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Muscle and Movement 
movements made under altered load condi- 
tions or with different arm postures produced 
evidence for coding in an intrinsic parameter 

Representations in the Primary space TO (5 ) .  address this controversy, we devel- 
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What aspects of movement are represented in the primary motor cortex (MI): 
relatively low-level parameters like muscle force, or more abstract parameters 
like handpath? To examine this issue, the activity of neurons in M I  was recorded 
in a monkey trained t o  perform a task that dissociates three major variables 
of  wrist movement: muscle activity, direction of  movement at the wrist joint, 
and direction of movement in space. A substantial group of  neurons in M I  (28 
out o f  88) displayed changes in activity that were muscle-like. Unexpectedly, 
an even larger group of neurons in M I  (44 out o f  88) displayed changes in 
activity that were related t o  the direction of  wrist movement in space inde- 
pendent of the pattern of  muscle activity that generated the movement. Thus, 
both "muscles" and "movements" appear t o  be strongly represented in M I .  

There has been long-standing controversy 
over whether "muscles" or "mo\rements" are 
represented in the primary motor cortex (MI) 
( I ) .  Fronl a conte~nporary perspective, this 
question can be recast: What aspects of 
movement are encoded in the activity of M1 
neurons: relatively low-level nlovelnent pa- 
rameters like muscle force. or more abstract 
movement parameters like handpath? Since 
the pioneering work of Evarts (2), this ques- 
tion has been examined by recording the 
activity of single neurons in awake trained 
primates [for example. (3-10)]. Early exper- 
iments examined MI activity in relation to 
simple finger and wrist nlovements (3). The 
discharge of many M1 neurons in these stud- 
ies covaried with movement parameters such 
as static and dynamic force. These results led 
to the view that MI is concerned with the 
generation of movement in terms of an "in- 
trinsic" parameter space related to one or 
more of a number of variables including as- 
pects of joint kinematics, joint torques, and 
the detailed pattern of 11luscle activity at a 
single joint. 

A different perspective has conle from 
studies of MI activity during reaching move- 
ments (4). In some experiments, the activity 
of M1 neurons, as a population, covaried with 
the trajectoly of hand movement and signaled 
its instantaneous movement direction and ve- 
locity. These and similar results led to the 
view that MI is concerned with the genera- 
tion of movement in telms of an "extrinsic" 
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parameter space related to the motion of the 
hand, the location of the target in space, or 
both (4; 9, 10). However. the results of other 
experiments of M1 activity during reaching 

Fig. 1. Dissociation of 
muscle space from ex- A Pro 
trinsic and joint space. 
(A) Schematic of mon- _ > 

.<., %... 

key right hand gripping r*- 
the handle of the ma- * 5s --.------ 

ni~ulandum in three 
wkist postures. (Left) Pro 
position, fully pronated; 
(right) Sup position, fully 
supinated; (center) Mid 
position, midway be- 
tween the two. (0) Aver- 
age movement trajecto- 
ries to eight peripheral 
targets in three wrist 
postures. The target lo- 
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oped a paradigm that dissociates three differ- 
ent coordinate frames related to wrist move- 
ments: extrinsic (related to the direction of 
movement in space), muscle (related to the 
activity of individual or groups of muscles), 
and joint (related to the angle of the wrist 
joint) (11-13). Our paradigm takes advantage 
of two features of the wrist joint. First. the 
wrist rotates along two axes: flexion-exten- 
sion and radial-ulnar deviation. Second, the 
direction of wrist movement in space depends 
on the posture of the forearm. For example, 
an upward movement in space is produced by 
wrist flexion when the forear~n is held in 
supination, or by wrist extension when the 
forearm is held in pronation. We trained a 
monkey to perform step-tracking movements 
of the right wrist that required eight different 
combinations of wrist flexion-extension and 
radial-ulnar deviation (Fig. 1B). These move- 
ments were performed while the forearm was 

Down 

cations required 200 c 
changes in the angle of 
the wrist joint. Each 
trace is the average of 
10 movements to the 
same target location. 
The dotted lines indicate 
the straight line trajecto- 
ry to each target. Rad: 
radial deviation: Ext: ex- 

Down 
tension; Uln: ulnar de- 
viation; Flx: flexion. 
(C) Distribution of pre- 
ferred directions (PDs) of 
three wrist muscles 
when the limb was in 
the three wrist postures 
(three to  four record- 
ings from each mus- 

Extrinsic 

Wrist e Extrinsic 

Wrist (3 
clg). ECRB: extensor 
carpi radialis brevis; 
ECU: extensor carpi ulnaris; FCR: flexor carpi radialis. (D) Normalized shifts of PDs with wrist 
rotations from Pro to Mid and from Pro to Sup. PDs in the Pro position are set to 0° (represented 
as a single vector in the left circle). Each unlabeled vector in the middle and right circles indicates 
the relative shift of a PD of the same three muscles from Pro to Mid and from Pro to Sup, 
respectively. Vectors labeled "Extrinsic" represent the ideal PDs of vectors fixed to an extrinsic 
coordinate frame. Vectors labeled "Wrist" represent ideal PDs of vectors fixed to the wrist joint. 
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held in each of three different postures: 
pronated (Pro), supinated (Sup). aud midway 
bet\veen the two (hlid) (Fig. 1A). 

Once the aninla1 was trained. we exam- 
ined the patterns of muscle a c t i ~ i t y  associ- 
ated with performance of the task. We re- 
corded the a~t i r i t :~ .  of 27 nluscles in the 
forearm, upper awl. and shoulder (14-16). 
Only four nr is t  nluscles and three finger 
muscles (1 ?)  were acti7.e before movement 
onset in all three postures. These nluscles 
displayed phasic agonist bursts whose am- 
plitudes varied for different directions of 
movement. The variation in amplitude for 
each inuscle was \yell fit by a cosine func- 
tion (18).  We determined the preferred di- 

~.ection (PD)  for the sex-en task-related mus- 
cles \vhile the limb n-as in each of the three 
separate postures (Fig. IC) .  When the fore- 
arm n-as rotated clockn-ise from Pro to Mid. 
and then from Mid to Sup, the PDs of all 
seven muscles rotated clockn-ise as well. 
The shift in the PD for individual inuscles 
\\-as always less than 90" for the full 180" 
of forearn1 rotation (Fig. 1D) (mean 2 
SD = 71.1" ? 9.8". range = 46" to 90") 
(19) .  This result indicates that the coordi- 
nate frame associated \\it11 nluscles can be 
distinguished fro111 other coordinate frames 
because it rotates less than the coordinate 
frame related to the wrist joint (180'). but 
more than an extrinsic coordinate fraine 

related to the direction of movement in 
space (0").  

On the basis of these observations. we 
reasoned that neurons signaling information 
in a muscle- or jointlike coordinate frame will 
ha le  PDs that shift 46" to 903 (muscle) or 
180" (joint) when wrist ino\.ements are made 
\vit11 the forelinlb in different postures. On the 
other hand, neurons signaling information in 
an extrinsic-like coordinate frame will have 
PDs that are relatively stable under the sanle 
task conditions. Therefore. to detelnline the 
coordinate fiaine for 111 neurons. we record- 
ed the activity of single neurons in M1 while 
a nlonlcey perfornled our task (20-22). We 
found 125 neurons in the hand area of M1 
that displayed movement-related activity. Of 
these. 88 had directionally tuned (23) acti\ity 

Fig. 2. Directional tun- 
ing of three single neu- 
rons recorded in the 
primary motor  cortex 
(MI) .  Each column 
shows the activity for 
one of the three wrist 
postures. Each row 
shows a neuron's activ- 
i t y  for the same direc- 
t ion o f  movement in 
"extrinsic" space. Each 
line in a raster repre- 
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Pro Mid in all three wrist postures. These neurons are 
the subject of this report. 

We calculated the PD of each direction- 
ally tuned neuron for the three separate pos- 
tures (18. 24). This allowed us to detei-nline 
the shift in PD for the 180" clockwise rotation 
from the Pro to Mid to Sup posttires. On the 
basis of this analysis. the 88 directionally 
tuned neurons f o ~ ~ n e d  three groups. One 
group ( T I  = 28 '88) shon,ed orderly and rela- 
ti\.ely large (>40°) shifts in PD (mean -t 
SD = 70.2" 2 21.9'. range = +43" to 
+ 147") (Figs. 2.4 and 3A). The shifts for all 

sents a single t r ia l  The 
single letters in the up- 
per left-hand corner o f  
each raster indicate the 
direction of "joint" 
movement. All rasters 
are aligned on move- 
ment onset (indicated 
by small filled triangles 
at the bottom center of 
each raster). R: radial 
deviation: E: extension: 
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Up+Rt: 
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but one of the neurons in this group paralleled 
those of muscles (Fig. 4).  We consider neu- 
rons wit11 a shift in PD between 40" and 110' 
as having "muscle-like" properties. Thus. the 
activity of neurons in this group appears to 
represent movement in an intrinsic coordinate 
frame and may encode coinmands for single 

Lf: R I 
Up+Lf: L I , m -7 or groups of muscles. 

In contrast. a second, larger group of neu- U: ulnar deviation; F: 
flexion. The units are in 
milliseconds. (A) Mus- 
cle-like neuron in M I .  
This neuron showed a 
clear shift in PD (79') 
when the wrist was ro- 
tated from Pro t o  Sup. 
The size of this shift in 
PD is quite similar t o  
that of muscles (Figs. 
I D  and 48). We esti- 
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rons ( 1 1  = 4 4 8 8 )  shon,ed inore nlodest 
(<35") shifts in PD (mean k SD = 12.3" 2 
12.5'. range = -15.3' to +32.8') (Figs. 2B 
and 3B). In nlost instances (11 = 38 44), the 
shifts in PD were not statistically significant 
(P > 0.2) (for example. Figs. 2B and 3B). 
The absence of shifts for this group of neu- 

Dn: 

Dn+Lf: 

Lf: 

Up iL f :  
rons mirrored the stability of an extrinsic 
coordinate frame. We consider neurons wit11 
a limited shift in PD (-20" to +35") as 
having "extrinsic-like" properties. Thus, the 
activity of this group of neurons may encode 

mated that this neuron 
was recorded in the 
rostral bank of the central sulcus, -4 m m  from the cortical surface. lntracortical stimulation at the 
recording site evoked contractions of ECRB at a threshold o f  10 F A  The neuron was activated by passive 
flexion and ulnar deviation o f  the wrist and thumb adduction. (B) Extrinsic-like neuron in M I .  This 
neuron displayed a burst of activity before movement onset for the same target locations, irrespective 
of the wrist posture. The activity of this neuron showed no shift in PD wi th wrist rotation. This neuron's 
response appears t o  be best related t o  an extrinsic coordinate frame (Fig. ID) .  We estimated that this 
neuron was recorded in the rostral bank of central sulcus, -6 m m  from the cortical surface. lntracortical 
stimulation at the recording site evoked contractions of EDC at a threshold of 2 FA. The neuron was 
activated by passive extension of digits 1 t o  5. The PD of EDC shifted in a manner similar t o  that of ECRB 
(Fig. IC), but was rotated clockwise 25" t o  37' in relation t o  the PD of ECRB. (C) Extrinsic-like neuron 
wi th activity strongly influenced by joint posture. The activity o f  this neuron showed no shift in PD wi th 
wrist rotation. However, both the peak activity and background discharge rate displayed a systematic 
modulation wi th a change in wrist posture. We estimated that this neuron was recorded in the rostral 
bank of the central sulcus, - 4  m m  from the cortical surface. lntracortical stimulation at the recording 
site evoked wrist extension and ulnar deviation of digits 4 and 5 at a threshold of 10 yA. The neuron 
was activated by passive extension and ulnar deviation of the wrist. 

commands for the direction of wrist move- 
ment in space, independent of the pattern of 
inuscle activity that generates the movement. 

A third. sinall group of neusoiij (11 = 

16.88) sllo\ved unsystematic shifts in PD. For 
example. some neurons in this group dis- 
played a clockn,ise shift in PD for a change in 
posture from Pro to Mid, but showed a coun- 
terclocl<\vise shift in PD for a change from 
Mid to Sup. The neurons in this group will 
not be considered filrther. 

-4 change in the posture of the forelimb 
alters the muscle and joint mechanics for 
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movements at the wrist joint. As a conse- 
quence, one would expect the amount of 
muscle activity necessary to produce a given 
change in joint angle to vary in the different 
postures. Indeed, changes in limb posture 
strongly modulated (A > 30%) the move- 
ment-related activity of most (17123 record- 
ings) forearm muscles. Similarly, changes in 
posture also modulated the movement-related 
activity of most muscle-like (18127) and ex- 
trinsic-like (27144) neurons in M1 (for exam- 
ple, Figs. 2C and 3C). On the other hand, a 
sizable number of extrinsic-like neurons in 
M1 (17144) did not display this type of mod- 
ulation. The absence of modulation by pos- 
ture is another property that distinguishes 
these extrinsic-like neurons from the motor 
apparatus in the periphery and its associated 
intrinsic coordinate frame. 

Extrinsic- and muscle-like neurons were 
recorded at similar locations and depths with- 
in M1. Intracortical stimulation at the record- 
ing sites of both groups of neurons evoked 
contractions of wrist or finger muscles (or 
both) in the forearm at comparable thresholds 
(25). The changes in neuron activity for ex- 
trinsic- and muscle-like neurons occurred at 
approximately the same time in relation to 
movement onset (25). The similarity in these 

properties suggests that the two groups of 
neurons may be at comparable levels of in- 
tracortical processing within M1. In other 
words, at present we have no means to deter- 
mine whether either or both groups of neu- 
rons is a source of descending commands to 
the spinal cord. 

Our results help to resolve the contro- 
versy concerning parameter representation 
in M1 (1). We found that M1 contains at 
least two distinct groups of neurons. A 
substantial portion of our sample displayed 
properties that were muscle-like [see also 
(2, 3, 5)]. On the other hand, an even larger 
portion of our sample was related to a more 
abstract movement parameter, direction of 
action (4, 9, 10). Thus, the answer to the 
question of whether muscles (an intrinsic 
parameter) or movements (an extrinsic pa- 
rameter) are represented in M1 is that, at 
the single-neuron level, both are strongly 
represented. 

Our observations may also provide in- 
sight into the type of sensorimotor transfor- 
mations that take place in M 1. Some have 
modeled the process for generating goal- 
directed movements as a series of coordi- 
nate transformations beginning with the 
representation of the target in external 

Fig. 3. Spatiotemporal 
maps of activity of the 
same M1 neurons illus- 
trated in Fig. 2. Neurons 
fA1. fB1. a d  fC1 in this . ,. . ,. 
figure co&nd to O i  
neurons A, B, 'and C in 
Fig 2. To construct these 
maps, we calculated av- 
eraged spike numbers in 
a 50-ms time window, 
sliding the time window 
by 25 ms, from - 500 to 
+500 ms relative to the 
movement onset The 
calculation was per- 
formed for each move- 
ment direction in each 

posture. Then, con- 
tour plots of the spatio- 
temporal distribution of 
the neuron activity were 
generated with -surfer 
ICioMen Software, cold- '801 
en, Colorado). The rnax- I 
imum activity for any of c . 
the three wrist postures %M+x 
in the 50-ms analysis 

30 

window was normalized 90 

to 100% (A: 155; 0: o. 
80 

98; C: 124 spikes per 
70 

second). PDs in the 60 

Pro position were set 90. 
50 

' w 
t o  0" in order to  dem- 40 

onstrate the amount 30 

of the shift. PDs of 1 W  180 10 
neuron activity (78) rn 0 

for each posture are -k00 i 500 
indicated by arrows. 
Movement onsets are indicated by triangles. 

space and ending with the representation of 
muscle activation patterns in an intrinsic 
coordinate space (6, 26). For example, Al- 
exander and Crutcher (6) have described 
this model as "a sequence of computations 
that successively determine 1) the location 
of the target in space, 2) the hand trajectory 
needed to acquire the target, 3) the joint 
kinematics needed to achieve the trajectory 
(inverse kinematics), 4) the joint torques 
needed to satisfy the kinematic constraints 
(inverse dynamics) and 5) the patterns of 
effector ('muscle') activation needed to sat- 
isfy the required dynamics." One interpre- 
tation of our results is that M1 is involved 
in multiple stages of this process, and not 
just the final computation [that is, defining 
patterns of muscle activity; see also (27)l. 
Indeed, interactions among extrinsic-like 
neurons unmodulated by joint posture, ex- 
trinsic-like neurons modulated by joint pos- 
ture, and muscle-like neurons may be the 
neural correlate of transformations between 
different coordinate frames. 

A Shift of P.D. of M1 Neurons (Pro - Sup) 
% Extrinsic Wrist 

by wnst posltlon 

0 ~5 -40 -20 0 20 40 60 80 100120140 160180 

B Shin of P.D. of Muscles (Pro - Sup) 
Extnnsic Wrist 

1 
n = 23 

modulated 1 by wnst pos~tion 

0 55 -40 -20 0 20 40 60 80 100 120140160 180 

Shrft of Preferred Dlrect~on (deg) 

Fig. 4. Distribution of shifts of PDs from Pro to  
Sup. (A) Shift of PDs of M1 neurons. A clock- 
wise shift is represented as positive. The verti- 
cal dotted line labeled "Extrinsic" indicates an 
ideal extrinsic-like vector that does not shift 
with changes in posture. The vertical line la- 
beled "Wrist" indicates an ideal vector fixed to  
the wrist joint that shifts by 180" with changes 
in wrist posture. The vertical line in the middle 
indicates the averaged shift (71.1") of the seven 
forearm muscles that displayed early phasic 
EMC activity that was directionally tuned for 
all three postures. Shaded areas indicate neu- 
rons whose peak activity changed by more than 
30% with wrist posture. (B) Shift of PDs of 
forearm muscles (23 recordings from seven 
forearm muscles). Shaded areas indicate EMC 
recordings whose peak activity changed by 
more than 30% with wrist posture. 
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was implanted aseptically under inhalat ion anesthe- 
sia (3% isofluorane - 1% N,O). 

21  In every wr is t  posture a data f i le consisted o f  5 t o  10  
movements  for each of  eight target locations. Each 
target location was presented in a randomized block 
design. 

22. W e  sampled the act ivi ty o f  single neurons i n  a large 
por t ion o f  M I ,  including al l  o f  the a rm  representation 
and adjacent port ions o f  t he  face and hindl imb rep- 
resentations. The body part represented a t  each re- 
cording site was identi f ied by intracort ical st imula- 
t i on  (pulse durat ion = 0.2 ms, 333 Hz for 6 0  ms) t o  
evoke movements  or contract ions o f  muscles. Task- 
related neurons t ha t  were direct ional ly tuned were 
found only in the region o f  M I  t ha t  contained the 
representat ion o f  the wr is t  and fingers ( that  is, t he  
hand area o f  M I ) .  Most  task-related neurons were 
recorded a t  sites where s t imula t ion evoked contrac- 
t ions o f  one or a few forearm muscles a t  thresholds 

-15 ILA. W e  also examined the peripheral receptive 
fields for recorded neurons. A l l  bu t  three o f  the 
taslc-related neurons in which a receptive f ield could 
be identi f ied were act ivated by passive movements  
o f  the bvrist or palpation o f  forearm muscles (or 
both) The other  task-related neurons were act ivated 
by passive movements  o f  ai l  the fingers i n  concert. 

23. W e  used a bootstrapping method t o  identi fy whether 
a neuron was direct ional ly tuned (P -, 0.01) [D. J. 
Crammond and J. F. Kalaska, Exp. Brain Res. 108,  45 
(1  99611 

24. Confidence intervals o f  PDs o f  M I  neurons were 
calculated by using a bootstrapping method [L. E. 
Sergio and J. F. Kalaska, 1. Neurophysioi.  80, 1577 
(1 998) ] .  

25. The properties o f  extrinsic- and intrinsic-like neurons 
had many features i n  common.  The threshold for 
evoking movement  or muscle contract ion v ~ i t h  intra- 
cort ical s t imula t ion was 2 t o  3 0  /,.A (mean = SD = 
10.7 5 6.8 !).A, n = 44) a t  the recording sites o f  
extrinsic-like neurons and 5 t o  3 0  ILA (mean i SD = 

12.0 i 6.6 ILA, n - 28) a t  the sites o f  muscle-like 
neurons. The latency for  a change in act ivi ty related 
t o  movement  onset was -120  t o  - 70 ms (mean 5 
SD = --97.0  = 15.3 ms, n = 44) for extrinsic-like 
neurons and -130  t o  - 8 0  ms (mean ? SD = 

- 93.6 = 20  8 ms, n = 28) for  muscle-like neurons 
W e  found no systematic differences in the peripheral 
input  t ha t  act ivated extrinsic- and muscle-like neu- 
rons Al l  direct ions o f  movement  were equally repre- 
sented i n  both  populat ions o f  extrinsic- and muscle- 
like neurons. W e  also did no t  f ind any systematic 
difference in the ampli tude and t ime  course o f  spikes 
o r  spontaneous discharge rate between extrinsic- and 
muscle-like neurons. 

26. Reviewed in J, M. Hollerbach, Trends Neurosci. 5, 189  
(1982), J. F. Soechting and M. Flanders, Annu. Rev. 
Neurosci. 15, 167  (1 992). 

27. Alexander and colleagues (7) found a relat ively smal l  
number  o f  neurons in M I  (11179) t ha t  displayed 
movement-related act ivi ty t ha t  was "target-depen- 
dent," t ha t  is, the act ivi ty o f  these neurons was 
specific t o  acquiring a particular target, independent 
o f  t he  pat tern  o f  muscle act ivi ty or the direct ion o f  
j o i n t  movement  required. Ou r  behavioral task did n o t  
dissociate the direct ion o f  act ion i n  space f r om target 
location. Thus, i t  is possible t ha t  some of  the e x t r n -  
sic-like neurons recorded in our study would  be tar -  
get-dependent neurons. O n  the o ther  hand, the rel- 
at ive number o f  extrinsic-like neurons w e  found (441 
88)  is far greater than the small  number  o f  target- 
dependent neurons observed by Alexander and 
colleagues. This makes it l ikely t ha t  t he  major i ty  o f  
our  extrinsic-like neurons are no t  target-dependent, 
bu t  represent a dist inct class o f  neurons t ha t  encode 
direct ion o f  act ion in space. This proposal w i l l  need t o  
be tested i n  fu ture  studies t ha t  actual ly per form the 
appropriate dissociation. 

28. W e  thanlc A. P. Ceorgopoulos, 8. I. Helms-Tillery, j .  F. 
Kalaslca, and L. E. Sergio for consultat ion o n  t he  
stat ist ical analyses used in this study. W e  thank E. 
Stappenbeck for  dedicated care and training o f  t he  
animal; I<. Hughes and M. O'Malley-Davis for techni- 
cal assistance; and M.  Page and W.  Hartz for devel- 
opment  o f  computer programs. Supported b y  funds 
f r om the Depar tment  o f  Veterans Affairs, Medical 
Research Service, t o  P.L.S. 
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