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Reina, G. Anthony, Daniel W. Moran, and Andrew B. Schwartz. in extrinsic parameters (Moran and Schwartz 1999a). In this
On the relationship between joint angular velocity and motor corticgper, we compare the relation between cortical activity in M1
discharge during reachingl Neurophysiol85: 25762589, 2001. anq hoth the extrinsic (hand velocity) and intrinsic (joint an-

Single-unit activity in area M1 was recorded in awake, behavi lar velocit ; i
) : : : y) parameters of the arm during natural reaching in
monkeys during a three-dimensional (3D) reaching task performed5 . :
iree dimensions.

a virtual reality environment. This study compares motor cortic
discharge rate to both the hand’s velocity and the arm’s joint angular
velocities. Hand velocity is considered a parameter of extrinsic spaQgurophysiological experiments

because it is measured in the Cartesian coordinate system of the

monkey's workspace. Joint angular velocity is considered a parameteBeginning with Jackson (1889), locationist concepts have
of intrinsic space because it is measured relative to adjacent arm/bed¥ved from somatotopic cortical maps to single structure/
segments. In the initial analysis, velocity was measured as the diffg{- gle coordinate frame hierarchies (Kalaska and Crammond
ence in hand position or joint posture between the beginning a r?z). In such a scheme the motor cortex is generally consid-

ending of the reach. Cortical discharge rate was taken as the m d h ical f . | . h
activity between these two times. This discharge rate was compafé§d as the cortical output of motor signals, operating as the

through a regression analysis to either an extrinsic-coordinate moélgfeway to the “final common pathway” for muscles (Asanuma
based on the three components of hand velocity or to an intrinsRd Rosen 1972; Evarts 1968). As such, activity in M1 should

coordinate model based on seven joint angular velocities. The mobel correlated with intrinsic and/or dynamic coordinates, rather
showed that velocities about four degrees-of-freedom (elbow flexiaivan more abstract reference frames, such as extrinsic space.
extension, shoulder flexion/extension, shoulder internal/external roRpllowing a series of experiments with single-joint, single
tion, and shoulder adduction/abduction) were those best representegdfree-of-freedom (DOF) movements (Evarts 1968; Hum-
the sampled population of recorded activity. Patterns of activity r hrey et al. 1970; Schmidt et al. 1975), Murphy and colleagues
corded across the cortical population at each point in time through? 82) attempted to correlate joint angular position (intrinsic

the task were used in a second analysis to predict the temporal pro : . A L .
of joint angular velocity and hand velocity. The population of cortic q%%rdlnates) with neural activity in a multi-jointed, reaching

units from area M1 matched the hand velocity and three of the fo k. They found thaﬂ')_ there was no simple relationship
major joint angular velocities. However, shoulder adduction/abdug€tween the neural activity and the electromyogram (EN&E);
tion could not be predicted even though individual cells showed god@uronal activity related to the shoulder joint was similar to
correlation to movement on this axis. This was also the only majaeuronal activity related to the elbow joints even though mo-
degree-of-freedom not well correlated to hand velocity, suggestitign about those joints could be quite different; aBdthe
that the other apparent relations between joint angular velocity agigcharge of the shoulder-related neurons seemed to vary sys-
neu_ronal act_ivity may be due to intrinsic-extrinsic correlations i“hefematically with the trajectory.
ent in reaching movements. More recent experiments have shown that several cortical
motor areas project to the spinal motor centers (Martino and
Strick 1987), and paradigms using natural arm movements
INTRODUCTION (Georgopoulos et al. 1982; Schwartz et al. 1988) have con-
Movement coordinate transformations c_Iuded that motor cortical acti\{ity. is related well to the direc-
tion of the hand in space (extrinsic coordinates). Other exper-
The sensorimotor planning of a reaching movement is corments show that motor cortical activity can even be related to
monly described by two successive transformations (Flandexenmotor aspects of the task (Carpenter et al. 1999; Georgo-
et al. 1992): a target in extrinsic space (i.e., visual) is trangeulos et al. 1989, 1992). The specific function of the primary
formed by an extrinsic-to-intrinsic coordinate frame (joint anmotor cortex is still controversial and has been the goal of
gles, muscle lengths) followed by a kinematic-to-dynamic caeveral studies that have attempted to categorize motor cortical
ordinate frame (joint torques, muscle forces). Our previowktivity to a specific place in the hierarchical set of transfor-
work in two dimensions has shown that cortical unit populanations from vision to muscle activation (Evarts 1968; Hum-
tions in primary motor cortex (M1) encode the hand’s velocitghrey 1986; Kakei et al. 1999; Kalaska and Crammond 1992).
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The question of whether motor cortical activity is represettinear relationships for arm elevation and yaw angles to target
tative of intrinsic or extrinsic coordinates is one aspect of thiscation when humans pointed in the dark. Moran and
hierarchical scheme. While the work of Georgopoulos archwartz (1999b) found that, in drawing tasks performed by
colleagues (Georgopoulos et al. 1982; Schwartz et al. 1988pnkeys, there was a very high correlation between individual
showed that motor cortical activity was correlated well t@int angular velocity and the cosine of hand direction. This
extrinsic coordinates, it was not clear whether the tasliggests that M1 cortical activity, which is highly cosine-tuned
(center~out reaching) could clearly dissociate the two cooto hand velocity in reaching tasks, would also be well corre-
dinate frames. An attempt to make this distinction by havirlgted to joint angular velocity. In this study, we compared the
the animal perform the task in spatially separated regions of ttedationship between hand velocity and cortical discharge to
workspace (Caminiti et al. 1990) showed that, although theant angular velocity and cortical discharge.
was a global tendency across the population of recorded units
for an orderly shift in preferred directions, this was difficult t.metHoD s
see in individual units as shoulder azimuth varied across dif
ferent regions of space. Interestingly, the statistical shift i
preferred direction did not affect the population vector direc- Two rhesus monkeysMacaca mulatta4—6 kg) were operantly
tion. Another experiment (Scott and Kalaska 1995, 1997) connained to perform a 3D centerout reaching task in a virtual reality
pared responses of motor cortical cells as the arm was heldsiimulator (Fig. 1). The monkey sat in a primate chair with its head
two different postures. Although it was concluded that arfigstrained. A custom-made stereo monitor was mounted in front of
configuration caused a change in preferred direction, orfipd above the monkey's head with the screen’s display directed
about one-half of the cells had a statistically significant chan 8W”Wé‘.rd'|A rln'”or' mf?””tedd bhelo‘é". thle mo”::"r and ingleq at 4o|5 :1”
in their preferred direction between the two postures. Less th [ﬁ esagltta plane, reflected the display. The monkey viewed the

o ) . - cted display through a pair of stereographic goggles (CrystalEyes,
30% of units in this study had preferred directions separated Qééreoeraphics)_ Different viewpoints (parallax values adjusted for

more than ¢45°), and these differences were insufficient tyter_ocular distance) of the same image were presented to each eye
cause a directional shift in the calculated population vectors.tArough these goggles in an alternating, shuttered pattern (120 fields/s)
recent study by Kakei and colleagues (1999) used a behaviagaproduce an illusion of depth.

paradigm consisting of a single joint (wrist) movement in An infrared marker was placed on the dorsum of the monkey’s
either a pronated, supinated, or neutral starting position. Th@nd. The 3D position of the marker was measured in real-time by an
different starting positions allowed them to separate thr@gtoelectronic tracking system (Optotrak 3010, Northern Digital).

A Af At : o : :41), and shoulder (1). A graphics mini-computer (Power Series
line-of-action and joint rotation. They found a populatio D320VGX, Silicon Graphics) recorded the current position of the

~ 0, 1 I I 1

(~30 IA]) of c(;)_rtlctal funlts n 'tVl.l t.hat Wgre correlalted with amonkey’s hand and rendered a virtual representation of it to the stereo
muscié coorainate frame (intrinsic) and an even farger pop splay. Whenever the monkey moved its hand, it could see a sphere
lation (~50%) that were correlated with the direction of han

movement (extrinsic). They concluded that M1 is involved in
“not just the final computation” (i.e., computation of patterns
of muscle activity) of the sensorimotor transformation, but in
multiple stages of that transformation. These studies are incon-
sistent with the concept that the motor cortex is isolated on one monitor
rung of a hierarchical ladder between intrinsic and extrinsic
coordinate systems.

irtual reality simulator

Joint angular velocity population vectors

Population vectors calculated over short intervals predict
the movement’s kinematics (Moran and Schwartz 1999b;
Schwartz 1993; Schwartz and Moran 1999). Although popu-
lation vectors were originally based on vectorial contributions
of neurons in extrinsic two-dimensional (2D) space, they can
also be applied to any-dimensional feature space. In this
paper we define seven joint angles (i.e., DOF) to describe the
arm’s configuration: three at the shoulder, one at the elbow,
one in the forearm, and two at the wrist. The position of the
hand does not uniquely define the arm’s configuration; that is,

: ; 1. 1. lllustration of the experimental setup. An opto-electronic tracking
the arm could have many conﬂguratlons for the same ha@@/ice calculated the 3-dimensional (3D) position of the monkey’s hand in

Iocat|on.” This is CommO”'Y referred to as the “degrees QI fime. A graphics minicomputer used the real-time position data to update
freedom” problem (Bernstein 1967). Although the DOF prokn interactive stereoscopic scene projected from a monitor located above and
lem predicts an infinite number of possible trajectories, reach-front of the monkey. A front-silvered mirror reflected the display (dotted
ing movements are quite stereotypical in the relation betweli§s) through a pair of Stereoscopri]c 90%9'65 worn by thhe monklfy-,'”;he Virtuall
intrinsic and extrinsic parameters (Georgopoulos et al. 19?)%6' a computer-generated sphere floated where the monkey's hand would

. . ) . pear were it able to see its actual hand. As the monkey moved its hand, the
He|m5'_T|”ery et al. 1995; Soechting and Lacquanti 1981 ursor sphere moved with the same speed and direction. The virtual workspace
Soechting and Flanders (1989), for example, found simgle the reach was a cube with a 70-mm face.
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(cursor) in the virtual environment move with the same direction arahd just after (postbins) the movement period and had the same
speed. When in the simulator, the monkey could not see its handbimwidths as the 40 movement bins.

arm; only the virtual representation of hand location. The monkeysThe five IRED markers were used to calculate instantaneous atti-

received liquid rewards for performing the task correctly. In all caseside matrices for the humerus, ulna, radius, and hand. The scapula
the monkeys were treated in accordance with the Institutional Animahs defined as the inertial reference frame for the kinematic model

Care and Usage Committee and Society for Neuroscience guidelireesd was assumed a fixed, global reference frame throughout the
movement. The five segmental attitude matrices were used to calcu-
late four rotation matrices corresponding to the modeled joints of the

Centerout task arm (shoulder, elbow, forearm, and wrist). Seven Cardanic angles

The task began when the monkey touched the cursor spherdGl€r Permutatiorx, y’, ') were calculated from the joint rotation
another sphere (center sphere) positioned in the center of the virfigrices and are as follows: shoulder adduction/abduction, shoulder
scene. After a random minimum hold time (300-500 ms), the Cen{gFernaI/external rotation, shoulder flexion/extension, elbow flexion/
sphere disappeared and a target sphere appeared at one of @?ﬁa{usion, radial pronation/supination, wrist flexion/extension, and
positions at the corners of a virtual cube centered around the cerff&ist abduction/adduction. _
position (Fig. 1). Each edge of the cube was 70 mm in length, which” forward kinematic arm model was constructed to predict hand
made the overall movement from the center to the target approR@Sition from measured joint angles. Accurate postmortem measure-

mately 60 mm. Once the target sphere appeared, the monkey h ents (segment lengths, joint center _Iocations, etc.) were taken from
limited time (300-500 ms) to move its hand to the target. Aftdf€ dissected arm bones of each subject. These values were averaged

reaching the target sphere and holding that position for a rand@ffoSS subjects for use in a general monkey arm model. The accuracy

period (170-500 ms), a reward was given. A new trial began after 3hthe model was judged by applying a set of averaged joint angle

inter-trial interval (500—1,000 ms). A reach was performed to each Bfiectories (across all subjects) to the model and comparing the
the eight targets at least five times (minimum 40 total trials) in E?S”"'”g predicted hand trajectories to the measured hand trajectories
random block design. averaged across all subjects). A set of equations for the Jacobian

matrix, which relates the partial derivatives of hand coordinates to
joint coordinates, were similarly derived from the model. The Jaco-
Cortical recording bian matrix is a function of joint posture; therefore the subjects’
) ) ) average posture during the central hold position was used to define a
The electrophysiological methods and surgical procedures haygtic Jacobian matrix used in all subsequent analyses. Since there are
been described previously in detail (Schwartz 1992). After the mogayen joint angles and only three hand coordinates, the Jacobian is not
key had been trained for several months in the centrt task, a gquare (j.e., 3 7). To solve for the inverse kinematic model, a right

circular recording chamber (19 mm diam) was placed over the cQfseydoinverse of the Jacobian was used as follows
tralateral motor cortex under general anesthesia of isoflurane, ket-

amine, and xylazine. The recording chamber was held in place with 6=J03 P (1)

dental acrylic. On each recording day, the head was immobilized . o . )
mechanically. A Chubbuck microdrive was mounted on the champihere = 7 X 1 vector of joint angular velocity] = 3 X 7 static

and hydraulically sealed (Mountcastle et al. 1975). Extracellular ré@cobian matrix, and = 3 X 1 vector of hand velocity.

cordings were made using glass-insulated, platinum iridium electrodes

(1-3 MQ impedance) attached to the microdrive. The microdrivgpike rate processing

could position the electrode anywhere within the chamber and its ) ] ) )
depth within the brain was controlled withym accuracy. Typically, ~ Only trials that contained a complete set of neural and klnema'glc
On|y one penetration was made each day Action potentia|s of Sing@!la were analyzed The data consisted Of at least 40 trials per cortical
units were identified by the criteria of Mountcastle et al. (1969) arinit (5 repetitions each to 8 targets), but in some cases consisted of as
separated using a differential amplitude discriminator. Every attendp@ny as 160 trials per unit (20 repetitions each to 8 targets). The time
was made to record from all cortical layers. For each isolated unit€goch analyzed began when the target sphere first appeared and ended
centerout task was performed by the monkey followed by a passivéhen the monkey had moved the cursor sphere to the target sphere
examination of the arm to determine whether its activity was relat@@d held it within the target sphere for a random period of time
to the movement of a particular body part or joint. Recording sessiofls’0—500 ms). A partial binning technique was used to determine the
ranged from 4—6 h. The monkey was returned to its home cage afiégcharge rate during the entire time epoch (Richmond et al. 1987;
each session. Recordings from each hemisphere were performed &@&wartz 1992). . .

a 6- to 8-wk period. Postmortem analysis confirmed that all cortical The square root transformation was performed on the discharge rate

units analyzed in this study were located rostral to the central suld@sapply standard statistical techniques to the data. Although data
at about the level of the precentra| d|mp|e transformations are a conservative, statistical neCGSSlty to performlng

parametric tests on data from nonnormal distributions, such as neural
. . . . discharge rates, we performed the analysis on both the raw and the
Kinematic recording and modeling transformed data to show that the interpretation of the analysis is

- . . - altered by the square root transformation.
In addition to recording the position of the hand, the positions c')#n y q

four other points on the arm were recorded by the optoelectronic . .

recording system. Infrared markers (IRED) were placed on the radiultiple linear regression

and ulnar sides of the wrist, on the lateral malleolus of the elbow, apdnp vELOCITY TUNING. A multiple linear regression between
just distal to the head of the humerus. The marker data were smoothggtical activity and 3D hand velocity was performed for each cortical
using a 10-Hz, low-pass, fifth-order, phase-symmetric digital filtenit. The form of the regression equation is

(Woltring 1986). Movement onset and offset times were calculated so

that movement onset coincided with the hand speed rising to 25% of Df=byo+ b,X+b,y+bz2 @)
maximum and movement offset coincided with the hand speed falling

to 35% of maximum. The data were divided into 100 bins. Bin size¢hereD* = transformed discharge rate;—b, = regression coeffi
was calculated by dividing the total movement epoch into 40 equzknts,x = anterior/posterior hand positiop= superior/inferior hand
intervals. Thirty additional bins were assigned just prior to (prebingpsition,z = right/left hand position, and = cortical uniti.
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Also, the bars over the variables represent averages taken overRiggpulation analysis
time bins corresponding to reaction and movement time, and the dots

over the variables represent the first derivative with respect to time, | WO Sets of population vectors were calculated as a time series
Each movement repetition was an independent observation in f Eoughout the task: one based on hand velocity tuning and the other

regression. The relationship between the discharge rate and the di? the joint angular velocity tuning. Only units with significant

) h X ession equation® (< 0.01) recorded from the right hemisphere
tion of movement can be described as cosine tuned (Georgopouloa ng reaching with the left arm were used to create population

f"“' 1982). InEq. 2,this cosine-tuned relationship has been modified t\S’ectors. Population vectors based on the joint angular velocity tuning
include hand speed (Moran and Schwartz 1999a). The regressi}e calculated using the seven-DOF model.

coefficientsh,, b,, andb, represent the preferred direction vector of & The population vector is a useful tool for evaluating the collective,
motor cortical unit. The right-hand side &q. 2 (excluding theb, predictive power of the cortical units over time. The regression
term) is a dot product between the preferred direction vector of tEauations described previously were calculated over a single epoch
cortical unit and hand velocity vector; this is comparable with thepanning the entire reaction and movement time, making it impossible
cosine of the angle between these two vectors. to use this analysis by itself to describe the temporal variation between
movement parameters (i.e., hand velocity or joint angular velocity)

JOINT ANGULAR VELOCITY TUNING. ~The average joint angular and discharge rate. However, the regression result (preferred direc-
velocities of the arm were also used to predict the discharge rate .01d g : ! g p

. . o . ) tion) can be used to calculate population vectors at different times in
each cortical unit. Average joint angular velocity was defined as the, -\ A time series of population vectors based on instantaneous
difference between a joint angle at the beginning and end of t %Charge rate in 9-ms bins was used to compare population activity to

trajectory divided by the movement time. Using a multiple line :
regression, cortical activity and joint angular velocity were related %@ovement parameters as they varied throughout the rézghd.

h ion .
the equatio 1 i Y- DBF b,

_ - - - - - - - I f)tk. M “)
Df= by + b6 + bi,0, + bis05 + b 40, + bisbs + b0 + bis6;  (3) i=1 m ngl bf,

where 0, = shoulder adduction/abductiof, = shoulder internal/ wherePV, , = population vector for coordinaeat time bint, D}, =
external rotationfl; = shoulder flexion/extensioré, = elbow flex  transformed discharge rate of cortical uindt timet, Df = geometric
ion/extension,f; = radial pronation/supinationff; = wrist flexion/ mean of transformed discharge rate of unibver all movements,
extension, andd, = wrist abduction/adduction. The rest of theD¥* = maximum transformed discharge rate of unibver all
variables and symbols are definedHn. 2. mSi’/Xementsbiyj = regression coefficient for cortical unitand coor
Equation 3takes the same form &. 2except that the, y, andz  dinatej, N = number of cortical units, anbl = number of regression
cartesian coordinates are replaced by seven cardanic joint coordingtgsors (hand velocity= 3, joint angular velocity= 7).
The regression coefficients Eq. 3 (except forb,) essentially repre The results ofEq. 4 were integrated in time to yield a population
sent a “preferred angular velocity” much like the regression coeftrajectory. In the case of hand velocity tuning information, the pop-
cients inEq. 2represent a preferred direction vector. Although thalation trajectory was directly compared with the actual hand path
preferred angular velocity vector is seven-dimensional, it can be usfigting the movement. When integrating the joint angle population
in a population vector analysis in a similar manner to 2D and 3{kctors, the initial posture of the arm (i.e., joint angles during initial
preferred directions. position at the center target) was used as the integration constant. The
REGRESSION OPTIMIZATION. The joint angular velocity tuning de- '€sulting joint angle population trajectories were then applied to a
scribed above included seven joint angles as independent factordofjvard kinematic model of the arm to yield a predictive hand
the regression model. To determine whether all seven joint anguiiiectory. Because the population vectors were created using the
velocities were needed in the model, the relative contribution that edgRCNarge rates of cortical units that precede the actual movement of
joint angle added to the prediction of the discharge rate was compareff, &M & time lag was incorporated in the discharge rate of the unit.
First, the coefficients for each regression were standardized (standafyS 120 was iteratively increased from zero until the root-mean-
partial regression coefficients) (Sokal and Rohif 1997). This allow&@tared (RMS) error between the population trajectories and the
comparisons of the relative strengths of the effects of several indi&iual hand trajectory was minimized.
pendent variables on the same dependent variable. The joint angular
velocities with larger standard, partial regression coefficients h&ESULTS
greater contributions to the fit of the regression model (Ashe and . . .
Georgopoulos 1994). Second, the number of factors needed in thé® total of 298 cortical units from 3 hemispheres of 2
regression model was optimized for each of the cortical units. EaBionkeys were individually recorded during the cenrteut
average joint angular velocity was considered an independent factotask 1 = 18,272 reaches; average of 7.7 reaches per target per
the model. The computer algorithm called RBEST in the IMSicortical unit). These units were all located in the proximal-arm
software package (Visual Numerics, Houston, TX) was used to dgrea of the primary motor cortex (Fig. 2). The frequency of
termine which combination of factors produced the best-fitted regrefischarge in 227 of the 298 units (76.1%) varied with the target
sion equation for each task-related unit. The algorithm is based ondifection (ANOVA, P < 0.05). Only these 227 “task-related”

efficient technique of considering all possible regression permutationsits were furthered analvzed & 13.976 reaches
(Furnival and Wilson 1974). A measure of the usefulness of a regres- y €13, )

sion model is the coefficient of determinatiorf)( which describes .
how much of the total variation in the discharge rate can be explainkgnematics

by the regression model. The RBEST algorithm used in this studyThe mean speed profiles & 13,976) for each coordinate of

calculated the adjusted; which is a normalization of the?® that hand velocit d ioint | locitv for all "
allows a comparison of regression models with different numbers%’fe and velocity and joint angular velocity tor all movements

regressors. The algorithm was used to determine the number &h§ Shown in Fig. 3. Average reaction and movement times
combination of regressors that produced the largest adjuétdthe Were 281.0= 71.8 (SD) ms and 374.6 95.8 ms, respectively.
regression with the largest adjustedwas termed the “best” regres The hand speeds (FigABfollowed a bell-shaped curve in all
sion for that cortical unit. three dimensions, and their relative timings suggest that the
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TABLE 1. Correlation coefficients of the average hand velocities
during center>out task

os Right
Anterior Velocity Superior Velocity  Velocity
Anterior velocity 1.000
Superior Superior velocity 0.00% 0.176 1.000
Right velocity —0.048=+ 0.167 —0.016=+ 0.148 1.000
Anterior | Values are means SD. The calculated tolerances for all 3 were greater

Cs than 0.99.

FIG. 2. Electrode penetrations. Only penetrations anterior to the cent@prreIat'onS between regression factors

sulcus were analyzed. cs, central sulcus; as, arcuate sulcus; ips, intrapariet o .
sulcus. ¥he mean and standard deviation for the Pearson correlation

coefficients between the anterior, superior, and right velocities
reaching movement was made initially in the frontal planand between all joint angular velocities are shown in Tables 1
because the superior/inferior and the right/left speeds pealasdl 2. As expected, there were very low correlations and
around 450 ms while the anterior/posterior speed crested apndard deviations between the anterior, superior, and right
proximately 40 ms later. Shoulder internal/external rotatiorelocities. The standard deviations for the correlation between
and adduction/abduction speeds peaked just prior to the frorjeant angular velocities were much larger and indicated that
plane hand speeds while shoulder and elbow flexion weteese correlations varied widely from trial to trial. Shoulder
delayed and corresponded with anterior/posterior hand spedtiscion velocity and elbow flexion velocity had a large corre-
lation coefficient ( = —0.672). The same was true for shoul-
der adduction and internal rotation € —0.643). Large cor-
A e relations suggest co-linearity among the joint angular
velocities, which could distort the regression model. A toler-
ance calculation, which is the reciprocal of the variance-infla-
tion factor (VIF), was performed. A tolerance value<00.25
typically indicates that the correlation between regression fac-
tors is significant and will greatly affect the results of the
regression model. The tolerance calculated over all trials was
>0.3 (VIF < 3.3). Although the correlations coefficients were
large, each joint angular velocity could be considered an inde-
pendent regressor in the model.

Although the individual components within a reference
frame could be considered independent for the regression
model, the intrinsic and extrinsic reference frames were well-
correlated to each other. This high correlation is demonstrated
in Table 3. For each monkey, the three hand velocity compo-
50 b nents (anterior/posterior, superior/inferior, right/left) were used

~ 3R as independent regression factors to predict the joint angular
* SF velocity at any movement time (i.e., at each of the 40 move-

Fa “ N < PR ment bins) within the eight-target workspaeeagnkey Fright
e N « WF arm= 126,080 observations, left arm 176,640 observations;

' N TWA monkey Gleft arm = 256,320 observations). As seen in Table
3, the three hand velocity components were able to predict all
N of the joint angular velocities well (all regressions significant,
agy "y P < 0.00001). Notably, shoulder internal/external rotation,

< . A . .

shoulder flexion/extension, and elbow flexion/extension could
b% predicted almost exactly from the hand velocity components
(rc=>0.9).

0.161

0.08f

Speed (m/s)

25}

Speed (deg/s)

<
900000
009R92% 00
00X T 4 ++¥¥x

Oxx++++ ****

300 500 700
Time (ms)

Kinematic model of the arm

. . , , The seven measured joint angles were applied to a forward-
Fic. 3. Individual coordinate speedA: hand speeds for the anterior/pos-, . . . L.
terior (AP), superior/inferior (SI), and right/left (RL) coordinates. The AkaematK_: Skeletal_mOdel of the arm to yield a pre_d|Ct|0n of
coordinate (depth) peaks later than the 2 frontal-plane coordinBtgeint hand trajectory. Figure 4 shows a typical comparison of an
speeds for shoulder adduction/abduction (SA), shoulder internal/external raetual hand path (—) and the hand path predicted by applying
tion (SIR), shoulder flexion/extension (SF), elbow flexion/extension (EI_:Qhe measured joint angles to the skeletal arm mc@aﬂ The

forearm pronation/supination (PR), wrist flexion/extension (WF), and wri . R
adduction/abduction (WA). Shoulder and elbow flexion tend to peak later th ean RMS error is 4.5 mm for the 60-mm task. The skeletal

the other joint coordinates, which suggests that their dominate effect is on R0del was able to predict the hand trajectory from the mea-
depth. sured joint angles with approximately a 7% error.
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TABLE 2. Correlation coefficients of the average joint angular velocities during the certet task

Shoulder Internal Wrist
Shoulder Adduction Rotation Shoulder Flexion Elbow Flexion Pronation Wrist FlexionAbduction
Shoulder adduction 1.000
Shoulder internal rotation —0.643+ 0.213 1.000
Shoulder flexion —0.537+ 0.276 —0.061* 0.164 1.000
Elbow flexion 0.357+ 0.281 0.085+ 0.175 —-0.672*= 0.101 1.000
Pronation —0.112+ 0.423 0.290+ 0.324 —0.196+ 0.504 0.376+ 0.580 1.000
Wrist flexion —0.432+ 0.321 0.387+ 0.323 0.217+ 0.328 —0.413*+ 0.371 —0.052+ 0.530 1.000
Wrist abduction 0.261 0.339 —0.260* 0.313 —0.046*= 0.405 0.362+ 0.532 —0.202*+ 0.474 —0.536=* 0.429 1.000

Values are means SD. The calculated tolerances for all 7 were greater than 0.3.

The Jacobian matrix assumes that joint angle and endpoietocities were found in 186 units (81.9%). The mean ad-
velocities are well related in a given region of the workspacpistedr? for the JAV model g = 0.363;0 = 0.218) was
Predicting joint angular velocities from measured hand velosmaller than for the hand velocity modgl (= 0.511; 0 =
ities using the pseudoinverse of the Jacobian yielded similaR203). Figure B shows the cumulative frequency distribution
results to the correlations between regression factors describédhe P values for all regressions. The two plots overlap
above. In Fig. 5, the actual and Jacobian-predicted anguiladicating that both regressions provide equally significant
velocities for shoulder flexion/extension and shoulder addygredictions of the cortical discharge rate (Kolmogorov-Smir-
tion/abduction are plotted for reaches to two targetsgets 3 nov 2-sample tes® = 0.289).
and 6). Throughout the entire workspace, shoulder flexion, The results for a typical unifL128) using the hand velocity
shoulder internal rotation, and elbow flexion velocity were wethodel are shown in Fig. 7. The relationship between the actual
predicted by the static Jacobian. However, this was not so find predicted discharge rates (Figh) ivas linear (adjusted-
shoulder adduction velocity and the distal joint angular veloc? = 0.634;P < 0.0001). The residual error versus predicted
ities. Both the Jacobian and correlation analyses show tliigcharge rate from the regression (FiB) Was representative
hand velocity is correlated to shoulder flexion, shoulder intesf 181 of 227 units used (79.7%). No discernable trend exists
nal rotation, and elbow flexion, with a lack of correlationn the residuals. The cumulative distribution of the residuals
between hand velocity and the other four joint angular velogrig. 7C) was fairly linear, indicating that the residual error
ities. was normal in its distribution. One limitation of the model was
that it could not accurately predict a discharge rate of 0 Hz. The
predicted discharge rate could be 0 Hz only when the hand
speed was zero throughout the task. This limitation of the

Figure 6 shows a histogram of significant adjustédval- model was evident in 46 of the 227 regressions (20.3%). For
ues for regressions to hand velocity and joint angular velocigxample, the plot of the actual versus predicted discharge rate
(JAV). A total of 204 (89.9%) of the 227 units had significantor unit GR26(Fig. 84) contained data points where the actual
regressions to the hand velocity, while 192 units (84.6%) h&#fcharge rate was 0 Hz, but the predicted discharge rate was
significant regressions to the joint angular velociti®s  Nnonzero. The residual versus predicted plot (FB). &ntained
0.01). Significant regressions to both hand and joint angular

Multiple regression analysis

— Actual
> i i o Model Predicted
TABLE 3. r? for a regression model using the three components of

hand velocity (anterior/posterior, superior/inferior, right/left) to
predict a joint angular velocity

404
r? =
Rey
monkey F, monkey F, monkey G, o
Joint Angular Velocity arm R arm L arm L
Shoulder adduction/abduction 0.626 0.526 0.531 E’
Shoulder internal/external rotation 0.955 0.950 0.938
Shoulder flexion/extension 0.957 0.955 0.915 -409
Elbow flexion/extension 0.957 0.968 0.922
Pronation/supination 0.343 0.544 0.045
Wrist flexion/extension 0.192 0.271 0.285
Wrist abduction/adduction 0.209 0.161 0.478
Each of the 40 movement bins to each of the 8 targets for each repetition is 4 -40 40 o
considered an observation in the regressioorjkey Fright arm= 126,080 f@/'/b pos\e“o
observations (40 bin& 8 targetsx 394 repetitions), left arm= 176,640 ~
observations (40 binx 8 targetsX 552 repetitions)monkey Gleft arm = Fic. 4. Comparison of actual hand trajectories and those based on recorded

256,320 observations (40 bins 8 targetsx 801 repetitions)]. The results joint angles applied to a forward kinematic model of the arm. The high
suggest that the extrinsic and intrinsic references frames are well-correlateddarelation suggests that accurate joint angles were measured and that 7
the movements within this workspace (Rll< 0.00001). degrees-of-freedom (DOF) is sufficient to model a monkey’s arm.
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Shoulder flexion Optimal regression

A 807 — Actual
- Predicted Figure 10 shows how often each factor had the largest
standard partial regression coefficient. In the hand velocity
model, the anterior/posterior velocity (51.5%) most frequently
w was the factor that explained most of the variance in discharge
§’ rate (Fig. 1@). The superior/inferior (23.5%) and right/left
= velocities (25.0%) made similar contributions to the model. In
3 the JAV model, three angles accounted for 76.6% of the
3 variance (Fig. 1B). The standard, partial regression coeffi-
= cients for shoulder flexion, elbow flexion, and shoulder internal
rotation were most frequently ranked first in all regression
equations. Wrist flexion and pronation contributed the least to
the regression. They were ranked first for only 2.1 and 3.1% of
the regressions, respectively.
00 200 500 500 In the regression analyses above, three regression factors
were used for the hand velocity model, and seven regression
B 109 Shoulder adduction factors were used for the JAV model. Using the RBEST
algorithm described imeTHops, we determined whether the
full model (i.e., using all regression factors) was necessary to
obtain the best-fitted regression. The best regressions for the
hand velocity model (Fig. 14) most frequently involved the
v full model (i.e., all 3 factors). In contrast, the best regressions
§’ for the JAV model most frequently involved only a partial
= model. More than one-half (63.6%) of the best-fitted regres-
'§ sions for the JAV model required four or less factors (Fig.
°
> 40
A W Hand Velocity
0 Joint Angular Velocity
-20 T T T T
300 400 500 600 .
Time (ms) § 20 1
Fic. 5. Joint angular velocities folA] shoulder flexion/extension an@)( ©
shoulder adduction/abduction to 2 reaching targ&ts(perior, left, anterior;
6: inferior, right, posterior). The solid line is the actual angular velocity, and
the dashed line is the angular velocity predicted using the Jacobian matrix that
was calculated at the initial arm position. Elbow flexion/extension and shoulder
internal/external rotation were as well predicted as shoulder flexion/extension. 4
This complements the finding that a simple, linear regression could be used to 0.0 0.5 1.0
predict these three joint angular velocities from the hand velocities. Pronation/ Adjusted ©* value
supination and the wrist were as poorly predicted as shoulder adduction/
abduction. 10
B
. . . . L. A Hand Velocity
a linear portion around 0 Hz, reflecting this nonzero prediction . ® Joint Angular Velocity
of the discharge rate (adjustefi= 0.720;P < 0.0001). All of g
these cases occurred when the discharge rated@isHz. This g
reflects a limitation of the regression model for units with low |
discharge rates. The cumulative frequency of the residuals only 205
deviated slightly from linearity as the residual value increased 3
(Fig. 80). 3
The results for the typical uniE(128 using the JAV model
with seven DOF are shown in Fig. 9. As with the hand model, the
relationship between the actual and predicted discharge rates (Fig. 0.0001  0.001 0.01 o4 y
9A) was linear (adjustec? = 0.338; P < 0.0001). This was o-value

representative of 179 of the 227 units used (78.9%). No discern-

. . . . . L FIc. 6. Results of a multiple regression analysis of arm kinematics on
able trend exists in the residuals (F|@)9The cumulative distri- single cortical unit dataA: histogram of adjusted? for both the hand velocity

bution of the residuals (Fig.® indicated that the residual errormodel €g. 2 and joint angular velocity (JAV) modelEq. 3. The mean
was normal in its distribution. The JAV model also had thédfus_ttedF2 fgr IJ(LAV rggtﬁl w =2 004)3653 n = I1?_2) Ifs lower than lﬁthelhand
PR : : ocity model i = 0.511;n = .B: cumulative frequencies d?-values
I!m!tat!on at low d|scharge rat_es fou.nd in the hand model. T r the 2 models. The high degree of overlap in the 2 curves shows that the 2
limitation of the model was evident in 48 of the 227 regressioRgdels were equivalent in explaining the variance of the cortical unit's

(21.1%). discharge rate.
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FIG. 7. Regression results for an example cortical unit
(FL128) using the hand velocity modeR: comparison
of predicted vs. actual firing ratB: comparison of the re-
sidual error vs. the predicted firing rate. Plotting the
residuals (predicted- actual discharge rates) against the
predicted discharge rate shows that the error is ran@m.
cumulative frequency of residuals. Plotting the residuals
on a cumulative-frequency Gaussian scale verified that
the residuals were normally distributed (i.e., linear result
between 1st and 3rd quartild): raster plot of the raw
discharge times to each target. This type of result was
found for 80% of the movement-related cortical units.
Anterior targets are plotted closer to the center of the
graph (ows 2and3: counter-clockwise fronbottom left
targets 1, 3, 4, @ Posterior targets are plotted closer to
the edges of the graphofvs 1and4: counter-clockwise
from bottom left targets 5, 7, 8, b The line at thébottom
is approximately 100 ms.

FIG. 8. Regressions results for a low-firing cortical
unit (GR26 using the hand velocity modeA: compar-
ison of predicted vs. actual firing rat®: comparison of
the residual error vs. the predicted firing rate. The re-
siduals show a nonrandom errcE: cumulative fre-
quency of residuals. Like FigJ, the residuals for these
low firing units (20% of total) were normally distrib-
uted.D: raster plot of the raw discharge times to each
target. Format is as Fig.Dt
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0 ;.':' . 30 FIG. 9. Regression results for an example cortical unit
0 3;3 7;) (FL128) using the JAV model with 7 regression coeffi-
0 35 70 cients.A: comparison of predicted vs. actual firing rate.
Actual Discharge Rate Predicted Discharge Rate B: comparison of the residual error vs. the predicted
(spikes/s) (spikes/s) firing rate. Similar to Fig. B, no discernable pattern
emerges from the residuals of JAV modeéi.cumulative
frequency of residuals. As in FigsC7and &, a linear
C relationship shows that the residuals were normally dis-
tributed.
0.99 41
I Jf',»
[t i “f,
g 090 2
o
o
LqL; 0.50 1 /
2
kT y
g o010 ;/
3 +
o E
0.01 49
20 0 ) 20

Residuals (spikes/s)

11B). Eighty-nine percent of the regressions required fiv@nly units with significant regression equatior’d € 0.01)
factors or less in the model. Only 2% of the regressiomecorded from the right hemisphere during reaching with the
required the full model (i.e., all 7 regression factors) for thieft arm were used to create population vectans={ 156

best-fit. cortical units for hand velocity tuning) = 145 cortical units
for JAV tuning).
Effects of the square-root transformation The predicted speed profiles for shoulder adduction/abduc-

It has been suggested that the square root transformatiomg’ shoulder internal/external rotation, shoulder flexion/ex-

a “major statistical bias” that skews this type of statisticdf 0N and elbow flexion/extension are plotted in Fig. 12. The
Hl_ots represent the average speed profiles for each of the eight

analysis (Todorov 2000). A square root transformation is mat! ; .
ematically required when analyzing nonnormal data, such @9vements predicted by the population vector model. Al-
cortical discharge rates, with parametric statistical tests. N&pough the relative bell shapes of the predicted profiles approx-

ertheless, we repeated our analysis using raw discharge rfeafe the actual speed profiles (Fig. 3), there are subtle differ-
(single bin, no square root transformation). The number 8nces in the relative peaks. Most notably, shoulder and elbow
statistically significant regression equations to hand velocit§gxion/extension peak almost simultaneously in the actual
decreased from 89.9% (204 of 227) for the square-root trai§ach, but shoulder flexion precedes elbow flexion by over 70
formed data to 84.9% (191 of 225) for the raw data. Similarlyns in the population vector prediction (for comparison, Fig. 3
the number of statistically significant regressions to joint a¥S- Fig. 12). In addition, the maximal speed predicted for
gular velocities decreased from 84.6% (192 of 227) to 82.78poulder adduction is approximately one-half of the actual
(186 of 225). The contribution of the regression factors réPeed obtained during the reach. The remaining three profiles
mained essentially the same in both cases as seen in Tablgie a better prediction of the actual peak speed for their

The square root transform in no way skewed the interpretati#spective joint angles. _ _
of the results. The predicted velocity profiles for shoulder adduction/ab-

duction and shoulder flexion/extension are plotted in Fig. 13.
The plot represents the velocity profile predicted by the pop-
ulation vector model to two of the target8: (superior, left,
The three dimensions of hand velocity and the four dominaaiterior; 6: inferior, right, posterior). The predicted velocity

joint angular velocities were predicted from the cortical digprofile for shoulder adduction ttarget 3 is poor (%RMS

charge rates using the population vector analysis. As descrilgetbr = 267). In general, the percentage of RMS error between
in MeTHODS, the population vector made with hand velocityhe actual and predicted joint angular velocities was lowest
tuning used a three-DOF model, and the population vectmr shoulder flexion/extension, elbow flexion/extension, and
made with the joint angle tuning used a seven-DOF modshoulder internal/external rotation. Further, the velocity profile

Population vector analysis
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A A
Right/Left 1 T
(25.0 %)
>
2
: £ ob]
Anterior/Posterior 5535 >
(51.5 %) 4 @
o
¢ 2 05-
Superior/Inferior ‘_g
(23.5 %) =
o
B Shoulder flexion
(37.5 %)
O -
2 3
Elbow flexion 1 .
(24.5 %) Number of regression factors
B
Shoulder internal rotation 17
Pronation (14.6 %)
(3.1 %)
Wrist flexion r Shouli%rjdo/duction
(2.1%)  wrist abduction (10.4%)

(7.8 %)

Fic. 10. Percentages of coordinates that had the largest, standard, partial
regression coefficient for each cortical unit using both the hand velocity model
(A) and the JAV modelB). Anterior/posterior hand velocity was the dominant
coordinate in the hand model, while shoulder and elbow flexion were dominant
in the JAV model. Forearm and wrist angular velocities rarely dominated the
regression.

Cumulative frequency
(@]
[8)}

predicted from the population vector model did not necessarily

agree with that predicted from the Jacobian model. For exam- 0- 5 3 4 5 8 7

ple, the velocity profiles predicted by the population vector

model (Fig. 13) differ from those of the Jacobian model Number of regression factors

(Fig- 5)- Fic. 11. Cumulative frequencies of the number of coordinates needed in

The population vector—derived trajectories of hand (greeggch model to best fit each cortical unit's discharge rate. The hand velocity
and joint angular velocity (blue) are displayed in Fig. 14model @) required all 3 coordinates to fit more than 50% of the discharge rate.
Superimposed on this plot is the actual trajectory of the haHbthe JAV model B), approximately 64% of the cortical unit discharge rates

. . could be best fit by 4 or fewer joint angles.
during the task (red). The minimum, average RMS errors R _ .
between actual and predicted trajectories were 3.23 mm for #red to form a preferred direction in seven-dimensional space.
hand and 5.68 mm for the joint angles. These were found aThese preferred directions represented unit vectors. The pre-
lead of 102 ms for the hand velocity model and 121 ms for tHerred directions were summed vectorially, and the resultant
joint angular velocity model. Qualitatively there appears to beector was calculated by dividing the sum by the number of
greater errors in the prediction to some targets using the joink e 4. Comparison of raw versus square-root transformed data
angle tuning than the hand velocity tuning. However, no cleat

difference between the RMS errors of the two population Square-Root
trajectories can be demonstrated since the kinematic arm model _ Raw Discharge Transformed
adds, on average, a 4.5-mm error to the JAV-derived hand Regression Parameter Rates Discharge Rates
traJECtorY' . . Anterior/posterior 55.0 51.5
One bla_s that can I|m|t_ the accuracy of a pppulatlon vect@( perior/inferior 20.4 235
approach is a preferred directional space that is not uniform.Right/left _ _ 24.6 25.0
other words, if the regression coefficients for the units were nghoulder adduction/abduction 8.6 10.4
uniformly distributed, then the population vector may béhou'der internal/external rotation 15.6 14.6
kewed. For example, if there were a high percentage ulder flexion/extension S o
skewed. For example, I U _ gh p 9€ Ehow flexion/extension 25.8 245
preferred directions to the right (in the case of hand velocityjronation/supination 2.7 3.1
then the population vector could be improperly skewed alongist flexion/extension 2.2 21
that axis. Wrist abduction/adduction 8.6 7.3

. TQ tes.t whether the regression coefficients f_ormed a unifor alues are percentages. The percentages indicate the frequency at which the
distribution, we performed a bootstrap analysis. In the caseffameter contributed most to the fit of the regression equation. The transfor-
the JAV, the regression coefficients for each unit were considation has little effect on the results.
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unit vectors. In the ideal case, the resultant vector from a Shoulder flexion A

. .. . — Actual
uniform distribution would be exactly 0. We compared the - Predicted
resultant vector to a bootstrapped distribution of 1,000 result- 60 |

ant vectors randomly created from a uniform seven-dimen-

.,

sional distribution of unit vectors. A resultant vector of 0.0828 g 3
was found to be>95% of the bootstrapped distribution for the S sor

seven-dimensional space, while a smaller resultant could be 2

considered representative of a uniform space. The magnitude % 0

of the JAV resultant used in this analysis was 0.0901 and is >

slightly above this criterion. The same analysis applied to a 6

three-dimensional space (spherical distribution) gives a result- 301
ant vector of 0.0940 for the 95% confidence interval. The hand
velocity resultant was>99% of the bootstrapped distribution 60 . ) ) .
(resultant vector= 0.2225). Although preferred directions 300 400 500 600
from both models were not strictly uniform, the population B
vector gave accurate predictions of the hand’s trajectory.

20
DISCUSSION

The “excess degrees of freedom” problem is a common
theme in contemporary discussions of reaching (Haggard et al.
1995; Helms-Tillery et al. 1995; Sanger 2000). When moving
through free space, only three of the seven DOF in the arm are
needed to specify the position of the hand in space. This
implies that to complete a reaching movement, the combina- 10
tion of joints used to rotate the arm segments must somehow be

Velocity (deg/s)

20 300 400 500 600
Time (ms)

A 0167

FiIG. 13. Population vector predictions for the angular velocities Af (
shoulder flexion/extension and)( shoulder adduction/abduction. The solid
lines are the actual, measured angular velociti¢argets 3and6. The dashed
lines are the angular velocities predicted by the population vector model using
the 7-DOF regression model. Note that the population vector model poorly
predicts shoulder adduction target 3but predicts shoulder flexion fairly well.
Overall the population vector model predicted shoulder flexion/extension,
elbow flexion/extension, and shoulder internal/external rotation to all targets
better than the other joint angular velocities in the model. Further, the popu-
lation vector prediction does not seem to match the prediction from the
Jacobian analysis (compare with Fig. 5).

0.08 1

Speed (Mm/s)

chosen from an infinite set of possibilities. Several studies have
asked whether arm posture (specified by the combined set of
e —SIR joint angles) or hand displacement is represented in cortical
* SF activity (Caminiti et al. 1990; Kakei et al. 1999; Scott and
Kalaska 1995, 1997). Although arm posture may have an effect
on motor cortical activity, we have found single-cell and pop-
ulation activity to be more robustly related to hand velocity
(Moran and Schwartz 1999b; Schwartz et al. 1988). Clearly the
hand’s trajectory is important behaviorally, as many studies
have shown stereotypical reaching trajectories with invariant
characteristics preserved across a wide set of conditions (At-
keson and Hollerbach 1985; Georgopoulos et al. 1981; Mo-
0 400 800 rasso 1981; Soechting et al. 1981).
Time (ms) Our previous work has demonstrated that the hand’s veloc-
Fic. 12. Population vector predictions fok)(the 3 hand velocities andB) ity, t_hat IS, ',tsf Spee‘?‘ and d'reCt'on} is well represented In motor
the 4 dominant joint angular velocities (shoulder abduction/adduction, sho@@rtical activity during both reaching and drawing (Moran and
der internal/external rotation, shoulder flexion/extension, and elbow flexioBchwartz 1999a,b; Schwartz 1993; Schwartz and Moran 1999).
i those of the.actual hand velocky. However, the predicied peak figol, orm_movements along the same path but in opposite
shoulder flexion occur: more than 70 r>rl1s earlier tﬁan thg predictedppeakv&dFeCtlons’ the motor_ c_ortlcal activity was dlﬁerentla"y mOd-.
elbow flexion even though the peaks overlap in the actual reach (compare viiiRted, although the joint angles were the same for each point
Fig. 3). along the opposing paths (Moran and Schwartz 1999b). This

60

Speed (deg/s)
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Fic. 14. Population vector trajectories for the hand during
the centerrout task created with the hand velocity tuning
model (green) and the JAV tuning model (blue). The hand
velocity model used 3 regression coefficients. The JAV model
used 7 regression coefficients. The average, actual trajectory of
the hand is shown in red. While qualitatively the JAV model
population vector appears to have more error than the hand
velocity model population vector, no clear difference in their
root-mean-squared errors can be concluded when considering
the inherent 4.5-mm error of the arm model.

implied that the joint angles per se were not well-correlated joint angular velocities required to predict neuronal activity in
cortical activity. However, if hand velocity is the extrinsicM1 adequately were well correlated to the extrinsic parame-
parameter represented in the population of cortical discharges;3) observations of joint angular “control” by M1 neurons
rates, then joint angular velocity might be the more appropriateay be a secondary to the high correlation between intrinsic
intrinsic parameter with which to make comparisons. and extrinsic reference frames.

Recent studies have attempted to determine whether the
selection of jpint an_gl_e_s specifies the arm trajectory or {?elocity-discharge correspondence
secondary to it (Caminiti et al. 1990; Kakei et al. 1999; Scott
and Kalaska 1995, 1997). The overall conclusion of theseMoran and Schwartz (1999a) showed that the temporal
studies has been that both intrinsic and extrinsic parameters paofile of cortical discharge was well correlated to the bell-
be correlated to the activity of individual cortical neuronsshaped velocity profile of the arm during reaching in a task that
Indeed, our results confirm these past studies. However, auas similar to this. Therefore it is expected that any pair of
findings, both through direct correlation and the Jacobian nizell-shaped profiles such as those generally found for the DOF
trix approach, suggest that hand velocity is well correlated o this experiment and hand velocity would be correlated.
some joint angular velocities of the arm (specifically, should&tonetheless, it is interesting that velocity as a parameter is so
flexion/extension, shoulder internal/external rotation, and elell represented in the activity of these neurons. Behavioral
bow flexion/extension). In addition, the temporal relationshigtudies (Soechting and Lacquaniti 1981) have shown that the
between the population of cortical units and joint angulafelocity profile of the hand is bell-shaped, consistent in a wide
velocity shows large errors in the predicted peaks of elbow arehge of reaching tasks, and the root of invariants such as
shoulder speeds (Fig. 12). Specifically, the shoulder flexioisbchrony and motor equivalence. This shape is ideal for both
extension preceded the elbow flexion/extension by over 70 sialing and smoothness, criteria that make complex systems
even though the two peaked simultaneously during the actuadre efficient to control (Hollerbach and Flash 1982; Morasso
reach. This corresponds to the results of Murphy et al. (1982},al. 1981).
who found that the activity of “shoulder-related units” pre-
ceded that of _“el_bow-_related units” _in the reaching task. ARg|ative importance of angular degrees of freedom
though these timing discrepancies did not generate large errors
in the handpath during reaching, this type of temporal offset JAVs of the shoulder and elbow tended to contribute more to
could lead to significant handpath distortion in more compleke fit of the regression than those of the forearm and wrist.
tasks, such as drawing. Wrist flexion and pronation contributed the least to the fit of the

In summary, this study resulted in three findind$:hand JAV model based on their standard, partial regression coeffi-
velocity and joint angular velocities were equally powerfutients. Four possible explanations for this finding were con-
predictors of motor cortical discharge rat®; the subset of sidered:1) angular velocities for wrist flexion and pronation



2588 G. A. REINA, D. W. MORAN, AND A. B. SCHWARTZ

varied little throughout the task (i.e., relatively constant joirttvely small contributions to hand displacement in this reaching

angles);2) the sampled area of M1 contained few units thaask.

correlated with wrist and forearm movemeB};wrist flexion The fourth possibility we considered was that the relative

and pronation contributed little to the accurate performance igiportance of the joint angular velocities varied throughout the

the reaching task; ang) relative importance of the joint angletask. We re-analyzed the reaching movement using the dis-
may vary throughout the movement. charge rates within the reaction time (RT, epoch from the

If the angular velocity for a particular joint had a lowtarget’s appearance to the onset of movement) and the move-

variance throughout the reach, its coefficient would generaﬂg‘fa[gvt;m%&I{aiizcr;;rot&t?;mogﬁénu‘?;‘: ?/r:esl‘gct:itt?ec;ﬁz?% -trr?:

not contribute much to the regression fit. Elbow flexion, shouf€ ;
der flexion, and shoulder internal rotation are the joint angl@é‘mber of regressors for the best model were equivalent across
that obtain the largest variations in speed during t ochs.

center—out task (Fig. 3). This may have contributed to thei
relative importance in the regression. However, the joint a
gular speed for pronation was greater on average than that ofhe transformation from hand position to joint posture is
shoulder adduction. Further, total angular displacement footh nonunique and nonlinear. For a reasonably small work-
pronation was also greater than that for shoulder adducti@pace, with only two DOF, and assuming stereotypical move-
Nevertheless, shoulder adduction had the largest standardihts, the inverse of the Jacobian matdip( 6] ") has been
coefficient in 10.4% of the regressions, whereas pronation Hagorized to describe a locally linear relationship between hand
the largest standardized coefficient in only 3.1% of the regréglocity and joint angular velocity (Mussa-lvaldi 1988). In-
sions. These data indicate that the importance of a particufied, our data were so consistent for three of the arm angles,
joint velocity in the regression is not necessarily correlat®Pth within a single movement and between movements to
with its variation within the movement. different targets, that we were able to use a simple linear

The second possibility considered was that the sampled apg%ression to perform inverse kinematics on the joint angular

of M1 contained few units that were correlated with wrisy€locities (Table 3). These same angles were also well pre-
ted in the Jacobian analysis.

activity. After each unit was recorded, a passive examination . < . .

arm movement about each joint was performed. Of the 29gHowever, the remaining four joint angular velocities were
units studied, 253 had unequivocal modulations of activify t as well correlated with extrinsic coordinates. We estimated
about at Ieas’t one joint. One hundred ninety-nine of the 2 int angular velocities from the actual hand velocities using
(78.7%) were related only to passive movement of the shoul '€ @ .Jacoblan matrix that was calculated at the center
and/or elbow. Only 54 of the 253 (21.3%) were related fgosition in the workspace and held constant, or a Jacobian
passive movement of the wrist and/or hand. Thirty-two of ﬂﬁgtrix that was re-calculated at each instantaneous posture

54 wrist-related units were task related and had significah€:: Pin) during the reach. Table 5 shows the RMS error for
regression fits to joint angular velocity. The results of thi§ch estimated joint angular velocity as a percentage of the

wrist-related subpopulation of cortical units were similar tgCtu@l, mean joint angular velocity. The Jacobian approach
those of the entire population: namely, the best regressi garly failed to predict shoulder adduction/abduction or the
typically required four or less joint angular velocities, and th istal three DOF, and this approach is unsuitable for predicting

shoulder and elbow angular velocities contributed most to tHeESe four DOF. Further, it has been assumed for reasonably

fit of the regression. It is unlikely therefore that the samplegg e 5. RMS error as a percentage of the actual, mean joint
area of M1 biased the results. angular velocity

If movement about a particular joint (e.g., wrist flexion) di

Xtrinsic versus intrinsic space

not contribute substantially to the accuracy of the reaching %RMS Error

task, then that movement may have contributed less to the fit of

the regression. In the experimental setup, the IRED marker that , Continuously
controlled the cursor was positioned on the hand dorsum. Itis . . Constant Jacobian ~_Recalculated
. . - Joint Angular Velocity Matrix Jacobian Matrix
likely that wrist movements generated only relatively small

displacements of the cursor toward the target in comparisongigulder adduction/abduction 28.1 29.3
movements of the shoulder and elbow. This was tested Bioulder internal/external rotation 6.3 5.2
selectively removing different joint rotations from the kinesShoulder flexion/extension 17.6 4.4
matic arm model and measuring the resulting errors in reacﬁ{]%‘r’gt;éi);g’%ieﬁ:;gﬁon %77 1‘;;;_3
The models without shoulder flexion, elbow flexion, and shoujyrist flexion/extension 16.2 18.9
der internal rotation had RMS errors of 24.4, 32.8, and 29wkist abduction/adduction 11.6 12.0

mm. The error produced by these models is more than five

; ; The joint angular velocity was estimated at each movement bin from the
times that of the full model (fu” modet 4.5 mm)' Without the nd velocity by the Jacobian using 2 methods. In the 1st method (1st column),

remeu_nmg joint angles, the models also ha,d statistically sign Jacobian matrix was calculated at the beginning of the movement (hand in
icant increases in error: shoulder adduction (mean 6.5 mnmh center of the workspace) and held constant throughout the reach. In the 2nd
pronation (7.1 mm), wrist flexion (5.3 mm), and wrist abduowethod (2nd column), the Jacobian matrix was recalculated at every bin during
tion (50 mm) HOWeVer, these errors were much Sma”er thﬁﬁ reach. The RMS error was calculated between the estimated and actual

: : . gular velocities. It was then made into a percentage of the actual, mean
those of shoulder internal rotation, shoulder flexion, and elb nt angular velocity, a value found by calculating the sum of the squares for

flexion (only 1.1-1.6 times the error of the full model). WriSine 7 angular velocities and determining the mean of this value over all bins in
flexion and pronation make statistically significant, yet relake movement. RMS, root-mean-squared.
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small workspaces that the Jacobian matrix would be relativetyccarp P, HiTcHINSON K, AND STEIN J. Patterns of coordinated multi-joint
constant. However, the RMS error for shoulder and elboyMoVsment=xp Brain Redl07: 254266, 1995 ¢ orimat
flexion/extension is much lower for the continuously calculated " ocrestxp Brain Re€l04: 111 1995, ependence of primate
estimate than for the constant estimate (Table 5), showing th@tcrsacr JM anp FLast T. Dynamic interactions between limb segments
the assumption of a constant Jacobian matrix does not giveuring planar arm movemerRiol Cybern44: 67-77, 1982.

optimal results. HumPHREY DR. Representation of movements and muscles within the primate

A fair number of recorded units (44%) were driven by prsgcggst;eﬂzrggtgrfgggx: historical and current perspectivederation Proc
passive adduction/abduction of the shoulder, which shows th@feirey DR, ScHwipT EM, Anp THOMPSON WD. Predicting measures of
the topographical region of motor cortex we sampled containeanotor performance from multiple cortical spike traif@ziencel70: 758—
units sensitive to this type of angular displacement. However62, 1970. _ . _
the Jacobian method and the population vector method gen%ﬁgg'ﬁé'ﬂégg ghgzcirgggra“"e study of diseases in the nervous syBiem.
a"y r_nqde different predlctlons of thls parameter, and nelthEKKEl S, HorrFmaN DS, AND Strick PL. Muscle and movement representations
pred!Ct!On was very accurate. Thls suggests tha_-t the googh the primary motor cortexScience285: 2136-2139, 1999.
prediction of the other three joint angular velocities by th&aiaska JF anp Crammonp DJ. Cerebral cortical mechanisms of reaching
population vector analysis is due to their strong correlationmovemif'\‘/lts50'3§@553P1L515—ﬁ5231 ,199|2- - inate from th

H H H H H H ARTINO AND RICK . corucospinal projections originate from e
with the extrinsic velocity of the hand. This population analy_silg rcuate premotor areBrain Res404: 307—312, 1987,
was able to detect changes in timing between those three j AN DW AND ScHwarTz AB. Motor cortical activity during drawing
angles that neither the Jacobian nor the correlation could demovements: population representation during spiral traciigeurophysiol
tect. Both results lead us to conclude that extrinsic parameter82: 2693-2704, 1999a. , _
are better represented than intrinsic parameters in the corti'&‘%ﬁ’*“ DW anD SchwarTz AB. Motor cortical representation of speed and
activity. However, more experiments using tasks where the tygccuon during reachingl NeurophysioB2: 2676 -2692, 1999b.

Y. ! p . - g_ WrassoP. Spatial control of arm movemenxp Brain Resi2: 223-227,

reference frames are more dissociated will be needed to subogs.
stantiate this conclusion. MouNTcASTLE VB, LYNCH JC, GEORGOPOULOSA, SAKATA H, AND AcuNA C.

Nonetheless, it is useful to emphasize the strong Corre|ati0rﬁ>oster_ior par_ietgl association cortex of the monk(_ey: Cf)mmand functions for
between three of the main intrinsic DOFs and the eXtrinSM:Operatlons within extrapersonal spadeNeurophysio38: 871-908, 1975.
hand velocity. This correlation during such a common, naturakecns o VB, Taor WH, SKATA M, AND HIVARINEN J. Cortical

an Y. ! g su wi, et neuronal mechanisms in flutter-vibration studied in unanesthetized mon-
movement such as unconstrained reaching may be indicative a&ys. Neuronal periodicity and frequency discriminatidpileurophysioB2:
an optimized planning strategy. Such a characteristic wouldt52-484, 1969. o
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