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Neural aspects of cognitive motor control

Apostolos P Georgopoulos

Traditionally, motor and cognitive functions were studied
separately; however, the investigation of processes at the
interface between cognition and action has become more and
more popular recently. Typical research goals include the
identification of the processes involved using experimental
psychological methods, and understanding the neural
mechanisms underlying these processes using
neurophysiological and functional neuroimaging methods.
Specifically, there has been a special emphasis during the past
few years on timing mechanisms, practice effects, and the
application of rules in guiding action. New information
concerning the neural mechanisms involved is being acquired
at a rapid pace, albeit mostly within a descriptive framework.
With respect to specific brain areas, a key finding has been the
clear involvement of the primary motor cortex in complex tasks
engaging diverse motor and cognitive dimensions.
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Abbreviations
EEG electroencephalography

fMRI functional magnetic resonance imaging
ICMS  intracortical microstimulation

ISM internal simulation of movement

M1 primary motor cortex

MEG magnetoencephalography
PET positron emission topography
™S transcranial magnetic stimulation

Introduction

Cognitive aspects in limb motor control were discussed
succinctly by Hauert in 1986 [1] who argued with surpris-
ing foresight “in support of the view that motor function is
a cognitive function”. Recent advances in the physiology
of the motor cortex, a motor area par excellence, provide a
good example of this assertion. Traditionally, the motor
cortex has been regarded as nothing but an ‘upper motor
neuron’. Contrary to that view, the case was made that the
motor cortex was a crucial node in the processing of cogni-
tive information related to motor function [2]. This
hypothesis has been supported by the results of numerous
and diverse studies, such as neurophysiological studies in
monkeys [3—-11,12°°,13] and studies in humans using vari-
ous methods including electroencephalography (EEG)
[14], magnetoencephalography (MEG) [15], positron emis-
sion tomography (PET) [16], functional magnetic
resonance imaging (fMRI) [17-20], and transcranial mag-
netic stimulation (TMS) [21-23]. These studies have
documented the involvement of the motor cortex in spatial
transformations, serial order coding, stimulus-response

incompatibility, motor learning and memory, and motor
imagery. Overall, the picture that has emerged from these
and other studies is that diverse aspects of a given
action — cognitive and motor — are processed in several
motor areas including the motor cortex. Therefore, the
objective is not any more to show that a particular area is
(or is not) involved in cognitive—motor processing (i.e. to
show whether it is purely motor or not) but rather to dis-
cover which aspects of cognitive—-motor function are
processed by the given area in a specific task.

I discuss below these various aspects of cognitive—motor
function, the tasks used to study them, and the main findings
of neural studies with special emphasis on the motor cortex.

Cognitive factors in hand motor control

Even simple pointing movements to visual targets are not
exactly ‘automatic’ in the sense that their initial direction
can be interfered with by, for example, auditory stimuli
applied during the response time. Frens and Erkelens
[24] studied this problem for pointing (left/right) hand
movements and saccades under three conditions. In the
first condition, the target position was indicated for 2's
before the target was presented: both saccades and hand
movements were directed towards the target without any
error. In the second condition, the target was presented
unexpectedly without any precueing: saccades were
directed to the target without any error but in 1% of the
trials hand movements were initiated in the wrong (oppo-
site) direction. In the third condition, an auditory stimulus
was given at the same time as the target appeared in an
unpredictable location: saccades were still directed to the
target without an error but the hand pointed in the wrong
direction in 35% of the trials. These findings indicate that
the process that specifies the direction of the hand
movement, unlike that for saccades, is susceptible to
interference, and is, therefore, attention-intensive and
cognitive in nature.

There seems to be a continuum in the involvement of cog-
nitive processes in the visual control of movement. At one
end of this continuum, a hand movement and its target
may be strongly coupled so that changes in target location
can alter the movement at short latencies, of the order of
~100 ms. This was demonstrated for the first time in mon-
keys [25] and later confirmed in people [26,27]. The strong
dependence of the hand movement on its target was
shown by the fact that when the target was left on for a
variable period of time before changing location, the hand
moved towards it for a proportionally longer time so that
the target and movement duration were tightly coupled.
These tight temporal relations were reflected in motor cor-
tical cell activity [28]. At the other extreme, there is a host
of tasks in which delays are imposed between stimulus and



movement and, in these cases, the presence of cognitive
processing is evident. Rosetti [29°°] has reviewed exten-
sively the literature on this subject and has elaborated on
the idea that the operation of the sensorimotor system can
rely on cognitive spatial representations to a varying
degree, depending on the constraints of a given task.
Specifically, he has argued persuasively that the perceptual
motor system can operate in a noncognitive mode in the
absence of delays, whereas it switches to a cognitive mode
when delays are interposed between stimulus and
response. In that sense, the clear involvement of the motor
cortex during instructed [30] and memorized [3,5,6,8,13]
delay tasks is additional evidence for its role in cognitive
motor processing.

It is interesting that a qualitatively similar idea of varying,
task-related dependence of action on cognitive processes
has emerged recently with respect to temporal aspects of
motor control subserved by a network of interconnected
areas [31]; amongst these areas the cerebellum [32] and the
basal ganglia [33] seem to play special roles. Conceptually,
at the ‘noncognitive’ extreme there are all kinds of move-
ments that are not explicitly planned or instructed in their
duration, such as swinging of the arms during walking or
reaching to a target. The duration of these ‘natural’ move-
ments could very well ‘fall out’ from the dynamics of motor
performance [34]. At the other extreme, there are discrete
‘unitary’ movements, the timing of which can be explicit-
ly instructed, such as tapping in a rhythm dictated by a
previous metronome. The timing of these movements
seems to depend on a central clock and motor delays [35],
the presumed clock being on the cognitive side of time
processing. This idea was supported by the results of
experiments by Ivry and Hazeltine [36], which showed
that the Weber timing function (i.e. the function relating
timing variance to the square of the interval to be timed)
was similar in perceptual timing and movement timing
(tapping) tasks. Recent work on the timing of continuous
drawing movements [37°°] drew a clear distinction, how-
ever, between timing in drawing and timing in tapping
tasks: timing in these two cases differed substantially, as
shown by the fact that temporal precision in tapping was
not related to temporal precision in continuous drawing,
and the fact that the Weber function differed between the
two tasks. Therefore, the ‘timing’ function will have to be
qualified with respect to the specific task being performed.

Motor cognitive operations

The discussion above dealt with cognitive aspects of the
motor plan perse. A different aspect concerns the rules that
govern the translation of stimulus information to the
appropriate motor output. The implementation of these
rules typically involves cognitive processes of various sorts.
A case in point is the stimulus—response (in)compatibility
[38], which refers to “a hypothetical process of information
transformation or recoding in the course of perceptual
motor activity, and assumes that the degree of compatibil-
ity is at a maximum when recoding processes are at a
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minimum”. Neural correlates of this process have been
studied recently in monkeys trained to perform under con-
ditions of wvarying degrees of stimulus—response
incompatibility [10,11]. Interestingly, cells sensitive to the
stimulus-response mapping rule were found in the
primary motor cortex, and the temporal evolution of cod-
ing the stimulus, applying the re-mapping rule, and
deriving the motor response could be identified in the
temporal evolution of neuronal activity in a trial.

In a different paradigm [39], a fixed spatial transformation
was required, namely the production of a movement at an
angle from a stimulus direction. It was found that the
response time increased as a linear function of the instruct-
ed angle and that in the motor cortex the population vector
(a measure of the directional tendency of the neuronal
ensemble) rotated from the stimulus to the movement
direction through the smaller angle [2]. This rotation took
the larger part of the response time and its rate was compa-
rable to the rotation rate calculated from the response time
experiments [39]. These results demonstrated the process-
ing of cognitive—motor information in the motor cortex.

Obviously, one can move in a direction other than that of a
stimulus under various circumstances. The transformation
required above was just one of several possibilities, and it
was based on a spatial rule by which the movement direc-
tion was at a fixed angular offset from a variable stimulus
direction. In recent experiments [7,13], a serial order rule
was imposed, as follows. First, a number of stimuli were
presented in a certain sequence, and then one of them
changed color (test stimulus): a movement has to be made
in the direction of the stimulus that followed the test stim-
ulus in the sequence. It was found that, unlike the rotation
transformation, cell activity and the population vector in
the motor cortex changed direction abruptly (within
~50 ms) during the response time [7], which indicates a
switch between directions without passing through the
intervening directional space. Moreover, the serial order of
the stimuli presented was encoded in the activity of single
cells and could be uniquely recovered from small ensem-
bles of neurons recorded simultaneously [13].

The involvement of the motor cortex in these more com-
plex processes was also documented using fMRI in human
subjects [19]. In addition, these studies revealed the par-
ticipation of other areas in these tasks. By its nature,
however, fMRI cannot provide information about the cel-
lular mechanisms underlying a neural operation; therefore,
the two methods are complementary in the sense that
fMRI can pinpoint the areas likely to be involved in a task,
and the neural mechanisms can then be investigated using
single cell recordings [40°].

Motor learning and memory

The results of the studies discussed above demonstrated
the involvement of the motor cortex in cognitive—motor pro-
cessing of spatial and temporal (i.e. serial order) information.
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A number of recent studies have also documented the
involvement of the motor cortex in motor learning both in
people [16-18,20-23] and in monkeys [12°°]. With respect
to cellular mechanisms, clear evidence has been found for
an ongoing change in motor cortical cell activity during
visuomotor adaptation in the monkey [12°°]. Interestingly,
changes in cell activity continued to occur after the adap-
tation was ended. These results identified the motor
cortex as a focus of motor learning.

In between single cell recordings (which provide the finest
grain), brain lesions (which drastically alter the system)
and artificial neural network modeling (which is a theoret-
ical construct) lie other frequently used methods for
studying brain function, including EEG, MEG, PET,
fMRI, 'TMS, and intracortical microstimulation (ICMS).
All of these methods operate at an intermediate level, by
measuring aspects of the activity of (or stimulating) ensem-
bles of neurons. Although data obtained with these
methods need to be interpreted cautiously with respect to
the possible cellular mechanisms contributing to the mea-
surements, they have nevertheless provided converging
evidence on the involvement of the motor cortex in com-
plex motor functions as well as an insight into the effects
of motor learning and/or practice on motor cortical maps.
Thus, using EEG and MEG, it was found that the motor
cortex is engaged during imagination of hand movements
[14] and during internal simulation of movement (ISM)
[15], a condition presumably reflecting ‘internal program-
ming’ of movements in the absence of their execution. As
Lang e al. [15] state, “brain systems involved in ISM or
‘programming’ were hypothesized to be superior to and
separable from [an] ‘executive system’ including M1”.
The finding that M1 was active with ISM rejected this
hypothesis and suggested instead that the motor cortex is
an integral part of multifaceted aspects of motor function,
which is in accord with the results of others studies dis-
cussed above.

Finally, three different techniques (fMRI, TMS, ICMS)
have provided congruent results on a different aspect of
the involvement of motor cortex in motor learning and
practice. Nudo ¢z a/. [41] trained monkeys to skillfully use
their digits (in a small-object retrieval task) or their forearm
(in a key-turning task). Using ICMS, they found that the
motor cortical representation of the digits (or the forearm)
expanded following motor practice at the expense of the
representation corresponding to the nonpracticed move-
ments. As these changes were progressive and reversible,
it was concluded that “M1 is alterable by use throughout
the life of an animal” [41]. Similar findings were obtained
in the rat [42]. Using 'T'MS in human subjects, Pascual-
Leone ¢ al. [43] found an expansion of the motor cortical
areas targeting specific hand muscles used in a practiced
motor task as well as a decrease in their activation thresh-
old. Finally, Karni e7 a/. [17] documented an enlargement
of the area of activation of the motor cortex following prac-
tice of rapid sequences of finger movements.

Conclusions

T'he conjunction of motor control and cognition is now an
established and very active field; however, this decade can
be regarded as still exploratory of the many dimensions of
the issues, the vast richness of motor—cognitive intersec-
tion, and the wealth and evasive nature of the relevant
brain mechanisms. This review touches upon only a few
selected topics to exemplify directions of evolving research
rather than to summarize settled knowledge. In due time,
the connections between brain development and the
development of motor cognitive functions will also be
made and rigorously investigated. And if speech is to be
included within the motor family, it will be a large family
indeed, with practically unbounded horizons.

Acknowledgements

This work was supported by United States Public Health Service grants
NS17413, PSMH48185, and NS32919; the United States Department of
Veterans Affairs, and the American Legion Brain Sciences Chair.

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

¢ of special interest
¢ of outstanding interest

1. Hauert CA: The relationship between motor function and cognition
in the developmental perspective. /tal J Neurol Sci 1986, suppl
5:101-107.

2. Georgopoulos AP, Lurito JT, Petrides M, Schwartz AB, Massey JT:
Mental rotation of the neuronal population vector. Science 1989,
243:234-236.

3.  Alexander GE, Crutcher MD: Preparation for movement: neural
representation of intended direction in three motor areas of the
monkey. J Neurophysiol 1990, 64:133-150.

4.  Alexander GE, Crutcher MD: Neural representations of the target
(goal) of visually guided arm movements in three motor areas of
the monkey. J Neurophysiol 1990, 64:164-178.

5.  Smyrnis N, Taira M, Ashe J, Georgopoulos AP: Motor cortical activity
in a memorized delay task. Exp Brain Res 1992, 92:139-151.

6. Ashe J, Taira M, Smyrnis N, Pellizzer G, Georgakopoulos T, Lurito JT,
Georgopoulos AP: Motor cortical activity preceding a memorized
movement trajectory with an orthogonal bend. Exp Brain Res
1993, 95:118-130.

7. Pellizzer G, Sargent P, Georgopoulos AP: Motor cortical activity in a
context-recall task. Science 1995, 269:702-705.

8. Kettner RE, Marcario JK, Port NL: Control of remembered reaching
sequences in monkey. |l. Storage and preparation before
movement in motor and premotor cortex. Exp Brain Res 1996,
112:347-358.

9. Shen L, Alexander GE: Neural correlates of a spatial sensory-to-
motor transformation in primary motor cortex. J Neurophysiol
1997, 77:1171-1194.

10. Riehle A, Kornblum S, Requin J: Neuronal correlates of
sensorimotor association in stimulus-response compatibility.
J Exp Psychol Human Perc Perf 1997, 23:1708-1726.

11. Zhang J, Riehle A, Requin J, Kornblum S: Dynamics of single neuron
activity in monkey primary motor cortex related to sensorimotor
transformation. J Neurosci 1997, 15:2227-2246.

12. Wise SP, Moody SL, Blomstrom KJ, Mitz AR: Changes in motor
e+  cortical activity during visuomotor adaptation. Exp Brain Res
1998, 121:285-299.

An important paper with exciting findings in three precentral cortical areas
(primary motor cortex, supplementary motor area and dorsal premotor cor-
tex) during several manipulations of visuomotor adaptation. A highlight of the
results is the observation that neuronal activity in the motor cortex continued
to change for dozens of trials after performance had reached a plateau; this
implies a role of the motor cortex in consolidation mechanisms.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

An outstanding review on the continuum of involvement of the motor system

Carpenter AF, Georgopoulos AP, Pellizzer G: Motor cortical
encoding of serial order in a context-recall task. Science 1999,
283:1752-1757.

Beisteiner R, Héllinger P, Lindinger G, Lang W, Berthoz A: Mental
representations of movements. Brain potentials associated with
imagination of hand movements. Electroencephal Clin
Neurophysiol 1995, 96:183-193.

Lang W, Cheyne D, Hollinger P, Gerschlager W, Lindinger G: Electric
and magnetic fields of brain accompanying internal simulation of
movement. Cogn Brain Res 1996, 3:125-129.

Honda M, Deiber M-P, Ibafez V, Pascual-Leone A, Zhuang P, Hallett M:
Dynamic cortical involvement in implicit and explicit motor
sequence learning. A PET study. Brain 1998, 121:2159-2173.

Karni A, Meyer G, Jezzard P, Adams MM, Turner R, Ungerleider LG:
Functional MRI evidence for adult motor cortex plasticity during
motor skill learning. Nature 1995, 377:155-158.

Karni A, Meyer G, Jezzard P, Adams MM, Turner R, Ungerleider LG:
The acquisition of skilled motor performance: fast and slow
experience-driven changes in primary motor cortex. Proc Nat/
Acad Sci USA 1998, 95:861-868.

Tagaris GA, Richter W, Kim S-G, Pellizzer G, Andersen P, Ugurbil K|
Georgopoulos AP: Functional magnetic resonance imaging of
mental rotation and memory scanning: a multidimensional
scaling analysis of brain activation patterns. Brain Res Rev 1998,
26:106-112.

Lotze M, Montoya P, Erb M, Hulsmann E, Flor H, Klose U, Birbaumer N,
Grodd W: Activation of cortical and cerebellar motor areas during
executed and imagined hand movements: an fMRI study. / Cogn
Neurosci 1999, 11:491-501.

Chen R, Gerloff C, Hallett M, Cohen LG: Involvement of the
ipsilateral motor cortex in finger movements of different
complexities. Ann Neurol 1997, 41:247-254.

Gerloff C, Corwell B, Chen R, Hallett M, Cohen LG: The role of the
human motor cortex in the control of complex and simple finger
movement sequences. Brain 1998, 121:1695-1709.

Classen J, Liepert J, Wise SP, Hallett M, Cohen LG: Rapid plasticity
of human cortical movement representation induced by practice.
J Neurophysiol 1998, 79:1117-1123.

Frens MA, Erkelens CJ: Coordination of hand movements and
saccades: evidence for a common and a separate pathway. Exp
Brain Res 1991, 85:682-690.

Georgopoulos AP, Kalaska JF, Massey JT: Spatial trajectories and
reaction times of aimed movements: effects of practice,
uncertainty and change in target location. J Neurophysiol 1981,
46:725-743.

Soechting JF, Lacquaniti F: Modification of trajectory of a pointing
movement in response to a change in target location. J Neurophysiol
1983, 49:548-564.

Massey JT, Schwartz AB, Georgopoulos AP: On information
processing and performing a movement sequence. Exp Brain Res
1986, suppl 15:242-251.

Georgopoulos AP, Kalaska JF, Caminiti R, Massey JT: Interruption of
motor cortical discharge subserving aimed arm movements. Exp
Brain Res 1983, 49:327-340.

Rosetti Y: Implicit short-lived motor representations of space in
brain damaged and healthy subjects. Conscious Cogn 1998,
7:520-758.

in cognitive operations. The topic is discussed thoroughly and lucidly.

30.

31.

32.

33.

34.

35.

36.

37

Neural aspects of cognitive motor control Georgopoulos 241

Georgopoulos AP, Crutcher MD, Schwartz AB: Cognitive spatial
motor processes. 3. Motor cortical prediction of movement
direction during an instructed delay period. Exp Brain Res 1989,
75:183-194.

Rao SM, Harrington DL, Haaland KY, Bobholz JA, Cox RW, Binder JR:
Distributed neural systems underlying the timing of movements.
J Neurosci 1997, 17:5528-5535.

Ivry RB, Keele SW, Diener HC: Dissociation of the lateral and
medial cerebellum in movement timing and movement execution.
Exp Brain Res 1988, 73:167-180.

Harrington DL, Haaland KY, Hermanowicz N: Temporal processing in
the basal ganglia. Neuropsychology 1998, 12:3-12.

Turvey MT: Preliminaries to a theory of action with reference to
vision. In Perceiving, Acting and Knowing. Edited by Bransford RESJ.
Hillsdale, NJ: Erlbaum; 1977:211-265.

Wing AM, Kristofferson AB: The timing of interresponse intervals.
Perc Psychophysics 1973, 13:455-460.

Ivry RB, Hazeltine RE: Perception and production of temporal
intervals across a range of durations: evidence for a common
timing mechanism. J Exp Psychol Human Percept Perform 1995,
21:3-18.

Robertson SD, Zelaznik HN, Lantero DA, Bojczyk KD, Spencer RM,
Doffin JG, Schneidt T: Correlations for timing consistency among
tapping and drawing tasks: evidence against a single timing
process for motor control. J Exp Psychol Human Percept Perform
1999, 25:1316-1330.

This paper is a major contribution to the issue of timing as a general mech-
anism or as a specific parameter bundled within specific motor programs.
Three experiments explore and test specific hypotheses and lead to the con-
clusion that different tasks use timing mechanisms differently. Therefore, tim-
ing seems to be a task-specific aspect of a behavior rather than a
general-purpose ‘clock’.

38.

39.

40.

Fitts PM, Seeger CM: S-R compatibility: spatial characteristics of
stimulus and response codes. J Exp Psychol 1953, 46:199-210.

Georgopoulos AP, Massey JT: Cognitive spatial-motor processes.
1. The making of movements at various angles from a stimulus
direction. Exp Brain Res 1987, 65:361-370.

Georgopoulos AP: Neural mechanisms of motor cognitive
processes: functional MRI and neurophysiological studies. In The
New Cognitive Neurosciences. Second edition. Edited by Gazzaniga
MS. Cambridge, MA: MIT Press; 1999, 525-538.

A review of basic issues in fMRI and neurophysiological research, and their
conjunction. Brain activation patterns in four cognitive motor tasks are ana-
lyzed and associated with the tasks using multidimensional scaling. This
‘activation’ observed using fMRI is discussed with respect to cellular mech-
anisms obtained from single cell recordings in behaving monkeys.

41.

42.

43.

Nudo RJ, Milliken GW, Jenkins WM, Merzenich MM: Use-dependent
alterations of movement representations in primary motor cortex
of adult squirrel monkeys. J Neurosci 16:785-807.

Kleim JA, Barbay S, Nudo RJ: Functional reorganization of the rat
motor cortex following motor skill learning. J Neurophysiol
80:3321-3325.

Pascual-Leone A, Nguyet D, Cohen LG, Brasil-Neto JP, Cammarota A,
Hallett M: Modulation of muscle responses evoked by transcranial
magnetic stimulation during the acquisition of new fine motor
skills. J Neurophysiol 74:1037-10456.



