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The motor cortex has long been regarded as a key 
node in the generation of motor output, based on 
observations of patients with motor seizures (Jackson, 
1889) as well as results from various kinds of studies 
employing lesions and electrical stimulation (Porter 
and Lemon, 1993). Evarts (1966, 1968, 1969) recorded 
the impulse activity of single cells in the motor cortex 
of behaving monkeys. He showed that cells typically 
changed activity before the first changes in muscle 
activity and that the frequency of discharge varied 
during movement or production of isometric force. 
These studies initiated research into the role of the 
motor cortex in the specification and control of motor 
output, a subject that has been hotly debated and 
widely speculated upon and that remains under active 
investigation. Simplistic notions of motor cortical 
function have been exemplified by the view that mo- 
tor cortical cells are simply “upper motoneurons.” 
This view is clearly untenable. Early observations from 
patients with motor seizures had already pointed to 
the complexity of motor cortical function (Jackson, 
1889), as had the variable effects of electrical stimula- 
tion (Leyton and Sherrington, 1917). More recently, 
the technique of recording the activity of single cells 
during behavior (Lemon, 1984) provided a powerful 
tool by which to study the activity of motor cortical 
cells within the full-blown behavioral context of vol- 
untary movement. This was an important advance and 
the only appropriate way to study the neural mecha- 
nisms of the initiation of voluntary movement. In- 
deed,awealthof information hasaccumulatedduring 
the past 30 years concerning the involvement of the 
motor cortex in simple motor functions as well as in 
more complex aspects of motor behavior (see Georgo- 
poulos, 1991, for a review). 

It seems that whether the motor cortex is regarded 
as “simple” or “complex” depends to a great extent 
on the richness of the experimental paradigm and 
the aspects of motor function selected for study. In 
general, the rich variety of neural processing can be 
revealed only when appropriate tasks are used and 
cannot be appreciated if restricted and impoverished 
paradigms are employed. For example, a task that in- 
volves onlyflexion-extension movements about a sin- 
gle joint cannot, by definition, provide information 
concerning the neural control of multi-joint move- 
ments; a task that involves alternating movements be- 

tween two mechanical stops cannot provide informa- 
tion concerning accurately aimed movements, nor 
about movements that are the result of considerable 
visuomotor processing; and ataskthat involves steady 
holding against a constant load cannot provide infor- 
mation concerning dynamic changes in force output. 

In general, the choice of the experimental task and 
design reflects underlying a priori viewpoints of mo- 
tor cortical function. For example, the use of single- 
joint, agonist-antagonist paradigms reflected the 
widespread belief in the 1960s and ’70s that control 
of single joints was the key building block of motor 
control; in contrast, the use, from the mid ’70s on, of 
tasks involving multi-muscle precision grip, or multi- 
joint, multi-muscle reaching movements reflected the 
changing viewpoints that the motor cortex might be 
involved in the specification and control of complex 
motor output. Furthermore, the use of tasks involving 
memorized movements and spatial transformations 
tested the hypothesis that the motor cortex could also 
be involved in more complex aspects of sensorimotor 
processing, under appropriate conditions. The gen- 
eral outcomeof these studies has been the insightthat 
changes in activity of motor cortical cells can reflect, at 
varying degrees, almost the whole gradation of motor 
and behavioral complexity present in a given task. The 
picture that has emerged, then, is one of meaningful 
complexity in motor cortical discharge rather than 
one of a simplistic upper motoneuron. This has been 
accompanied by gradual changes in the way in which 
motor variables are manipulated in a task and of the 
way in which neural data are analyzed and interpreted 
within the context of neuronal populations. The main 
results of this research are discussed briefly below 
and exemplified with specific examples. 

Motor Parameters as Experimental Tools: A Trend 
Toward Increasing Complexity 

A crucial aspect of studies of the neural mechanisms 
of motor function is the choice of motor parameters 
to be varied. In early studies, these parameters were 
relatively simple; for example, they involved the pro- 
duction of one-dimensional (ID) motor output at a 
single joint, such as alternating, flexion-extension 
movements at the wrist, or steady holding against 
flexor or extensor loads. Since then, the trend has 
been toward increasing spatio-temporal complexity 
of the motor output tested, which now include multi- 
joint, multidimensional reaching movements, multi- 
dimensional isometric forces, and dynamic force 
pulses. This extended appreciably the scope of investi- 
gation and has resulted in a wealth of novel information 
and new insights concerning the role of motor struc- 
tures in initiation and control of motor output. 



Isometric Force 
Reciprocal Static Forces 
In the original and later work of Evarts and his col- 
leagues (Evarts, 1968; Evarts et al., 1983) and in subse- 
quent work by others (e.g., Thach, 1978; Cheney and 
Fetz, 1980) the force exerted by the animal was re- 
stricted to one joint and to the activation of reciprocal 
groups of muscles. In these experiments the steady- 
state activity of motor cortical cells varied with the 
level of force exerted, especially for those cells that 
produced postspike facilitation in, and therefore 
seemed to have monosynaptic connections to, moto- 
neurons innervating distal muscles (Cheney and Fetz, 
1980). In contrast, these relations are not prominent 
for cells projecting to the striatum (Bauswein et al., 
1989). 
Two-Dimensional Static Forces 
The neural relations to static force were recently ex- 
tended to the direction of multi-joint, two-dimen- 
sional (2D) static forces (Kalaska et al., 1989). Here cell 
activity in the motor cortex varies with, and is broadly 
tuned to, the direction of force. This effect is more 
pronounced for cells in the lower than the upper lay- 
ers of the motor cortex. 
Precision Grip 
The use of the precision grip as an experimental tool 
(Smith et al., 1975; Hepp-Reymond et al., 1978; Hepp- 
Reymond and Diener, 1983) was in accord with the 
idea that the motor cortex may be particularly in- 
volved in the control of precise forces. The precision 
grip involves the simultaneous activation of a large 
number of muscles (Smith, 1981; Maier et al., 1990, 
Eur. J. Neurosci., abstract) and yet requires accurate 
control of force levels as an output motor parameter. 
Although earlier results on the relations between mo- 
tor cortical cell activity and isometric force in a single 
joint could be interpreted in asimplefashion (Fromm, 
1983), in the case of the precision grip these relations 
cannot be as easily interpreted, given that desired 
force levels can be attained by various combinations 
of muscle activation and that the amount of activation 
of a particular muscle may not vary in a simple fashion 
with the amount of force exerted (Maier et al., 1990, 
Eur. j. Neurosci., abstract). Moreover, motor cortical 
cells with postspike facilitation effects on hand mus- 
cles may show both positive and negative correlations 
with precision grip force (Maier et al., 1993), and the 
strength of the postspike facilitation can be dissoci- 
ated from the relation to force (Maier et al. , 1993). 
Co-Contraction 
A different level of complexity in the use of isometric 
force as a motor parameter was added by varying the 
flexion-extension force at the wrist over time, in a 
sinusoidal fashion and at different frequencies (Hum- 
phrey and Reed, 1983). At low frequencies of force 
change,flexorandextensor musclescontracted recip- 
rocally, but at high frequencies, the joint was stabi- 
lized by the co-contraction of flexors and extensors, 
which increased the mechanical stiffness of the joint. 

This paradigm revealed the existence of a subset of 
cells in the motor cortex that became active only at 
higher frequencies of force change. This finding sug- 
gested that these cells might form a separate popula- 
tion controlling joint stiffness. 
Dynamic Pulses 
The dynamic relations of cell activity in the motor 
cortex to the direction of 2D isometric force were in- 
vestigated recently (Georgopoulos et al., 1992). The 
following experimental arrangement allowed the dis- 
sociation between dynamic and static components 
of the force exerted. Monkeys produced pure force 
pulses on an isometric handle in the presence of a 
constant force bias so that the net force (i.e., the vector 
sum of the monkey’s force and the bias force) was in 
avisually specified direction. The net force developed 
over time had to stay in the specified direction and 
to increase in magnitude in ordertoexceed a required 
intensity threshold. Now consider the case in which 
the directions of the net and bias forces differ, by 
being, for example, orthogonal. For the task to be 
performed successfully under these conditions, the 
animal’s force has to changecontinuously in direction 
and magnitude, so that, at any moment during force 
development, the vector sum of this force and the 
bias force is in the visually specified direction. Thus 
this experimental arrangement effectively dissociated 
the animal’s force vector, the direction of which 
changed continuously in a trial, from the net force 
vector, the direction of which remained invariant. 
Eight net force directions and eight bias force direc- 
tions were employed. Recordings of neuronal activity 
in the motor cortex revealed that the activity of single 
cells was directionally tuned in the absence of bias 
force and that this tuning remained invariant when 
the same net forces were produced in the presence 
of different directions of bias force. These results 
demonstrated that cell activity does not relate to the 
directionoftheanimal’stotalforce. Sincethe netforce 
is equivalent to the dynamic component of the force 
exerted by the animal, after a static component vector 
(equal and opposite to the force bias) is subtracted, 
these findings suggest that the motor cortex provides 
the dynamic force signal during force development. 
Other, possibly subcortical, structures could provide 
the static compensatory signal. This latter signal could 
be furnished by antigravity neural systems, given that 
most static loads encountered are gravitational in na- 
ture. According to this general view, the force exerted 
by the subject consists of dynamic and static compo- 
nents, each of which is controlled by different neural 
systems. These signals would converge in the spinal 
cord and provide an ongoing integrated signal to the 
motoneuronal pools. 

In summary, the main insight stemming from these 
studies is that relations of cell activity to force are 
complex and should be interpreted within the context 
of additional information that pertains to the dimen- 
sions of the force space (e.g., one- or multi-dimen- 
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Figure 1. Directional Tuning in 2D Space 
(A) Impulse activity during five trials in 
which equal amplitude movements were 
made in eight directions from the center 
of the working surface toward peripheral 
targets, as indicated by the diagram in the 
center. The rasters are aligned to the onset 
of movement (M). Longer vertical bars pre- 
ceding movement onset denote the time 
of stimulus onset (target) onset (l). 
(B)Theaveragefrequencyofdischargedur- 
ing the time interval from the onset of the 
target to the end of the movement is plot- 
ted against the direction of the movement. 
Points are means of five trials f SEM; the 
curve is a fitted sinusoidal function. (From 
Georgopoulos et al., 1982; reproduced with 
permission of the publisher; copyright by 
the Society for Neuroscience.) 

DIRECTION OF MOVEMENT 
,. 

sional), the static or dynamic nature of the task, the 
overall objective of the task (e.g., resist force, generate 
force, stabilize joint, etc.), and the projections of the 
cells under study (e.g., whether they project to the 
spinal cord, striatum, etc.). These questions provide 
the basis for further work. 

Movement 
Single-joint Movemehts 
Several studies used ID movements about a single 
joint (e.g., Evarts, 1968; Thach, 1978; Alexander and 
Crutcher, 1990a, 1990b). In some studies monkeys 
made flexion-extension movements in the presence 
of constant loads opposing flexion or extension; in 
this way, the same movements were made using dif- 
ferent muscles and were thus dissociated from them. 
Under these conditions, approximately one-third of 
motor cortical cells seemed to follow the patterns of 
muscle activity (Thach, 1978; Alexander and Crutcher, 
199Oa).  Other variables, dissociated from the muscle 

pattern, were also important in determining motor 
cortical cell activity, including movement direction 
(Thach, 1978; Alexander and Crutcher, 1990a, 199Ob) 
and joint angle CThach, 1978). Therefore, it seems rea- 
sonable to suppose that during movements in which 
direction, position, and muscle activity covary, the 
activity of cells in the motor cortex relates to all of 
these parameters with variable strength. 
Reachink Multi-joint Movements 
Recordings in the motor cortex during 2D and three- 
dimensional (3D) arm movements revealed orderly re- 
lations of cell activity to spatial aspects of movements, 
especially to the direction of movement in space 
(Georgopoulos et al., 1982; Schwartz et al., 1988). Cell 
activity is directionally tuned: it is highest with move- 
ments in a particular direction (the cell’s “preferred 
direction”) and decreases gradually with movements 
in directions farther and farther away from the pre- 
ferred one. Typically, the relation of cell activity to 
the direction of movement is a broad, cosine tuning 
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Figure 2. Directional Tuning in 3D Space 

All data are for one motor cortical cell. 
(A) Impulse activity (short bars) during movements in different directions (arrows). Rasters of five repeated trials for every movement 
direction are aligned with the onset of movement (M). Longer bars preceding and following the movement onset indicate the onset 
of the target and the end of the movement, respectively. ,. 
(B) Mean discharge rate (*SD) from onset of target to end of movement is plotted against the cosine of the angle 8 formed between 
the direction of the movement and the cell’s preferred direction. 
(C) Predicted tuning volume based on cosine tuning function. PD, preferred direction. (From Schwartz et al., 1988; reproduced with 
permission of the publisher; copyright by the Society for Neuroscience.) 

function, the peak of which denotes the preferred 
direction of the cell. Figures 1 and 2 illustrate direc- 
tional tuning for 2D and 3D movements, respectively. 
Preferred directions tend to be arranged in vertical 
columns and are multiply represented in the motor 
cortex (Georgopoulos et al., 1984). For a population 
of cells, preferred directions are not clustered in par- 
titular directions, but range throughout the direc- 
tional continuum (Figure 3) (Schwartz et al., 1988). 

Analysis and Interpretation of Neural Activity: 
Neuronal Populations 

Single cells provide only the building elements of the 
neural construct underlying movement generation 
and control; this construct invariably involves popula- 

tions of neurons. The idea and use of neuronal popu- 
lations in this context differ from common statistical 
measures of populations, such as averages, variances, 
and frequency distributions of functional cell proper- 
ties. Instead, the idea is that a single neuron carries 
only partial information about a movement parame- 
ter, which is therefore uniquely represented in the 
whole neuronal ensemble. This idea was applied to 
the coding of the direction of movement, as follows. 
The broad directional tuning indicates that a given 
cell participates in movements of many directions. 
From this result and from thefact that preferred direc- 
tions range widely, it follows that a movement in a 
particular direction will engage a whole population 
of cells. A unique code for the direction of movement 
was proposed (Georgopoulos et al., 1983,1986, ISSS), 
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which regarded this population as an ensemble of 
vectors. Each vector represents the contribution of a 
directionallytuned cell; it points in thecell’s preferred 
direction and is weighted (i.e., has length) according 
to the change in cell activity associated with a particu- 
lar movement direction. The weighted vector sum of 
these neuronal contributions is the”neuronal popula- 
tion vector” (Figure 4). The population vector points 
in thedirection of reaching (Georgopoulos et al., 1983, 
1986,1988; Kalaska et al., 1983,1989; Fortier et al., 1989; 
Caminiti et al., 1990,199l). Although preferred direc- 
tions tend to change in the horizontal plane as the 
origin of the movement changes, the population vec- 
tor remains an unbiased predictor of the direction of 
the movement (Caminiti et al., 1991). 

Figure 3. Preferred Directions (Un 
tars) of 475 Motor Cortical Cells 
Space 

it Vec- 
in 3D 

(From Schwartz et al., 1988; reprc educed 
with permission of the publisher; COPY- 
right by the Society for Neuroscien Ice.) 

The length of the population vector is proportional 
to the instantaneous speed of a drawing movement 
(Schwartz, 1993), so that when successive population 
vectors are added tip to tail, the resulting “neural” 
trajectory predicts well the ensuing trajectory of the 
actual movement by an average time lead of approxi- 
mately 120 ms. Therefore, for drawing movements,  
the population vector carries information concerning 
the unfolding movement trajectory. 

Thinking along population lines in general is now 
supported by the results of studies concerning the 
interaction of the motor cortex with input (e.g., thala- 
mus  and other cortical areas) and output (e.g., spinal 
cord) structures and bythe representation of muscles 
and/or joints in the motor cortex. Concerning the first 

Figure 4. Populat ion Coding of Movement  
Direction 

The blue lines represent the vectorial con- 
tributions of individual cells in the popula- 
tion (N =  475). The movement  direction is 
in yellow and the direction of the popula- 
tion vector in red. (From Schwartz et al., 
1988; reproduced with permission of the 
publisher; copyright by the Society for 
Neuroscience.) 



Figure 5. Schematic Diagram Illustrating the Postulated Pattern 
of Weighted Divergent and Convergent Influences Exerted on 
Motoneuronal Pools by Single Motor Cortical Cells 

The dashed lines indicate intercalated neurons (e.g., C3-C4 pro- 
priospinal neurons, force field generators, etc.). The line thick- 
ness indicates the weighted influence. Motor cortical cell C2 
influences a weighted combination of motoneuronal pools (Ml, 
M2, M3), enclosed within the interrupted parallelogram. 

point, studies over the past two decades using ana- 
tomical techniques (intra-axonal injections of single 
fibers) and/or physiological recordings (spike-trig- 
gered averaging) have shown asubstantial divergence 
of the inputs to the motor cortex from the thalamus 
(Shinoda and Kakei, 1989) and somatosensory cortex 
(DeFelipe et al., 1986) and of the outputs from the 
motor cortex to the spinal cord (Shinoda et al., 1981; 
Cheney and Fetz, 1980; Lemon et al., 1986). Concern- 
ing the second point, electrical stimulation studies 
have shown that muscles are multiply represented in 
the motor cortex in a weighted fashion (Donoghue 
et al., 1992), as are joints (Humphrey and Mitz, 1989, 
Symp. Honoring V. B. Montcastle, abstract). There- 
fore, motor cortical activity should be considered 
along the lines of distributed population systems both 
within the motor cortex itself and in its interactions 
with its inputs and outputs. The fact that input struc- 
tures to the motor cortex, such as the cerebellum (For- 
tier et al., 1989), premotor cortex (Caminiti et al., 1991), 
and area 5 (Kalaska et al., 1983; Kalaska, 1988), follow 
the distributed population coding and that the reach- 
ing movements themselves involve the activation of 
several muscles and therefore activity in the spinal 
cord spread over several segments underscore the 
importance of population coding in the planning and 
execution of these movements. 

Spinal Mechanisms 

In general, the neural signals from the motor cortex 
do not activate motoneurons directly, but ultimately 
influence the activity of motoneurons through in- 
terneurons of the spinal cord. In certain cases, the 
corticospinal axons terminate within the motor nu- 

clei, as is the case for the motoneurons innervating 
distal muscles of the limb in adult primates (Porter 
and Lemon, 1993), but in the vast majority of cases 
the influence on the motoneuronal pools is exerted 
through intercalated interneurons, resulting in di- 
verging and converging patterns of influences (Figure 
5). These interneurons are found at the segmental 
level as well as at the upper cervical (C3-C4) level. 
The latter system has been investigated extensively 
in the cat, and its intricate inputs from central and 
peripheral sources have been partially elucidated 
(Lundberg, 2979). 

A detailed analysis of how spinal interneuronal sys-  
tems influence the spinal motor output in space has 
been carried out recently in the spinal frog (Bizzi et 
al., 1991; Giszter et al., 1993). In these studies, the 
techniqueof microstimulation was used to determine 
the effects of interneuronal populations on the direc- 
tion and magnitude of the force in space developed 
by the limb of the spinalized frog. There were three 
major findings of these studies. First, microstimula- 
tion at a particular interneuronal zone in the spinal 
cord elicited the development of force by the limb, the 
direction and magnitudeofwhich differed depending 
on the position of the limb in space. The set of these 
forces define a”force field.” In the absence of micro- 
stimulation,therewerepassiveforcesduetotheresis- 
tance to stretch of the limb tissues. During microstim- 
ulation, active forces were developed, which when 
added to the passive ones resulted in the total force 
exerted by the limb. In the experiment, the total and 
the passive forces were measured, and the passive 
forces were subtracted from the total to obtain the 
“active”forcefield. It was found that microstimulation 
in agiven area resulted in an active force field in which 
the force vectors converged on a particular point in 
space at which the force developed was zero. This 
was called the “equilibrium point” of that field. In 
many cases, the force field predicted the limb motion 
when the limb was allowed to move; therefore, these 
fields can be regarded as underlying movement primi- 
tives (Giszter et al., 1993). The second finding was that 
only a few (3-4) clusters of equilibrium points were 
found by a detailed and systematic microstimulation 
of extensive areas of the spinal cord; each equilibrium 
point was represented at different locations in the 
spinal cord. Finally, concomitant microstimulation at 
any two sites produced a new force field that was the 
result of a point by point linear summation of the 
force field produced at each of the two stimulation 
sites; thus new equilibrium points were created. 

These findings suggest possible mechanisms by 
which supraspinal commands could be translated 
into motor action as follows. First, these intrinsic spi- 
nal motor mechanisms involve populations of neu- 
rons and summation of influences from potentially 
separate neuronal ensembles, given that microstimu- 
lation will activate an appreciable number of neurons 
(Phillips and Porter, 1977). Second, it is likelythatthese 
ensembles are the targets of supraspinal influences. 
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For example, a common characteristic of pyramidal 
tract axons is their appreciable divergence in the spi- 
nal cord with collaterals to various spinal segments. 
Although spinal microstimulation studies have not 
been performed in primates, it is reasonable to hy- 
pothesize a similar plan of spinal organization. Then 
this divergence of the pyramidal tract axons would 
enable central motor commands to address concomi- 
tantly a number of the spinal populations associated 
with different force fields, that is, with different move- 
ment primitives. Third, this organization could pro- 
vide the background for the translation of the motor 
cortical command, as understood at the single-cell 
and neuronal population level, to motoneuronal acti- 
vation. 

The results of the studies reviewed above suggest 
that spinal and supraspinal motor structures regard 
the limb as a functional whole. Recent studies (Bosco 
and Poppele, 1993) indicate that afferent systems may 
do the same. In these experiments single-cell activity 
was recorded in the Clarke’s column, the nucleus of 
origin of the dorsal spinocerebellar tract. Cells were 
antidromically identified as projecting to the cerebel- 
lum, and their activitywas recorded during peripheral 
stimulation of the hindlimb in anesthetized cats. Al- 
though single cells received mono- and polysynaptic 
convergent inputs from various kinds of receptors 
and parts of the limb, their activity varied in an orderly 
fashion with the orientation of the limb in space and 
with the direction of limb movement in space, when 
the limb was moved passively. This shows that the 
converging information onto single cells can mean- 
ingfully reflect spatial aspects of the status of the limb 
as a whole. Convergence of peripheral inputs on spi- 
nal interneurons has been described in several cases, 
including the C3-C4 propriospinal interneurons me- 
diating central commands to proximal motoneurons 
(Illert et al., 1978). It would be interesting to know 
whether the activity of these neurons similarly reflects 
spatial aspects of limb posture and/or movement. 

Additional support for the idea that the limb may 
be controlled as a multi-joint unit comes from the 
results of recent studies in which microstimulation 
or ablation of central nervous system structures was 
used. First, microstimulation of the motor cortex in 
the monkey elicited concomitant activation of various 
muscles (Donoghue et al., 1992) and a weighted mo- 
tion of various joints (Humphrey and Mitz, 1989, 
Symp. Honoring V. B. Montcastle, abstract). Second, 
reversible inactivation of the motor cortex in the cat 
affected multi-joint reaching movements of the limb 
but not single-joint movements about the elbow (Mar- 
tin and Ghez, 1993). And third, lesion of the dentate 
nucleus in the monkey also differentially affected 
reaching but not single-joint movements (Kane et al., 
1989, Sot. Neurosci., abstract). These findings are in 
accord with the suggestion of the original single-cell 
recording studies (Georgopoulos et al., 1982) that the 
motor cortex controls reaching movements. The close 
interaction between the motor cortex and the cerebel- 

lum (Asanuma et al., 1986) suggests that both of these 
structures may share this common feature of whole- 
limb motor control. 

Neural Events Signaling Preparation for Movement 

A common example of preparing to move is when a 
movement is produced in response to a visual stimu- 
lus: a period of time intervenes between the occur- 
rence of the stimulus and the beginning of the move- 
ment, which is the traditional reaction time. In other 
cases a delay can be imposed so that the movement 
will be initiated after a period of waiting, while the 
stimulus is still present. These instructed delay para- 
digms probe a step further the representation of 
planned movements, in the sense that there is not an 
immediate motor output while the representation is 
being kept active. Finally, a specific case of delayed 
tasks involves movements that have to be produced 
on the basis of information kept in memory. The dif- 
ference from the instructed delay task is that now the 
stimulus defining the direction of the movement is 
turned off after a short period of presentation and 
the movement is triggered after a delay by a separate 
“go” signal. Thus information concerning the in- 
tended movement has to be retained duringthe mem- 
orized delay. 

In all three cases above, the representation of infor- 
mation about the intended movement can be studied 
under different conditions that impose different con- 
straints on the system. It would interesting to know 
whether this representation could be identified and 
visualized during the reaction time, the instructed de- 
lay, and the memorized delay periods. Since the infor- 
mation assumed to be represented is about direction, 
the neuronal population vector could be a useful tool 
by which to identify this representation. For that pur- 
pose, the population vector was computed every 10 
or 20 ms during the reaction time (Georgopoulos et 
al., 1984, 1988), during an instructed delay period 
(Georgopoulos et al., 1989a), and during a memorized 
delay period (Smyrnis et al., 1992). The results were 
clear: in all these cases the population vector pointed 
in the direction of the planned movement during the 
above time periods. These findings underscore the 
usefulness of the population vector analysis as a tool 
for visualizing representations of the planned move- 
ment and show that in the presence or absence of an 
immediate motor output, as well as when the direc- 
tional information has to be kept in memory, the di- 
rection of the intended movement is represented in 
a dynamic form at the ensemble level. These results 
also document the involvement of the motor cortex 
in the representation of intended movements under 
various behavioral conditions. 

These results illustrate the point that neural events 
in central motor structures, including the motor cor- 
tex, frequently reflect the complexity of the behav- 
ioral paradigm. Indeed, changes in motor cortical ac- 
tivity have been observed during performance of 



memorized, curved movement trajectories (Hocher- 
man and Wise, 1991), when the direction of the move- 
ment was dissociated from the direction of its target 
(Alexander and Crutcher, 1990b), and when monkeys 
discriminated between two frequencies of mechani- 
cal sinusoids delivered to the glabrous skin of their 
hands (Mountcastle et al., 1992). Another example 
comes from recent studies of motor cortical activity 
duringataskthatrequiredtheperformanceofamem- 
orized movement trajectorywith an orthogonal direc- 
tional bend (Ashe et al., 1993). In these experiments, 
monkeys were trained to make an arm movement with 
an orthogonal bend, first up and then to the left, fol- 
lowing a waiting period. They held a 2D manipulan- 
dum over a spot of light at the center of a planar 
working surface. When this light went off, the animals 
were required to hold the manipulandum there for 
600-700 ms and then move the handle up and to the 
left to receive a liquid reward. There were no external 
signals concerning the “go” time or the trajectory of 
the movement. It was hypothesized that during that 
period, signs of directional processing relating to the 
upcoming movement would be identified in the mo- 
tor cortex. During the waiting period, the population 
vector began to grow approximately 130 ms after the 
center light was turned off; it pointed first in the direc- 
tion of the second part of the memorized movement 
and then rotated clockwisetoward thedirection of the 
initial part of the movement. These findings indicate 
processing of directional information during the wait- 
ing period preceding the memorized movement. 
Moreover, we found a few cells whose activity 
changed during the performance of the memorized 
movement but notduringthevisuallytriggered move- 
ments, and others whose activity changed during the 
visuallytriggered movement, but notduringthe mem- 
orized movement. interestingly, the cells activated 
during the memorized movement were inactive dur- 
ing the waiting period; therefore, it seems that these 
cells were involved in theexecution of the memorized 
movement but not in itsplanningor mental rehearsal. 

The Problem of Cognition: Neural Operations 
Subserving Motor Cognitive Transformations 

In the delayed tasks described above the movement 
to be made was unequivocally defined in the sense 
that its direction was determined by the location of 
a stimulus relative to the starting point. In that situa- 
tion the visual information concerning direction is 
used to generate the appropriate motor command to 
implement a movement in that direction; truly, this 
movement direction has to be generated and kept 
available during the delay period, but it is defined 
from the beginning. Therefore, the direction of the 
movement is the same throughout the various times 
considered above. A very different situation was cre- 
ated in an experiment (Georgopoulos and Massey, 
1987) in which the direction of the movement to be 
made had to be determined freshly at every trial ac- 

cording to a certain rule, namely that the movement 
direction be at an angle (counterclockwise [CCWJ or 
clockwise [Cw) from the stimulus direction. This ex- 
periment takes us away from the case of a fixed motor 
intention; instead, this intention must now be derived 
as the solution to the problem. In fact, there are many 
ways by which this problem can be solved (discussed 
in Georgopoulos and Massey, 1987). An obvious way 
would be to form a look-up table that contains the 
movement directions that correspond to the stimulus 
directions. Using this strategy, one would simply 
memorize the corresponding directions in the table, 
and given a stimulus direction, one would search the 
table to select the movement direction corresponding 
to the particular stimulus direction. Of course, one 
would not have to use numbers, simply imagined di- 
rected radii in a unit circle. 

A different strategy would be to rotate mentally the 
stimulus direction in the instructed departure (CCW 
or CW) by an amount equal to the required angular 
shift. The look-up table and mental rotation hypothe- 
ses lead to different predictions concerning how the 
reaction time would change, and on this basis they 
can be distinguished. If the look-up table strategy is 
followed, the reaction time would increase owing to 
the time taken for the search, but this increase should 
not be greater for larger angles because there is no 
reason to suppose that searching the table in the case 
of a large angle should take more time than searching 
the table in the case of a small angle. In contrast, the 
mental rotation hypothesis predicts an increase of the 
reaction time with the angle because the time needed 
to rotate a radius through an angle should be propor- 
tional to the angle itself. Indeed, the results of the 
experiments in human subjects (Georgopoulos and 
Massey, 1987) showed an increase in the reaction time 
with the angle and therefore supported the mentai 
rotation hypothesis. The average rate of the hypothe- 
sized rotation was approximately 4000/s. Remarkably, 
this is very close to the value obtained by Shepard 
and Cooper (1982) in experiments on mental rotation 
of visual images. Another similarity between the mo- 
tor rotation (Georgopoulos and Massey, 1987) and vi- 
sual rotation (Shepard and Cooper, 1982) studies is 
that there is appreciable diversity in the rotation rates 
obtained among different subjects. In fact, we used 
this feature to test the idea that motor and visual men- 
tal rotation processes may be associated. Indeed, a 
significant correlation was found between the two 
rotation rates in a group of subjects who performed 
both tasks (Pellizzerand Georopoulos, 1993). This sug- 
gests that the two processes might share a common 
processing stage, or that both processes involve con- 
straints that result in the relation obtained. 

The neural mechanisms underlying the process of 
mental rotation in the movement domain were inves- 
tigated bytraining monkeys to perform a task in which 
they made a movement in a direction 90” CCW from 
a stimulus direction. We supposed that if a mental 
rotation of an imagined vector was taking place, it 
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Figure 6. Time Evolution of the Neuronal Population Vector 
When the Movement Is in the Direction of a Stimulus or 9D” 
CCW from It 

(A) Task: open and closed circles indicate dim and bright light, 
respectively. Interrupted and continuous lines with arrows indi- 
cate stimulus (S) and movement (M) directions, respectively. 
(B) Neuronal population vectors calculated every 10 ms from the 
onset of the stimulus (S) at positions shown at (A) until after 
the onset of the movement (M). When the population vector 
lengthens, for the direct case (left) it points in the direction of 
the movement, whereas for the rotation case it points initially 
in the direction of the stimulus and then rotates CCW (from 12 
o’clock to 9 o’clock) and points in the direction of the movement. 
(C) Ten successive population vectors from (B) are shown in a 
spatial plot, starting from the first population vector that in- 
creased significantly in length. Notice the CCW rotation of the 
population vector (right panel). 
(D) Scatter plots of the direction of the population vector as a 
function of time, starting from the first population vector that 
increased significantly in length after stimulus onset (S). For the 
direct case (left panel), the direction of the population vector is 
in the direction of the movement f-18OO); for the rotation case 
(right panel) thedirection of the population vector rotates CCW 
from the direction of the stimulus (-9D”) to the direction of the 
movement (- IKP). 

could be revealed using the population vector analy- 
sis. Indeed, the population vector rotated during the 
reaction time from the stimulus to the movement di- 
rection through thegO CCWangle(Figure6)(Ceorgo- 
poulos et al., 1989b; Lurito et al., 1991). Interestingly, 

the rotation rates (direction of population vector ver- 
sus time) observed (Lurito et al., 1991) were very simi- 
lar to the rates ( increase in reaction time versus angle) 
observed in the human studies (Georgopoulos and 
Massey, 1987). Thus, the dynamic processing of a di- 
rectional transformation was successfully visualized 
using the neuronal population vector analysis. 

Concluding Remarks 

The results of the experiments discussed above raise 
several points concerning the representation of 
movement in the motor cortex. 

Thefirst point is that this representation is not oblig- 
atorily connected with the production of movement, 
that is, its presence does not necessarily lead to motor 
output.This has been shown bytheresultsof previous 
studies (Tanji and Evarts, 1976) and of the instructed 
and/or memorized delay studies summarized above. 
This is in accord with findings of psychophysical stud- 
ies that movement planning and movement triggering 
are different processes (Hening et al., 1988). It is inter- 
esting that when a delay is introduced, at least two 
different subsets of cells seem to be involved: one 
that is active during the delay and becomes further 
active following the movement triggering signal, and 
another that is not active during the delay but be- 
comes engaged after the “go” signal (Georgopoulos 
et al., 1989a). Therefore, it seems that both the plan- 
ning and the triggering processes involve the motor 
cortex. It is possible that motor cortical activity could 
be gated at segmental and propriospinal (Lundberg, 
1979) levels in the spinal cord, given the extensive 
convergence of several supraspinal inputs on these 
interneuronal systems. Therefore, engagement of the 
motor cortex is not a sufficient condition for trig- 
gering the movement. On  the other hand, motor corti- 
cal activation seems to be necessary for appropriate 
planning of the movement, as suggested by the dis- 
turbed reaching movements produced by reversible 
inactivation of the motor cortex (Martin and Ghez, 
1993). 

The second point concerns the nature of the infor- 
mation that is represented. It may not be appropriate 
toassignallofthisinformation totheupcomingmove- 
ment,for it mayverywell reflect processes subserving 
the translation of visual or memorized information to 
motor output. The complexity of potential explana- 
tory factors for motor cortical activity in behavioral 
tasks is suggested by the results of studies in which 
such factors were dissociated (Thach, 1978; Alexander 
and Crutcher, 199Oa, 199Ob) and by the results of the 
directional transformation study(Ceorgopouloset al., 
1989b) discussed above, which showed that motor 
cortical activity does reflect a process involved in men- 
tal rotation.Adifferentaspectoftaskconditionshown 
to be important for motor cortical cell activity is the 
independent useof fingers. In particular, i twasshown 
that single cells in the motor cortex can be active dur- 
ing a precision grip but not during a power grip, even 
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when the two grips involve similar amounts of muscle 
activity (Muir and Lemon, 1983). This shows clearly 
that the intensity of muscle activation is not the sole, 
and probably not the most important, determinant of 
cell activity in the motor cortex. 

The third point concerns the place of the motor 
cortex among other motor structures. In this context, 
it is important to realize that unlike primary sensory 
cortices, the motor cortex is the site of convergence 
from a large number of other areas, both cortical and 
subcortical. For example, the large extent of the con- 
vergence on the motor cortex, in contrast to that on 
the somatosensory cortex, can be appreciated from 
the results of recent studies of the thalamocortical 
projections to small motor cortical areas (Darian- 
Smith et al., 1990). Therefore, the discharge patterns 
of motor cortical cells are generated through this con- 
vergence rather than being the outcome of a faithful 
transmission through sensory lines. It seems then that 
although both primary somatosensoryand motor cor- 
tices are near the somatic periphery, their proposed 
close similarity(Fetz, 1984) is misleading. On  theother 
hand, the motor cortex is not the “final” motor path 
from the cerebral cortex. It has now been shown con- 
clusively that several premotor areas possess direct 
and dense projections to the spinal cord (Dum and 
Strick, 1991). It seems that the motor cortex and pre- 
motor areas might be concerned with different but 
overlapping aspects of motor control (Tanji and Kur- 
ata, 1985; Alexander and Crutcher, 1990a, 1990b; Chen 
et al., 1991) in that a particular movement might be 
the result of this parallel processing. These findings 
have an important implication, among others, which 
is that the spinal motor mechanisms involved in the 
production of voluntary movement can be properly 
understood only if one takes into account the conver- 
gent pattern of influences from the motor and premo- 
tor cortical areas, the influences from subcortical 
structures such as the red nucleus and the reticular 
formation, and the organization and dynamic inter- 
play of spinal interneuronal circuits involved in the 
transmission of central commands (Lundberg, 1979), 
thegeneration of stereotypic motor patterns (Crillner 
et al., 1988; Gelfand et al., 1988), and the control of 
afferent input from the moving limb (Rudomin, 1990). 
The intricacy of the latter can be appreciated from 
theelucidation of the mechanisms involved in presyn- 
aptic inhibition (Rudomin 1990) and its differential 
control by supraspinal structures (Rudomin et al., 
1986), including the motor cortex (Eguibar et al., 1991, 
Sot. Neurosci., abstract). 

Finally, the patterns of activity of precentral cortico- 
spinal neurons will have to be understood in light of 
their influences on the spinal mechanisms. In that 
respect, most of the attention in behaving primates 
has been focused on those motor cortical neurons 
that are presumably monosynaptically projecting 
onto motoneurons, and practically no attention has 
been paid to the cortical influences on spinal in- 
terneuronal mechanisms, in spite of the fact that it is 

through the latter that a major, and indeed exclusive 
in some species (e.g., thecat), cortical effect is exerted. 
There is little doubt that understanding the interac- 
tions among the various motor areas, and in particular 
those between the motor cortex and the spinal cord 
(Georgopoulos and Crillner, 1989), is now the biggest 
challenge in deciphering the “natural intelligence” of 
the motor system. In that respect, the results of the 
recent studies of Bizzi et al. (1991) provide an im- 
portant advance in understanding the motor spinal 
mechanisms at the ensemble level and form a base 
for studying the interactions between central motor 
areas and spinal interneuronal systems intercalated 
in the translation of central commands to muscle 
output. 
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