a representation of hand
trajectory is coded at the population level (Georgopoulos etdifferent response properties in the task, consistent with the

contributions of their respective peripheral motor fields to al. 1982, 1983, 1988; Schwartz 1993, 1995). Caminiti et al.
(1990, 1991) reported that despite the changes in directionalmovements in the different arm orientations. Besides indicat-

ing the degree of correspondence between the sensory inputs tuning of single cells in different parts of the work space,
the summed population vector signals continued to covaryand motor output signals in MI, this finding provides circum-
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17A illustrates the predicted variation of activity level of 10 Hwith movement direction, suggesting a dissociation of the
units with planar movement direction relative to their preferrednature of the representation of reaching movements at single-
direction defined in the plane. All the units are unimodally relatedcell and population levels. We will address this important
to the direction of hand movement.issue in a subsequent paper.

Joint kinematic coordinates
A P P E N D I X : M A T H E M A T I C A L M O D E L S O F

P O P U L A T I O N S O F U N I T S E N C O D I N G M O T O R This model used a population of 400 units that specified joint
kinematics (K units) , with each unit encoding a preferred directionC O M M A N D S I N D I F F E R E N T P A R A M E T E R S P A C E S
of angular movement at the shoulder and elbow. The monkey’s arm

A number of models were developed to aid in the interpretation was modeled with three DOF at the shoulder [a, abduction(/) /
of the response properties of cells during the two motor tasks. As adduction; b, flexion(/) /extension; c, internal(/) /external rota-
in many previous studies, our analysis of cell activity in MI during tion] and one DOF at the elbow [d, flexion(/) /extension: see
whole arm reaching movements described the relationship between Limb kinematics) . For each unit, a preferred direction of angular
cell activity and the direction of hand movement. To interpret the movement at the joints was chosen randomly on the basis of direc-
significance of these findings, it is important to understand how the tion cosines a1 , b1 , c1 , and d1 relative to the a, b, c, and d axes,
activity of cells specifying motor commands in different parameter respectively. This preferred direction defined a specific combina-
spaces would covary with the direction of hand movement during tion, or proportion, of angular movement at the shoulder and elbow,
reaching movements in two different arm orientations. Two types and thus each unit encoded movement in four-dimensional joint-
of models were developed: one in which populations of single angle space. For a given direction of movement, the angular excur-
units specified the extrinsic kinematics of hand movement in three- sions at the shoulder and elbow joints necessary to the move the
dimensional space, and another in which units specified the intrin- hand from the start to the target position were defined with the use
sic joint kinematics (change in joint angles) or kinetics of move- of direction cosines a2 , b2 , c2 , and d2 . Note that while the direction
ment (change in joint torques) at the shoulder and elbow joints. cosines defining the direction of joint movement during reaching

vary with arm orientation, the preferred direction of each unit
remains constant in joint-angle space. Unit activity K(A) was pro-Hand-centered coordinates
portional to the cosine of the angle between its preferred direction

This model used a population of 400 units that each encoded of joint movement and the actual direction of joint movement
hand trajectory (H units) along a preferred direction in three-di-

K(A) Å a1a2 / b1b2 / c1c2 / d1d2 / 1 (A2)mensional space, in a Cartesian coordinate frame (X , Y, Z ). A
preferred direction of hand movement was chosen randomly for and thus unit activity ranged from 0 to 2. Equation 2 calculates
each unit on the basis of direction cosines l1 , m1 , and n1 relative the activity for a unit as a function of the difference between its
to the positive X -, Y-, and Z-axes, respectively. The direction of preferred direction vector and the actual movement direction in
hand movement was defined by direction cosines l2 , m2 , and n2 , joint-angle space. Unit activity was computed with the use of Eq.
where n2Å 0 because hand movement was limited to the horizontal 2 for each of the eight movement directions in each arm orientation.
plane. Unit activity H(A) during movement was proportional to the Subsequently, the activity of each unit for a given arm orientation
cosine of the angle between its preferred and the actual directions of (natural or abducted) was then related to the direction of hand
movement movement, as was performed for cells in MI (Georgopoulos et al.

1982; Mardia 1972). For each arm orientation, the unit’s task-H(A) Å l1l2 / m1m2 / n1n2 / 1 (A1)
related preferred direction was computed with the use of trigono-

Therefore unit activity ranged from 0 to 2. The start and finish metric moments. This model illustrates how the activity of units
position of the hand were identical when movements were made encoding joint space kinematics covaries with the direction of hand
with the use of different arm orientations. Therefore, no change in movements in the two arm orientations. Units encoding different
the response of these H units would be expected with changes in combinations of angular rotation at the shoulder and elbow joints
arm orientation if only the direction of movement between initial during reaching movements were broadly tuned to the direction of
and final postures was considered. However, the trajectory of the hand movement (Fig. 17B) .
hand was not always identical; trial-to-trial variability in the path All units in this population encoded reaching movements on the
of the hand for a given target and arm orientation may result in basis of the change in joint angles at the shoulder and elbow joints.
variations in the neuronal activity related to the control of these However, the relative weighting of a given unit’s activity to the four
movements for a given arm orientation. Moreover, small differ- DOF of joint motion varied. The behavior of the subpopulations
ences in the trajectory of the hand between arm orientations may of units whose directional vector predominantly signaled angular
also contribute to the observed changes in the response of motor movement at one of the two joints was also informative. Units
cortical cells. We included both of these factors in this hand-cen- were classified as elbow related if the absolute magnitude of the
tered model by selecting movement direction randomly from a elbow flexion/extension component of the preferred direction vec-
Gaussian distribution matching the mean and SD of the recorded tor was 50% larger than that of each of the three shoulder compo-
position of the hand at the midway point of movements to each of nents (flexion/extension, abduction/adduction, internal /external
the eight targets for each arm orientation individually. For a given rotation). Units were classified as shoulder related if the absolute
movement target and arm orientation, the directions of movement value of any of the three shoulder components of the preferred
for five repeated trials were randomly selected and the response direction vector was 50% larger than that of the elbow flexion/
of the cell was calculated for each trial and then averaged to esti- extension component. This separation between elbow- and shoul-
mate the response of the unit for a given target. The unit’s task- der-related units approximated the criteria we used to identify sen-
related ‘‘preferred direction’’ in each orientation was then com- sory input to motor cortical cells in the present experiment.
puted with the use of trigonometric moments (Georgopoulos et al.
1982; Mardia 1972). Note that although each unit had a preferred Joint torque coordinates
direction of movement in three-dimensional space, this exercise
calculated the projection of the unit’s three-dimensional directional A second joint-centered model was developed to consider how

units involved in controlling joint dynamics (torques) would be-tuning function onto the horizontal plane of the motor task. Figure
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