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The Mcior Cortex and the Coding of Force

Apostolos P. Georgopoulos,* James Ashe,
Nikolaos Smyrnis, Masato Taira

The relaticn of cellular activity in the motor cortex to the direction of two-dimensional
isometric force was investigated under dynamic conditions in monkeys. A task was de-
signed so that three force variables were dissociated: the force exerted by the subject, the
net force, and the change in force. Recordings of neurcnal activity in the motor cortex
revealed that the activity of single cells was directionally tuned and that this tuning was
invariant across different directions of a bias force. Cell activity was not related to the
direction of force exerted by the subject, which changed drastically as the bias force
changed. In contrast, the direction of net force, the direction of force change. and the
visually instructed direction all remained quite invariant and congruent and could be the
directional variables, alone or in combination, to which cell activity might relate.

One problem in motor physiclogy con-
cerns the relation berween cell activity in
the mowor correx and the force exerted by a
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subject. This problem has been studied
extensively under static conditicns—rhar
i, when a constant ssometnic force s exert-
ed. In this case, the rate of mator corical
cell discharge vanes with the magnitode
(1-3) and direction {4} of the force exert-
ed. In conrrast, the relation of moror cor-
tical cell acrivity to force under dynamic
conditwons—rthat 15, when the force chang-
es—has not been studied adequately; for
example, such studies have been restricted
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to ane dimension {1, 2, 3, 6} or have been
complicuted by concomitant movement
(7). I general, cell activity relates o the
change in force (2, 5), although in several
studies thar invalved movement, forces
were not measured (4, 8).

We wse the term “static force” (9) to
refer o postural control and “dynamic
force” to refer to changing force patterns.
The vsual experimental sitvation is 2 com-
bination of a changing force in the presence
of 8 constant bias force (for example, prav-
iry). In this case, the desired outcome
depends not only on the force exerted by
the subject bun also on the force bias: the
crucial vanable is the ner force acting on
the object, which is the vector sum of the
force cxerted by the subject and the force
bias, Wl assume that the force exerted by
the subject consists of a dynamic and a
starie component. Therefore

Met force = subject force + force bins (1)

dynamic force + static force
+ foece bias (2)

We assume thar static force compensates for
and is therefore equal and opposite to force
biss, so that net force = dynamic force; we
use these terms interchangeably, Finally,
wie defime the chanee in force as che differ-
ende ENE[wEv.‘_']‘] BLICCESRIVE {EJ“‘(" VOCtors at
tfimes t and 1 + 1;

Foree change = net force [t + 1)
— net boree (1) {3)

or, given Eg. 1,
Force change = subject force {t -+ 1)
— subject force (&) 4

Therefore, the change in force is the same
for both the nert foree and the force exerred
by the subject. These forces change in time
when a net force pulse s produced i a
specificd dircction and in the presence of a
constant force hias (Fip. 1). The vartous
forces are dissociated, especially dynamic
force and the foree exerted by the subject;
the time course of the change in force is
similar to thar of dynamic force. We wsed
these dissociarions to examine the relation
ol motor cortical activity w these different
forces under isometric condicions and o
derermine which one 15 specihed by the
moLor cortex.

For this purpose, we trained a monkey o
arasp an isometric handle (107 wich its
hanud pronaced and to exert force pulses 5o
that the net force was in eight visually
spectfied directions. These dircenions were
indicared by a rarget on a display placed 45
cm in front of the animal, and a force
teedback cursor displayed the net force on
the handle. Aosteady deflection of the force
feedback cursor was used to produce a con-
stant bias force. In the task, the visual
targer first appeared in the center of the



display, and the monkey had toexert o force
onn the handle o alen the ner force—feed-
back cursor to the target cursor. Afrer a 1o
period, the target jumped from the center to
one of eight periphersl locations {every 457
orva circle with a 100:g torce radivs, and the
monkey was reguired w produce a force
pulse so that the ner force—feedback cursor
would move in the direction { £22.3%) of the
turget; the animal was rewarde] when this
cursor moved past the targer, which corre-
sponcded to 2 ner force =100 g2 The force
pulses were pricluced in che presence of a
constant force bias in cight directions; in
addition, the same foree pulses were pro-
duced i the absence of a foree bias (11),
The acrivity of 13 cells was recorded in
the arm area of the motor cortex during
performance of this task (12}, The activity
of 74 of 132 (536.1%) cells during the
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Fig. 1. (Left) Forces defined in the texl 1he
force tmas (Fy) the force exerled by fhe
subject (F_ ). the static force (B ) the
hynamic force (Fi .00 and the nel force
(F el (Hight] Time-vanang changes in those
forces when F . ingrssses in magniluds
and. g In the wisually instructed direction W
rarbitrary data) Bold letters indicale veclors
Hatched vectors indicate F_ . broken wecion
ncicales F
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reaction and force production time was
directiomally tumed {13}, this tuning was
preserved across the force biases wsed (Fig.
2}, This finding suggests thar the cell acriv-
ity warics with the dynamic force or the
change in force but noc with the foree
exerted by the subject: unlike the first two
forces, the force cxerred by the sulyec
changed drastically according to the force
bias (Fig. 3). In concrast o cell activity, the
elecrromyographic (EMG) activity of mus.
cles active in the task changed appreciably
with the force hias (14).

The relation of neuronal activity 1o the
various forces was confirmed with the neu-
ronal population veceor (13}, which can he
calculated as a time-varying signal {16, 17)
and, rherefore; con be compared 1w the
time-varving dynamic {orce, o the force
exerted by the subjecr, and to the change in
force {18). The population vector was re-
latedd to the dynamic force or to the change
in force but not to the force exerred by the
subject (Fig. 4) (19). Another example is
tlusteared in a different form (cover). In
rhis case, the force bias was in the dircction
of the pink line, Successive samples (every
12 ms) of the average force vxerred by the
subject aze shown by the blue lines. The
red, preen, and yellow lines indicare the
dynamie foree, the population vector, and
their overlap, respecrively, over time, The
dynamic force was dissociated from the
farce exerted by the subject; and the pop-
ulation vectors were related o the former
and not to the larrer.

We focused on multidimensional force
a5 the motor output produced by che arm
and chose an sometric task becaose the
analvsis  of torces in muolidimensional
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Fig. 2. Farco directional twuning and its invananca across force biases for the impEilse gotivity (three
repetitions) of coe molor conical cell. The dreclions of the dynamis force and the foree bias are
shown in 1he tows and columns. respeclively, incliding the cass of no force bias (first column)
Rasters are aligned 1o the onsel of e peripheral stisnulus (fime sar); the fime scale is 100 ms per
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reaching movements is complicared by the
presence of interactional forces (20}, We
sought to dissociare the dynarmic force, the
force: exerted by the subject, and che
change in force. For thar purpose, we used
a task thar required the production of force
pubses in the presence of constant bias
forces i variows directions; such bias forces
have been used hefore (4. We also used
“open loop™ force pulses without a stopping
requirement in order o stady the initation
of 3 motor output without constraine: on
the sccuracy of the maghirude of foree to be
exerred and without inrerference by sraric
processes related o the maintenance of
steady force at different levels,

Chir data show thar the activivy of moror
cortical cells was runed wich respect [0 the
drection  of  two-dimensional  isomerric
force pulses and that this direcrional tuning
wies similar across. force biases in different
direcrions, as observed  previously inoa
movement study (4. Thus, single-cell ac-
tiviry did new relate o cthe force exerted by
the subjecr; which changed under these
conditons. In contrast, che direction of
dynamic force, the change in force, and the
visually instructed divection all temained
mvariant and congroent acrass differcm
torce bimses and coueld be, alone or in
combination, the directional variables 1o
which cell activiey is relared.

This direcrionasl tuning has been docu-
mented in boch somerric and moverent
{4, 15 21 conditions. In the ecase of
movement conditions, it was proposed (4)
that this invariance reflects a relation 1o the
direction of movenent irrespective of ex-
ternally applied loads—rthar is, a retation
kinematic [movement) planning as con-
erasted with kinctic (force) implementation
(22}, On the basis of this distincrion and
the relative insensitvity of cell activity in
parictal area 5 o sratic bias forces, Kalaska
and co-workers (23] hypothesized  that
movement planning is hierarchically arga-
nized, with arca 5 of the paretal cortex
providing rhe kinemartic plan and the maror
cortex participacing in boch kinematic and
kinetic aspects of movement.  Although
these idess may be applied o movements,
they cannor be propecly applied 1o Eomer-
tic forces because for chese forces there s no
motion and, therefore, strictly speaking, no
kinematics: in this sense, rhe sometric case
i5 all kmeries {thar is, force-relared).

The mechanical conditions for the gen-
eration of the dirccted motor ourpur are
alsu very different in movement and 1somet-
ric conditions—that is, when a mass to be
accelerated i present (movement) or abe
sent {isometnc force). The presence, then,
of dhrecnional tuning 0 both movemene
and fsomerric force conditlons suggests thae
the common undetlying factor for mocoe
cartical activity may relate o an abstrace
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Fig. 3. Tme-vanengdynamic forees (red) and forces exerted by the subject (blue) in the presence
of bias forces (purple) in vanicus directions. Forces are averages ol 10-ms samples from all iagls
durirrg which tened cells wene eoorded. Inihe ne bias case (frst column}, the dyname force and

the force: exered by the subject wera the same. Conventicns are as in Fig 2

Fig, 4, The neuronal pop-
ulation vector points n the
direction of the dynamic
force o the change in
lorce bt nod inthe direc
tior el the fofal force ex-
ertad by the subect. Al
veciors  ilustrated  ans
limesarying  (every 10
mz) for a parcular lorce
bias and instnicted visusl
crection: The length of
fhe changs in force s
si% limes 1hat of the oth-
ar force wveclors Hed
F ; blue: F

T armic

F bt

subEct

crange, F_. ... purple, Ve ad B

F._ . and green. population vector (P
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spatial representation of the motor trajec-
tory (241, The involvement of the motor
cortex in sparial motor planning is sup-
ported by the results of neurophysiological
studies, which have documented the com-
plexity ol motor cortical activity during
performance of visuospatial tasks, mclud-
ing directional transtormarions and trajec-
tory planning {17, 23, Moreover, the
tded that spatial planming for movement
arl dsomerric force involves s common
process is supported by the resulis of psy-
chophysical studies thar show similar con-
straings in both movement amd isometric
force trajectories (268). The passible par-
ticipation of paretal ares 3 in this more
peneral spatial process, racher than in
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kinemarics only, could be tested by re-
cording cell activiry i rhat area with the
isometric task used in this soudy.

Finally, the finding: of our stody rse
rhe question of the representation of lorce
exerted by the subjecr under dynamic con-
ditions, When a force Bins is present, the
force exerted by the subject s made up of
both dvnamic and static components {Fig.
11 and could be represented ar rthe level of
motoneuronal pools by the convergence of
dynmamic (277 and static (postural)  (28)
inputs from separate supraspinal structures
and spinal interneuronad systems (290 this
comvergence would provide on ongoing in-
regrared signal 1o the motoneuronal poals,
Indeed, such an integration of postural and
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dynamic factors was suggested by a recent
aralysis of EMG acoiviey {30).
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Computer vizuahzahion of the refation of neuronal activ-
ily in the motor cones of a mankey to the forees exarted
during hand movement. The neuronal population vactar
tareen) predicts the dynamic force (red) but not the
total force exerted by the mankey (purplal in the pres-
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ence of 4 constant bias force (pink), See page | 692
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Veactors dre successive 10-milisecond samples; yel-
low lines indicate averlapping green and red lines,
[Computer graphics: Masato Tara and Apostolos
Georgopoulos. Photography: Roger Paul. Production:
Medical Media Service, Minnesapolis VAMC]



